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ABSTRACT 

The Southern Ocean (SO), despite being a major global carbon sink (and an 

essential component of the biogeochemical pump) is extremely underexplored to date, 

leaving its potential for carbon-sequestration ambiguous. Considering these missing 

links in the carbon cycle of the SO, the present thesis addresses the variability of 

primary productivity (PP), the bio-optical properties of this region and discusses 

implications of potential controlling factors. It also elucidates the link between primary 

producers and the immediate next trophic level: the secondary producers from a carbon 

perspective. Oceanographic data for this study was collected during the Indian 

Scientific Expedition to the Southern Ocean 8 (ISESO-8 in 2015), ISESO-9 (2017) and 

ISESO-10 (2018) from different locations within the Indian Sector of the Southern 

Ocean (ISSO) and coastal Antarctica during austral summers. 

Obtaining comparable estimates of marine PP is a challenge for the 

oceanographers to date, given the technical differences and errors associated with 

every technique. The established techniques like 14C PP face challenges from 

radioactive hazards and if can be replaced with a safer alternative, would eliminate the 

oceanic contamination. However, this needs several checks before it can be 

materialized. The comparison of PP estimates from different techniques (13C, 14C, Fast 

Repetition Rate fluorometry i.e. FRRf and satellite-based PP) showed a strong 

correlation between 13C and 14C and also between 13C and FRRf-PP (with an 

overestimation by a factor of 1.24 than the latter) than that of 14C and FRRf-PP 

suggesting the probability of FRRf as a potential tool for PP studies in future. 

Additionally, the good accordance between the satellite and in-situ PP, confirmed the 

applicability of Vertically Generalized Production Model (VGPM) in its original 

formulation in the bio-optically complex SO waters. The FRRf estimates revealed a 

moderate photosynthetic efficiency of the SO phytoplankton, which was also 

supported by the other bio-optical measurements. The FRRf, in addition to PP 

estimates can also be used to derive the photochemical yield and photosynthetic 

features of phytoplankton at a wider spatiotemporal scale and help in standardizing the 

stable C-isotope in future.  

Bio-optical characterization and its link with PP is an extremely rare but 

essential step in understanding the thermal structure and biogeochemical cycling of 

every ocean. The present observations highlight that phytoplankton absorption can be 

a more effective tool to predict PP in surface waters of ISSO than chlorophyll-a. 
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Assessment of PP at two domains: coastal (60◦S-69◦S) and frontal stations (40◦S-60◦S), 

showed silicate- replete and -deplete water masses, respectively. The bio-optical 

relationships were used to retrieve the community size structure of phytoplankton and 

also assess the extent of pigment packaging - a phenomenon that results in a lowered 

chlorophyll-specific absorption of phytoplankton. Blue-Red (B/R) ratios of 

phytoplankton absorption (aph) spectra implied a dominance of microphytoplankton 

community (conventionally prone to package effect) at most of the sites. The a*ph 

(675)-chlorophyll-a relationship explained package effect more effectively in frontal 

regions than those at the coastal stations. The global absorption-based model used to 

derive phytoplankton size classes from their absorption indicated a better efficacy to 

capture smaller (pico, nano) classes than the larger (micro)phytoplankton, 

recommending the necessity for region-specific modifications in the algorithm. The 

light absorption budget revealed a dominance of non-phytoplankton sources in the 

frontal region and phytoplankton sources at the coastal region. Consistent efforts to 

test the accuracy of retrieval of optical coefficients from regional/global models would 

be an encouraging aspect for future.  

The primary producers interact directly with the secondary producers through 

intraspecific linkages that strengthen the food web. Understanding the role of 

individual species provides a quotient of energy transfer for the most fundamental unit 

of the food web. The species and community level estimates of copepods highlight the 

C sequestration at secondary trophic level and can be inputs for fundamental ecological 

carbon flux. Using morphometric (a technique involving measurement of dimensions 

of the copepod) equations allowed preservation of zooplankton samples for further 

analysis otherwise not possible in case of conventionally used C estimation techniques 

(ex: dry ash method). Large calanoids (such as Paraeuchaeta antarctica, Rhincalanus 

gigas) dominated the C standing stock. The trophic efficiencies derived in this study 

help in understanding the exchange of energy between planktonic communities and 

highlight the grazing pressure in the study region. Direct measurements at a larger 

spatiotemporal scale would enhance the robustness of the conclusions and aid in a 

synoptic view of trophic transfer of C in the ISSO. The observations from this study 

have been published in reputed international journals such as Journal of Crustacean 

Biology, Polar Biology, Progress in Oceanography, Polar Science. 

Keywords: Bio-optical Variability, Carbon Cycle, Copepods, Phytoplankton 

Productivity, Southern Ocean 
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साराांश 
 

दक्षिणी महासागर की प्राथममक उत्पादकता एवां जैव-प्रकाशीय पररवततनशीलता: 
एक अन्वेषण 

 

दक्षिणी महासागर, एक जागतिक कार्तन स्रोत (एवां जवै भू-रासायननक घटक) होने 
के र्ावजूद आजतक न्यूनतम अन्वेषषत माना जाता है| दक्षिणी महासागर एवां तटीय 
अांटाकत टटका के कार्तन चक्र के इन अज्ञात सन्न्ियो कक खोज सूक्ष्म वनस्पनत प्लवको द्वारा 
ननममतत की गयी ऊजात (जो सामान्यतः सूक्ष्म वनस्पनत प्लवक प्राथममक उत्पादकता के 
नाम से जानी जाती है) का अन्वेषण प्रस्तुत प्रर्ांि में ककया गया है| इसके अलावा यह 
प्रर्ांि वनस्पनत प्लवको की जैव प्रकाशीय गुणों का व्यापक मूल्यमापन की भी खोज करता 
है| साथ ही जल-सवेिीय घटको का वनस्पनत प्राथममक उत्पादन पे होने वाले असर का भी 
अनुषांगगक रुप मे प्रस्तुनतकरण करता है| वनस्पनत एवां तत्काल आगामी प्राणणप्लवको की 
कडी का भी षवश्लेषण करता है| इस प्रर्ांि में उपयोन्जत की गयी शास्रीय नमूने एवां इतर 
आिार-सामग्री भारतीय वजै्ञाननक दक्षिणी महासागर अमभयान (वषत 2015, 2017 एवां 
2018) के दौरान सांगहृीत की गयी है| 

हर एक तकनीक से जुडी मभन्नता एवां रुटटयों के कारण, समुद्री प्राथममक उत्पादकता 
का तुलनीय अांदाज़ पाना, आजतक समुद्र वजै्ञाननकों के मलए र्ड़ा ही चुनौतीपूणत कायत माना 
जाता है| 14 कार्तन जैसी सुस्थाषपत तकनीक भी उसके साथ जुड़े हुए रेडडयो सकक्रय खतरे 
की आपषि से सम्र्द्ि रह चुकी है| यह तकनीक के ककसी अगिकतम सुरक्षित (जैस ेकी 
13 कार्तन) जैसी प्रषवगि के साथ षवगिमान्य करने पर, समुद्री रेडडयो-प्रदषूण का खतरा दरू 
ककया जा सकता है| हालाांकक इस कायातन्न्वकरण से पहल ेपद्िनतर्द्ि मानकीकरण की 
मसफाररश आवश्यक है| इसी षवचार के साथ, इस प्रर्ांि में प्राथममक उत्पादकता की सवतमान्य 
तकनीकों (13 कार्तन, 14 कार्तन, सकक्रय प्रनतदीन्प्त के मसद्िाांत पे कायातन्न्वत एफ-आर-
आर-एफ और उपग्रह ननररिणों पर आिाररत) की  तुलनाए स्पष्ट की गयी है|13 कार्तन 
और 14 कार्तन तथा 13 कार्तन एवां एफ-आर-आर-एफ का पारस्पररक मजरू्त सहसम्र्न्ि 
(भूतपूवत के कारक अगिक आकलन के साथ), एफ-आर-आर-एफ को भावी प्राथममक उत्पादन 
की अभ्यास के मलए एक प्रभावी तकनीक साबर्त करता है| उपग्रह से ननिातररत प्राथममक 
उत्पादकता के अनुमान भी दक्षिणी महासागर जसै ेजल-सवेिीय दृन्ष्ट से जटटल माने गए 
िेर में अनुकूल साबर्त होत ेहै | एफ-आर-आर-एफ द्वारा प्राप्त ककये गए अनुमान दक्षिणी 
महासागर के वनस्पनत प्लवको की सीममत प्रकाशसांश्लेषक िमता भी अिोरेखाांककत करत े
है, ज्यों कक इस अभ्यास द्वारा प्राप्त ककये गए जैव प्रकाशीय वैमशष््य से भी सहयोगी 
साबर्त कर टदखाए है| अतः एफ-आर-आर-एफ का प्राथममक उत्पादन के साथ ही वनस्पनत 
प्लवको के प्रकाशसांश्लेषषय गुणों के अभ्यास के मलए षवस्ताररत स्तर पर अवलांर्न ककया 
जा सकता है| 
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 जैव-प्रकाशीय षवमशष्टीकरण एवां उसका प्राथममक उत्पादकता के साथ सांगठन, 
एक र्ड़ा ही महत्वपूणत ककां तु न्यून ज्ञात पड़ाव है जो की हर एक सागर की जैव भू-
रासायननक अभ्यास का अषवभाज्य घटक है| यह प्रर्ांि प्रमुख जैव प्रकाशीय अांगों में से 
सूक्ष्म वनस्पनतयों द्वारा अवशोषषत ककये गए प्रकाश का प्राथममक उत्पादन के अनुमान के 
कारन ककया जा सकनेवाला उपयोग का षववरण करता है| इस के द्वारा हम यह सूगचत 
करत ेहै, की ऐसे रांगद्रव्य हररतद्रव्य से र्ेहतर पद्िनत से प्राथममक उत्पादन की जानकारी 
दे सकतें है| प्राथममक उत्पादकता का  मूल्याांकन अांटाकत टटका के तट से दरू (40˚-60˚ 
दक्षिण) और तटीय (60˚-69˚ दक्षिण) में जाांचा गया, जहााँ भूतपूवत िरे में मसमलकेट की 
कमी टदखी गई| जैव-प्रकाशीय समीकरणों का हमने वनस्पनत प्लवको की आकार मान पर 
आिाररत प्रजानतयाां खोजने के मलए भी उपयोग ककया| हमने यह देखा की उपग्रह द्वारा 
छोटे (षपको एवां नैनो) प्लवक र्डो (माइक्रो) से अगिक पता लगाए जा सकतें है| सूक्ष्म 
वनस्पनतयों का घटक होने वाले रांगद्रव्यो के सांकलन द्वारा ननममतत होने वाले प्रकाशीय 
पररवततन को भी समझाता है| इसके द्वारा हम स्थाषपत प्रवषृियो में होने वाले र्दलाव एवां 
उनके साथ जुड़े हुए रुटटयों में सुिार करने का सुझाव सूगचत करत ेहै| षवशेषतया, हररतद्रव्य 
के प्रकाशीय अवशोषण से जुड़े हुए गुणक (ए*षपएच) में सुिार एवां पररवततन की जाांच 
जागतिक स्तर पर उपयोन्जत की जाने वाली उपग्रह पर आिाररत अभ्यास के मलए 
महत्वपूणत होगी|  

सूक्ष्म वनस्पनत प्लवको का प्राणणप्लवको के साथ का पयातवरणीय सम्र्न्ि हर एक 
खाद्य जाल को अच्छी तरह से समझने के मलए र्ड़ा ही आवश्यक है| यह जानकारी हमें 
ऊजात के स्थानाांतरण के र्ारे में ज्ञान देती है| इस प्रर्ांि में सांकमलत की गयी प्रजानतय तथा 
सामुदानयक प्राणणप्लवको के कार्तन ऊजात उत्पादन की जानकारी हमें ऊपर अिोरेणखत ककये 
गए दक्षिणी महासागर पयातवरण षवशेष जानने में सहयोग कर पायेगी| प्राणणप्लवको के रूप 
ममनतक समीकरणों द्वारा आकमलत ककये गए कार्तन की जानकारी सांशोिककय नमूनों का 
सांरिण आगामी अभ्यास के मलए उपयोन्जत की जा सकती है| ज्यों की अन्य तकनीको में 
सांभव नहीां  है| र्ड़े कॅलेननोएड प्राणी (जैस ेपैरायुकीटा अांटाकत टटका तथा ररनकॅलेनस गीगास) 
कार्तन चक्र के प्रमुख योगदानकतात साबर्त हुए| इन दो प्लवको के समुदाय के भीतर का 
अभ्यास, तथा खाद्य जाल सम्र्ांगित जानकारी आग ेचलकर दक्षिणी महासागर की जैव 
भू-रासायननक आकलन का महत्वपूणत योगदान र्न सकती है| इस अभ्यास द्वारा प्राप्त 
ककये गए ननरीिण तथा टटप्पणणयाां जनतल ऑफ़ क्रस्टेशियन र्ायोलॉजी, पोलार र्ायोलॉजी, 
प्रोगे्रस इन औशेयनोग्रफ़ी, पोलार साइांस जैसी प्रनतन्ष्ठत अांतरराष्रीय पबरकाओां में प्रकामशत 
हो चुकी है|  

 

सचूनक शब्द: दक्षिणी महासागर, वनस्पनत प्राथममक उत्पादन, कार्तन चक्र, प्राणणप्लवक, 
जैव-प्रकाशीय षवमशष्टीकरण 
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          सार 
 
 

दक्षिणी महासागराची मुळावी उत्पादकिाय आनी जैव-प्रकािीय पररवितनिीलिा: 
एक अन्वेषण 

 
 
 

दक्षिणी महासागर म्हळ्यार अंटाकत टटकाच्या सरभोविणी आशिल्लो एक समुद्र. 
आमच्या पथृ्वीवयलो एक मुखेल कार्तन स्रोि (आनी जैव भू-रासायतनक चक्राचो मुखेल 
घटक) आसून लेगीि आयच्या खखणामेरेन िाचो अभ्यास कमी जाला. हे उमजूक नाशिल्ले 
गूढ समजून घेवपा खािीर दयातिली सुक्ष्म वनस्पि जाका वनस्पि प्लवक अिें म्हणटाि. 
िाणे तनमातण केल्ल्या अन्नाचो /ऊजेचो (जकेा मुळावी/प्राथशमक उत्पादकिाय) सोद ह्या 
प्ररं्धाि मांडला. हाचेभायर जैव-प्रकािीय गुणाची एक व्यापक मोलावणी केल्ली आसा. 
पयातवरणािल्या काय घटकांचो वनस्पिींच्या प्राथशमक उत्पादनाचेर जावपी पररणामांचोय 
तनयाळ घेिला. वनस्पिी प्लवकांच्या फुडले सपाण (म्हणजेच प्राखणप्लवक) सुद्दा हांगा 
ववश्लेवषि केला. ह्या प्ररं्धाि वापररल्ली िास्रीय आधार-सामुग्री भारिीय वैज्ञातनक दक्षिणी 
महासागर अशभयानिल्यान (वसत २०१५, २०१७ आनी २०१८) संग्रटहि केल्या. 

समुद्री उत्पादनाचो िुलनात्मक अभ्यास आजमेरेन सगल्या वैज्ञातनकांखािीर एक 
आव्हान किें आसा. १४-कार्तन सारकें  एक सुस्थावपि िंर लेगीि संरं्दीि ककणातत्सगी 
संकटाक लागून स्वयंपूणत ना. अिा िंराच ेएखाद्र्या सुरक्षिि (जिें १३-कार्तन) िंरार्रर्र 
फाव िे प्रमाणीकरण केल्यार दयातच्या ककणातत्सगी संकटाक पयस करप िक्य आसा ककिें 
हाचो अभ्यास ह्या प्ररं्धाि केला. पूण हें खूप सादरूिायेन आनी परि परि िपासून 
ववधधमान करचें पडटलें. हाचें पयलें पावल म्हूण ह्या प्ररं्धाि मुळावे उत्पादन मेजपा खािीर 
कांय िंराचंो (१३-कार्तन, १४-कार्तन, सकक्रय प्रतिटदप्िीच्या शसद्धांिाचेर आधारार एफ-आर-
आर-एफ आनी उपग्रहांचो आधार घेवन तनररिण) एक िुलनात्मक अभ्यास हांगा मांडला. 
१३-कार्तन आनी १४-कार्तन हांचो एकामेकांकडेन आशिल्लो सहसंरं्द ििेंच १३-कार्तन आतन 
एफ-आर-आर-एफ मदली र्री वीण एफ-आर-आर-एफाक फुडारािल्या मुळाव्या उत्पादनाच्या 
अभ्यासाखािीर एक उत्तम िंर म्हूण मान्यिाय टदिा. उपग्रहावेल्यान अणमातनि मुळाव्या 
उत्पादनाचे अदमास दक्षिणी महासागरा सारककल्ल्या जवै-प्रकािीय नदरेन कठीण मातनल्ल्या 
जाग्याकूय अणकूल आसा अिें टदसिा. एफ-आर-आर-एफ च्या तनररिणावेल्यान दक्षिणी 
महासागरािल्या वनस्पि प्लवकाची सीशमि प्रकािसंश्लेषक िांक शसद्ध जािा, जी जैव-
प्रकािीय अभ्यासांिल्यान प्राप्ि जाल्ल्या पररणामांकूय पुश्टी टदिा. हाजेवेल्यान आमी अिें 
मांडटाि: एफ-आर-आर-एफ चो वापर मुळाव्या उत्पादनाचेर वनस्पि प्लवकांच्या 
प्रकािसंश्लीय अभ्यासाखािीर ववस्ििृ पावंड्यार करप िक्य आसा.   

जैव-प्रकािीय वगीकरण आनी िाजी मुळाव्या उत्पादनार्रर्र आशिल्ली वीण एक 
खूप म्हत्वाचो पूण कमी अब्यासलो गेल्लो जैव भू-रासायतनक घटक. हे उणेपण लिांि 
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घेवन हो प्ररं्ध दक्षिणी महासागराच्या मुखेल जैव-प्रकािीय गुणांचो मुळाव्या उत्पादनार्रर्र 
आशिल्ल्या संरं्दाचो अभ्यास करिा. हािंूिल्यान आमी जैव-प्रकािीय रंगद्रव्य मुळाव्या 
उत्पादनाची माटहिी फक्ि हररिद्रव्यापरस चड टदवपाक िकिाि अिें सांगिाि. मुळाव्या 
उत्पादनाचें मुल्यांकन अंटाकत टटकेच्या िाक (६०˚-६९˚ दक्षिण) आनी दयातलागी (४०˚-६०˚ 
दक्षिण) अिा दोन ववभागांमदी केल्ल ेआसिा, दयातलागीच्या उदकान शसशलकेट उणीव असिा 
अिें टदसून आलां. जैव-प्रकािीय समीकरणांच्या आधारावेल्यान आमी वनस्पि प्लवकांची 
प्रजािी आनी प्रकार िांच्या आकारमानाप्रमाण सोद ू येिा ककिें हाचो अभ्यास केला. 
उपग्रहांच्या आधारान केल्ल्या अभ्यासािल्यान आमका ंअिें टदसले की ल्हान (वपको आतन 
नैनो) प्लवकाच ेवगीकरण व्हड (मायक्रो) प्लवकांपरस चड र्रे िऱेन िक्य आसा. रंगद्रव्याच्या 
संकलनाल्या फरकाक लागून जावपी हे र्दल आमी मुखार िाची ववस्कटावणी करिाि. 
वविेि करून, हररिद्रव्याच्या प्रकािीय अविोिणाकडेन संरं्धधि आशिल्ल्या गुणकान 
(ए*वपएच) सुदारणा वा पररवितनाची आवश्यकिाय जागतिक पावंड्यार केल्ले उपग्रहावेल्यान 
जावपी अभ्यासा खािीर गरजेची अिें टदसून येिा.     

सुक्ष्म वनस्पि प्लवकांचो प्राखणप्लवकांर्रर्र आशिल्लो संरं्द प्रत्येक खाद्यजालाचे 
ज्ञान मेळोवपाखािीर म्हत्वाचो आसा. ही माटहिी आमकां ऊजेचें स्थलांिरण समजून घेवपाक 
गरजेची. ह्या प्ररं्धांि एकठांय केल्ल्यो प्रजािीय ििेंच सामुदायीक प्राखणप्लवकांच्या कार्तन 
ऊजात उत्पादनाचो वयर सांधगल्ल्याप्रमाण दक्षिणी समुद्राच्या पयातवरण वविेिांक समजून 
घेवपाक मदि जािली. प्राखणप्लवकांच्या रूपशमिीक सशमकरणािल्यान आंकीक केल्लो 
कार्तन, संिोधकीय नमुन्याचे फुडाराच्या अभ्यासाक वीण राखण करपाक मदि करिले. िे 
हेर प्रकक्रयेंि िक्य ना. व्हड कॅलेनोएड (देखीक पैरायुकीटा अटंाकत टटका आतन ररनकॅलेनस 
गीगास) कार्तन चक्राच े मुखेल घटक आशिल्ले टदसून आयले. या दोनूय प्लवकांच्या 
समुदायांमदली वीण जाणा जावन घेवंक केल्लो हो यत्न दक्षिणी महासागराची फुडारािली 
जैव भू-रासायतनक प्रकृिी, िाजे मदले र्दल समजून घेवपाखािीर खूर् म्हत्वाचो थारिलो. 
या अभ्यासािल्यान प्राप्ि जाल्लें तनररिण आनी तनष्कषत, जनतल ऑफ़ क्रस्टेशियन 
र्ायोलॉजी, पोलार र्ायोलॉजी, प्रोगे्रस इन औशियनोग्रफ़ी, पोलार सायन्स सारक्या प्रतिष्ष्ठि 
अंिरराष्रीय जनतल्सानी प्रकाशिि जाल्याि.     

 

सचुन िब्द: दक्षिणी महासागर, वनस्पि मुळावी (प्राथशमक) उत्पादकिाय, कार्तन चक्र, 
प्राखणप्लवक, जैव-प्रकािीय ववशिष्टीकरण 
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Table 1: Acronyms and abbreviations used in the thesis 

 

Abbreviation Description Unit 

aph Absorption by phytoplankton m-1 

a*ph Chl-a specific absorption by phytoplankton m2 mgChl-a ̄ 1 

ARF Agulhas Retroflex Front  

a*sol Chl-a specific absorption of the cellular 

matter hypothesized to be dispersed in 

solution 

m2 mg ̄ 1 

anph Absorption by non-phytoplankton particles m-1 

atot Total absorption coefficient,                      

atot = aph + anph+ aw 

m-1 

aw Absorption by pure water m-1 

Chl-a Chlorophyll a concentration mg m-3 

Chlint Water column integrated Chl-a mg m-2 

CDOM Chromophoric Dissolved Organic Matter m-1 

DCM Deep Chlorophyll Maximum m 

Ed Spectral downwelling irradiance mW cm-2 nm-1 

FRRf Fast Rate Repetition fluorometry  

Fv/Fm Maximum photochemical efficiency of PS II Dimensionless 

Fq՛/Fm՛ 

GPP 

NPP 

Effective photochemical efficiency of PS II 

Gross Primary Production 

Net Primary Production 

Dimensionless 
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IPP Integrated primary production in the 

euphotic zone 

mgC m-2 d-1 

ISESO Indian Scientific Expedition to the Southern 

Ocean 

 

ISSO Indian Sector of the Southern Ocean  
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1.1. Oceanic Primary Productivity: An Overview 

Oceans form the largest ecosystem of the globe and provide sustainability to 

human life. At the same time, they play a major role in the global climate system by 

generating oxygen (O2) and absorbing atmospheric carbon dioxide (CO2). They 

therefore act as a sink for CO2, at present, sequestering approximately 2 Gt C yr-1 

(Lourey et al., 2004). The increasing anthropogenic disturbances, however, have 

been responsible to alter the entire global climatic system through a rise in 

greenhouse gases and oceans are no exception to this. The coastal communities and 

the major biotic components are now at a risk due to the phenomena such as sea 

level rise and acidification of the oceans.  

The phytoplankton, defined as the microscopic plants passively floating in 

the ocean, form the base of the marine food web are prone to these threats and have 

been facing structural, functional alterations in the recent decades. The 

phytoplankton (or the primary producers) are responsible for the most fundamental 

process of fixation of inorganic carbon into organic molecules which is known as 

primary production (Knox, 2006). The amount of organic material produced per 

unit area per unit time is defined as primary productivity (PP) (Cloern et al., 2014). 

Estimates of oceanic productivity remain poor to date despite their vast 

(approximately 50%) contribution to the global photosynthesis (Carr et al., 2006). 

The process of primary production plays a crucial role in the global carbon cycle 

(Sarmiento et al., 1998; Le Quere et al., 2007), fuels the marine biological pump 

(that facilitates the sequestration of ocean’s biologically driven C from the 

atmosphere to deep seafloor sediments) and hence is one of the key indicators of 

climate change (Chassot et al., 2010; Passow and Carlson, 2012).  

The process of primary production is affected by several factors (Fig. 1.1) 

such as light, temperature, nutrient concentration, vertical mixing, light-absorption 

capacity of phytoplankton, grazing by the zooplankton (secondary consumers) etc. 

(discussed in detail in the latter sections). The magnitude and processes however, 

differ from ocean to ocean and therefore monitoring of these processes at a regional 

scale is extremely essential in order to understand the variability in productivity 
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pattern. Primary production in higher latitude regions such as the Southern Ocean 

(SO), is mainly limited by availability of light and iron (Boyd and Ellwood, 2010; 

Cassar et al., 2011). With its unique physical and factual features, the SO has been a 

hotspot for PP studies. The current work focusses on PP and associated processes in 

the Indian sector of the Southern Ocean (ISSO) during the austral summer 

(December-February, the only accessible time for sampling in the region). 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1. Schematic showing the factors affecting primary production (taken from 

https://www.researchgate.net/profile/Jock_Young/publication/236597538/figure/fig2/AS:6

69524030414857@1536638376258/ The_W640.jpg). 

1.2. Role of the Southern Ocean in Modulating Global Atmospheric Carbon  

The Southern Ocean (Fig. 1.2) is defined as the water beyond south of the 

Sub-Tropical Front (STF) and comprises ∼20% of surface area of the world oceans 

(Deppeler and Davidson, 2017). This is hence a very vast, diversified system and 

exerts a complex effect on the phytoplankton community. Owing to the uniqueness 

conferred by the frontal system, absence of meridional boundary (Olbers et al., 
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2004), the Antarctic circumpolar current (Orsi et al., 1995), and the connections it 

establishes between the Atlantic, Pacific and Indian oceans, the SO plays a central 

role in regulating global climate. The world oceans absorb ~25-30% of the 

anthropogenic CO2 that gets released to the atmosphere and 40% of this uptake 

takes place in the SO (Sabine et al., 2004; Takahashi et al., 2009; Frölicher et al., 

2015). Without this, the CO2 concentration in the atmosphere would be 50% higher 

than the present concentration. Photosynthesis by phytoplankton and transport of 

the biologically sequestered carbon through the biological pump account 

approximately 10% of this uptake (Cox et al., 2000; Siegel et al., 2014). Any kind 

of change induced by the climate would lower the efficiency of phytoplankton and 

therefore a dropdown in efficacy of the biological pump (Matear and Hirst, 1999; 

Le Quéré et al., 2007).  

 

 

 

 

 

 

 

 

 

 

Fig. 1.2. Map of the Southern Ocean demarcating the various sectors (taken from 

https://Southern-Ocean-map-showing-the-sections-selected-to-be-investigating-around-the-

Antarctic.png). 

https://southern-ocean-map-showing-the-sections-selected-to-be-investigating-around-the-antarctic.png/
https://southern-ocean-map-showing-the-sections-selected-to-be-investigating-around-the-antarctic.png/
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The waters of the SO are classified based upon differences in environmental 

characteristics (physical, chemical and biological aspects) and processes (such as 

mixing, stratification). These regions also show a marked variability in estimates of 

productivity specific to each season. The SO has witnessed shifts in the 

oceanographic fronts with changing climate (Sokolov and Rintoul, 2002) and also 

simultaneous effects of climate induced stressors that might have altered effects on 

communities of phytoplankton (Boyd et al., 2015), which would ultimately affect 

the productivity of this region. The nutrient levels in the SO are capable of 

supporting phytoplankton biomass as high as 25 mg m-3 Chl-a (Holm-Hansen and 

Huntley, 1984). However, in reality it manages to support a Chl-a biomass of 0.1-

1.0 mg m-3 (average of 0.6 mg m-3) representing a typical low productive region (El-

Sayed, 2005). However, despite its’ high-nutrient low-chlorophyll (HNLC) status 

(Trull et al., 2001; Boyd et al., 2002), the SO contributes almost 15% to the oceanic 

primary production and also is the largest global carbon sink (Arrigo et al., 2008). 

Besides, the SO has been showing a very stringent response to climate change with 

respect to physicochemical and bio-geological parameters (Graham, 2014). A 

thorough understanding and constant monitoring of the marine productivity, 

associated physicochemical processes, and biogeochemistry of this region is hence 

extremely essential for improved understanding of the role (response) of the SO 

in(to) global climate change.  

In addition to the parameters controlling the general process of primary 

production mentioned in the previous sections, other factors (discussed in the 

proceeding sections) such as the sea ice formation, presence of pack ice, 

maintenance and sustenance of the Deep Chlorophyll Maximum (DCM), frontal 

dynamics etc. also have implications on primary production in the SO in particular. 

The structural changes in ice edges resulting in positional shifts (i.e., latitude) also 

play a critical role in modulating PP due to the changes related to the incident light, 

photoperiod and temperature (Falkowski et al., 1998; Karentz, 2003). 
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1.3. Variability of Primary Productivity in the Southern Ocean 

The SO, in general is regarded as a region of low productivity given its 

HNLC status (Boyd et al., 2002). Productivity of the SO is exceptionally low 

compared to the other oceanic regions with annual net rates less than 10 g C m-2. 

Common causes of these low values of productivity are the pertinent ice cover and 

low irradiance around the year. However, a substantially higher monthly 

productivity averaging between 100 to 1,500 mg C m-2 mol-1 is seen in summer 

(Smith et al., 2008). The low productivity in the region has also often been 

attributed to lower water temperatures that lead to limit the photosynthetic rates 

(Tilzer et al., 1986; Sakshaug and Slagstad, 1991), limited light from deep mixing 

(Mitchell et al., 1991; Nelson and Smith, 1991), presence of trace metals (Martin et 

al., 1990; Blain et al., 2007) and grazing pressure from the higher trophic levels 

(Dubischar and Bathmann, 1997). Yet another school of thought proposes the 

concept of co-limitation by light-iron (L¨oscher et al., 1997; Holm-Hansen and 

Hewes, 2004) or the concentration of silicates (Watson et al., 2000; Coale et al., 

2004) that influence the productivity. Inter-annual shifting of fronts (Moore et al., 

2000), presence and nature of planktonic blooms (Moline and Pre´zelin, 1996), the 

extent of sea ice (Smith et al., 1998) have also been considered to be the extremely 

important factors responsible for variability of productivity in the study region. 

Interannual variability is seen in the SO, with the Ross Sea Polynya, Weddell Sea, 

Western Antarctic Peninsula experiencing least variability due to large extent of ice 

(Smith et al., 2008). The satellite-based observations, however, suggest that the 

spatiotemporal differences such as seasonality and frontal variability play a key 

control over productivity and therefore no single factor would explain the same 

(Boyd et al., 2002). 

The estimates suggest that the open-ocean primary productivity during the 

austral spring and summer ranges from 100-500 mgCm-2 d-1 (El-Sayed and Weber, 

1982; Froneman et al., 2001; Deppeler and Davidson, 2017). The frontal regions of 

upwelling, the polynyas (Smith and Gordon, 1998; Moore and Abbott, 2000) and 

marginal ice zone and coastal/continental shelf regions (Smith and Nelson, 1986; 
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Park et al., 1999), have also evidenced an elevated productivity and chlorophyll 

values of 41000 mgCm-2 d-1and 41.0 mg m-3, respectively (Sambrotto and Mace, 

2000; Holm-Hansen et al., 2004).  

The region of the SO that extends between the Antarctic continent and Polar 

Front comprises 10% of the world ocean area (El-Sayed, 1988). This region ranges 

from 30-80º E and is known to be exert a significant impact on all trophic levels of 

the Antarctic ecosystem (Nicol et al., 2006; Atkinson et al., 2004). The Indian 

sector of the SO (ISSO) is characterized by its least productivity compared to the 

other (Pacific, Atlantic, New Zealand) sectors of the SO. The ISSO, being amongst 

the windiest areas on the earth, phenomenon of deep mixing is expected in this 

region. However, it accounts to an annual productivity of less than 20 g C m-2 y-1, 

which is the lowest amongst all the world oceans (Pollard et al., 2009). Different 

zones within the ISSO exhibit wide ranges of productivity in austral summer 

(Jasmine et al., 2009; Tripathy et al., 2014, 2015). Production ranges between 300–

400 mgCm-2 d-1 in STF, Sub-Antarctic Front (SAF), Agulhas Retroflex Front (ARF) 

and PF (Polar Front) zones with highest production at the STF (900 mgCm-2 d-1) 

and lowest at PF (< 200 mgCm-2 d-1) despite the high concentrations of nitrate and 

phosphorus (Gandhi et al., 2012; Kerkar et al., 2020a).  

1.4. Quantifying Oceanic Primary Productivity  

Oceanic primary production contributes to about half of the life forms of the 

planet (Field et al., 1998). Being the very fundamental oceanic process, the 

measurement of PP has been receiving considerable efforts and has resulted in large 

datasets available to date (del Giorgio and Williams, 2005). The common methods 

for PP estimation involve measuring the oxygen evolution using the light and dark 

bottles, incorporation of isotopes such as 13C, 14C and 18O through the simulated in-

situ incubations. 

The interesting history of PP estimation techniques began with the oxygen 

evolution method (Gaarder and Gran, 1927) that suffered from poor resolution and 

hence failed to estimate the PP rates in the lesser productive oceanic regions 
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(Mortimer, 1956). These limitations could be overcome through Winkler analysis 

method (Carpenter, 1965). Another improvisation was available later on, which 

became the standard PP estimation technique was 14C method developed by 

Steeman-Nielsen (1951). In addition to its sensitivity and accuracy, it could also be 

used to calibrate the remote sensing algorithms (Dring and Jewson, 1982; 

Behrenfeld and Falkowski,1997a, b; Banse, 2002). Other isotopes such as 13C 

(Slawyk et al.,1977) and 18O (Bender et al.,1987) were also used as tracers in order 

to estimate PP. The isotope-based techniques however, suffer from artifacts due to 

incubation, bottle effect. In addition to this, the 14C method also is known to pose 

radioactive threats. Recently, bio-optical techniques that eliminate the need of 

incubation have come into existence. Some of them include measuring the active 

fluorescence using the Fast Repetition Rate fluorometer (FRRf) developed by 

(Kolber and Falkowski, 1993), the non-invasive bio-optical technique (Claustre et 

al., 1999), triple oxygen isotope technique (Luz and Barkan, 2000), estimating 

oxygen from the gliders and buoys (Nicholson et al., 2008) etc.  In the current 

study, the in-situ estimates of PP by tracer based (13C and 14C) methods and FRRf 

method are presented. Besides, attempt has been made to derive satellite-based IPP 

at some locations. 

The in-situ experimental estimates of PP are limited with respect to 

sampling constraints in the field and hence have a lesser spatial resolution. Modern 

tools like satellite remote sensing of ocean color studies help in overcoming these 

difficulties. Bio-optical oceanography is one such branch of oceanic science that 

deals with the constituents of water column (such as phytoplankton, other dissolved 

or suspended particles) and their interaction with the ambient light field. Some 

correlation always exists between absorption properties of all these constituents in 

the global ocean, which is immensely helpful in ocean colour models in the areas 

where Chl-a is a variable of control (Morel and Maritorena, 2001).  

One of the major objectives of bio-optical oceanography is to provide a 

synoptic view of phytoplankton primary production at the global scale. Established 

equations can be used as proxies to predict the variability of carbon turnover rates 



Chapter 1: General Introduction  

 

          8 
 

and other biological parameters. Early studies by Falkowski (1981); Smith et al., 

(1982) attempted to link the productivity, pigment biomass and the concomitant 

optical properties quantitatively through simple correlation models. Baker and 

Smith (1982); Smith et al., (1989), related the light absorbing components of the 

water column to the diffuse coefficients of spectral absorption. With advances in 

technology and information, the ocean colour studies at present aim at improving 

the understanding about PP and its biogeochemical controls (Fig. 1.3) in an easiest 

possible way (Clementson et al., 2001). Such studies are of a greater importance in 

areas like the SO, which are still underexplored despite their major role in the 

global carbon cycle. However, they are limited by the persistent cloud cover leading 

to lesser accuracy compared to the in-situ estimates of PP (Lu et al., 2020). 

Validation of such remotely sensed data with in-situ measurements at regional scale 

is therefore a pre-requisite to establish ocean color algorithms in the study region.  

 

 

Fig. 1.3. A schematic view of the bio-optical constituents of the water column with ambient 

light field and other environmental forcings (taken from 

https://www.researchgate.net/profile/Julia_Busch/publication/286923578/figure/fig3/AS:66

9540845371397@1536642385103/Schematic-view-of-thesis-framework-Phytoplankton-

and-harmful-algal-bloom-HAB_Q640.jpg). 

https://www.researchgate.net/profile/Julia_Busch/publication/286923578/figure/fig3/AS:669540845371397@1536642385103/Schematic-view-of-thesis-framework-Phytoplankton-and-harmful-algal-bloom-HAB_Q640.jpg
https://www.researchgate.net/profile/Julia_Busch/publication/286923578/figure/fig3/AS:669540845371397@1536642385103/Schematic-view-of-thesis-framework-Phytoplankton-and-harmful-algal-bloom-HAB_Q640.jpg
https://www.researchgate.net/profile/Julia_Busch/publication/286923578/figure/fig3/AS:669540845371397@1536642385103/Schematic-view-of-thesis-framework-Phytoplankton-and-harmful-algal-bloom-HAB_Q640.jpg
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1.5. Linking primary production to the next trophic level 

The flow of energy in every ecosystem begins with primary producers 

(phytoplankton, which make the base of the food web) and is taken up further to the 

primary consumers or secondary producers (known as zooplankton). An interplay 

of various biological processes and well-orchestrated physicochemical pathways 

link one trophic level to the next through the transfer of energy. The secondary 

producers are responsible to exert a direct impact on the primary producers through 

predation and hence, changes in their community structure, feeding and other 

processes need to be monitored to get a better baseline picture of any ecological 

niche (Regaudie-de-Gioux et al., 2009). 

One such parameter that can give a clearer idea of the link between these 

two communities is the measurement of standing stock of carbon (C) at community 

level. Even though many attempts in the global oceans have addressed interactions 

between these two communities through experiments like measuring the feeding 

rates, prey-predator interactions. However, a very few have focused on a 

comparative account of C-standing stock at the community level.  

The Antarctic ecosystem is regarded as an ecosystem extremely sensitive to 

the changing climate (Zwally, 1994) and the secondary producers can be effective 

tools (Fig. 1.4) to monitor this change (Tanimura et al., 1999; Chiba et al., 2001). 

The processes like eutrophication, ocean acidification, overfishing (Richardson 

2008; Mackas et al., 2012) associated with climate change have begun to alter the C 

flow in addition to the community structure of organisms on a global scale 

(Kjellerup et al., 2012). Accurate estimates of C-biomass would hence be an 

essential step in understanding energy cycling between trophic levels (Steinberg and 

Landry, 2017). These estimates would also provide knowledge about contribution 

of these communities in oceanic C-budget at the global level (Hernández-León and 

Ikeda, 2006) and also help in establishing a link that would influence recycling of C 

through trophic levels (Mayzaud and Pakhomov, 2014). 
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Fig. 1.4. A schematic representation of the functional role of zooplankton (taken from 

Hebert et al., 2017). 

Considering the need of PP measurements, absence of information about the 

link between PP and bio-optical characteristics in the SO (Fig. 1.5) and an to know 

the relation of primary producers with the next trophic level (secondary producers), 

the following objectives were designed: 

a. Study the PP rates and understand their temporal and spatial variations with 

respect to the ambient physicochemical forcings. 

Relevance: The SO being the largest sink for CO2 and of a global significance 

considering its physicochemical and biological features plays a key role in the 

global climate change scenario. Phytoplankton in the SO have been experiencing 

severe structural and functional changes and the physiology, efficacy of 

phytoplankton hence needs a regular monitoring. A systematic survey of PP and its 

variability with special reference to the physicochemical environment (Objective 1, 

Chapter 2) in the study region, is therefore of prime importance to understand the 

impact of changing climate on the base of the food web of this region.  
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Fig. 1.5. A schematic representation from the Indian Sector of the Southern Ocean 

representing the underexplored bio-optical features of the region (Taken from Kerkar et al., 

(under revision)). 

b. Inter-comparison of PP estimates measured by various methods. 

Relevance: Considering the lack of comparative PP studies in the ISSO, this chapter 

compares (Objective 2, Chapter 2) the conventional techniques: 14C (prone to 

radioactive contamination, bottle effect), 13C (safe, bottle effect, needs larger 

volume of water) and Fast Repetition Rate fluorometry (FRRf: instantaneous PP at 

a high resolution along with physiological characteristics of the phytoplankton, 

however, high chances of errors while scaling instantaneous PP to daily estimates, 

indirect measurement of the utilised C). The comparison of in-situ and satellite-

based PP discusses the efficacy of the global models in Polar waters. This 

comparative approach represents a baseline to establish non-radioactive (13C) and 

fluorescence-based (FRRf) techniques as efficient alternatives to the conventional 

14C-based technique in the region. 



Chapter 1: General Introduction  

 

          12 
 

c. Understand the influence of underwater light field/bio-optical   parameters on PP 

variability. 

Relevance: Light being the most influencing parameter on primary production, the 

underwater light field has important implications on PP and its trends. Studies on 

bio-optical variability with reference to primary production have hardly been 

attempted in the study area (Objective 3, Chapter 3). Measuring the bio-optical 

variables, finding their link with PP would be helpful in getting a fine scale features 

of the area. This can further be useful in validating ocean colour observations from 

satellite sensors and therefore form a baseline dataset for optical oceanography in 

the study area. 

             d. To study the effect of meso-zooplankton on PP variability.  

Relevance: The SO supports large stocks of mesozooplankton, the most dominant 

(in terms of biomass, abundance, grazing and secondary production) being 

copepods. Copepods (with >75% biomass) have a considerable impact on PP and 

understanding the standing stocks of Carbon from the two communities would help 

in obtaining a Carbon budget of the region (Objective 4, Chapter 4). Information 

about influence of zooplankton standing stocks on primary producers is rarely 

attempted in this region. The current work, therefore, aims at improving the 

understanding of copepod carbon biomass and its impact on primary producers. The 

general summary and conclusions from the thesis are presented in Chapter 5. 

 

 



Chapter 2

Variability of Primary Productivity and 

Inter-comparison of Productivity Estimates 

from Different Methods
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2.1. Introduction 

The process of primary production accounts for about 50% of the global 

atmospheric carbon fixation and is crucial in the phenomenon of climate regulation. 

The Southern Ocean (SO) is responsible for a major proportion of oceanic uptake of 

anthropogenic CO2 (Gruber et al., 2019) and is therefore a hotspot of interest for 

productivity studies. However, as a classic high nutrient, low chlorophyll (HNLC) 

region (Moore and Abott, 2000), PP in the region remains underpinned by highly 

variable phytoplankton blooms (Arrigo et al., 2008a). Understanding the “patchy” 

nature of this primary productivity has remained a challenge due to the extreme 

weather and the remote location of the region, thereby leaving the C cycle of the 

region unclear. 

Estimation of PP from bio-optical algorithms has been attempted by Arrigo 

et al., (1998) who suggest the POOZ (Permanently Open Ocean Zone) to be the 

regions of highest PP in the SO, whereas, a nine-year (1997-2006) time-series 

experiment by Arrigo et al., (2008b) report the Ross Sea to be the most productive 

region in the SO, followed by that of the Weddell Sea. The proposed reasons for 

enhanced annual production are the increased upwelling and stronger wind patterns. 

Elevated production in the shelf waters off Africa, South America, Australia, New 

Zealand, Ross sea and Weddell sea has been reported by Moore et al., (2000). An 

integrated model involving the use of using phytoplankton biomass, PAR and cloud 

cover data was applied by Smith et al., (2008) to study the PP variability (1997-

2005) in the SO at 60˚S. The PP variability was attributed to the ice dynamics and 

noticeably high PP was seen in 1998, the cause for which is, however unknown. 

The Indian Sector of the Southern Ocean (ISSO) remains least explored 

compared to the others, except for a few observations such as those by Mengesha et 

al., (1998) who reported a similar nitrogen uptake regime despite the contrasting 

phytoplankton community structure in the region. Iron enrichment experiments 

were conducted by Blain et al., (2007). Jasmine et al., (2009) surveyed the 

productivity potentials of several frontal regions through satellite-based 

observations, while Gandhi et al., (2012) have suggested the prevalence of 
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regenerated PP at all the fronts except the STF. Tripathy et al., (2014) highlighted 

the dominance of larger phytoplankton in the Antarctic coastal region and a lowered 

PP in the surface waters, the underlying cause being the physiological phenomenon 

of pigment package effect that is often associated with larger phytoplankton. 

Package effect results in a mismatch between light-harvesting efficiency and 

concentration of pigments due to an intracellular overlapping of chloroplasts. 

Tripathy et al., (2015) reported lower PP at the STF than the PF, the strong DCM at 

PF being the attributed cause. An elaborate in-situ iron enrichment experiment in 

the Atlanctic Sector of the SO by Gervais et al., (2002), measured the factors such 

as underwater irradiance, Chlorophyll a, PP (14C uptake) and the photochemical 

efficiency (FRRf and Xenon-pulse amplitude modulated fluorometry) revealed a 

low low PP (130-220 mgC m-2 d-1), low Chl-a (48-56 mg m-2) and a low 

photosynthetic efficiency (Fv/Fm~ 0.3). 

Given these highly dynamic spatiotemporal trends, estimation of PP and 

knowing the causes of its variability is an extremely essential step to understand the 

oceanic C-cycle. Every technique associated with PP estimation has its own 

advantages, disadvantages and errors associated; thus, validating the estimates of PP 

using various techniques helps in understanding the accuracy and quantifying the 

error/s pertaining to each technique. An overview of techniques being used to 

estimate PP has been given in Fig. 2.1. Several studies have compared the estimates 

of PP obtained using different techniques to date (Mousseau et al., 1995; Melrose et 

al., 2006; Tripathy et al., 2010; González et al., 2008; Robinson et al., 2009; 

Regaudie et al., 2014). However, being restricted to specific regions, these 

estimates are local and therefore may not be effectively used on a comparative scale 

across oceans. The seasonality is another factor that stops from using these 

comparative methods on a global scale (Regaudie et al., 2014). The advantages and 

disadvantages of several such techniques used to estimate PP to date have been 

discussed further in this chapter. In addition to being localised and specific to a 

season, these methods yield different magnitudes of estimates due to the 

assumptions and the process through which they derive these estimates (Marra, 
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2002). To resolve the different estimates derived from such different methods still 

remains a puzzle (Quay et al., 2010; Marra, 2012). Several studies so far have 

highlighted the need to develop equations that would compare the estimates derived 

from different methods. Paired measurements of PP through two or more techniques 

followed by comparison of the rates derived through each of them can be a way to 

develop such equations (Marra, 2002). 

The process of primary production is a stoichiometric interplay that 

ultimately results in synthesis of carbohydrates through orchestration of CO2 and 

H2O using solar radiation as the source of energy. Approaches used to derive the 

rates of primary production, therefore involve quantification of incorporation of 

inorganic carbon (that measures assimilation of carbon tracer) or oxygen production 

(that estimates the changes in oxygen levels of the incubated phytoplankton 

community). This study compares the estimates of PP obtained from 13C, 14C and 

FRRf techniques in the ISSO. 

Both, carbon and oxygen-based techniques involve incubation of bottles and 

therefore suffer from bottle effect. The carbon tracer techniques fail to decouple the 

Gross Primary Production (GPP = Total primary production inclusive of the 

respiration), Net Primary Production (NPP = Gross primary production minus the 

respiratory losses) and community respiration (Diersson, 2010) and either 

overestimates or underestimates PP. The varying hours of incubation also bias the 

PP estimates that result in PP close to NPP (in case of longer incubation hours) or 

GPP (during short incubations). Even though proven to be more accurate, 14C 

isotope method can be risky to the handler due to its radioactive nature and is 

therefore prohibited in some countries to avoid the health and environmental issues 

involved (Regaudie et al., 2014). 
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  Fig. 2.1. Salient features, benefits and drawbacks of the commonly used approaches to 

measure the phytoplanktonic primary production (taken from Regaudie et al., 2014). Those 

used in the present study are marked with a rectangle around them. 

Despite the various techniques employed for estimation of PP, assessing PP 

at a wide spatiotemporal scale still remains a challenge for oceanographers. The 

Fast Repetition Rate fluorometry (FRRf) based on the principle of variable 

fluorescence of Chl-a is a potential tool to overcome this challenge. This non-

intrusive bio-optical technique was presented as means to quantify PP of the aquatic 

systems (Kolber and Falkowski, 1993). This technique would wipe off the sampling 

constraints and errors associated with filtrations and incubations; and the added 

advantage would be the instantaneous estimates of PP in a temporal resolution of 

seconds (Falkowski and Kolber, 1995). Though the device has a wide applicability 

of exploring several aspects of PP and the processes associated, most of the 

attempts have been restricted to examining the community structure and 

photophysiology of phytoplankton (Behrenfeld and Kolber, 1999; Suggett et al., 

2009), leaving the capability of the FRRf to derive the instantaneous PP severely 

undermined (Lawrenz et al., 2013). Another advantage of the FRRf-based PP would 
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be its applicability to the satellite-based ocean imageries, which makes it outstand 

from all the other techniques used to estimate PP at present (Saba et al., 2011). 

  However, several aspects related to the resolution and scale of this 

techniques still need to be validated before it can be widely applied to any and 

every oceanographic province. Also, FRRf does not involve the direct measurement 

of fixed C (Oxborough et al., 2012), the ultimate building block of the process of 

photosynthesis, but derives using the Electron Transport Rate (ETR) of the 

photosystem II (PS II) as a proxy to represent this fixed C. This conversion relies 

upon the “electron requirement for C-fixation” (Φe,C) which is known to vary with 

methodological differences (involving a direct/ ancillary measurement of PS II) and 

also external environmental factors that alter the taxonomy and physiology of the 

phytoplankton community type (Hughes et al., 2018; 2020). Despite of these 

constraints, the ETR fluxes can be more fundamental entity responsible for the 

overall metabolism and biogeochemical cycling (Grossman et al., 2010). 

The ISSO still remains poorly addressed with respect to studies that give a 

comparative account of PP estimates. The current chapter presents a lucid 

comparison of both 13C (stable isotope) and FRRf (active fluorescence) technique 

against the more established 14C (radioactive) method, that is potentially hindered 

due to the radioactive contamination issues in the marine environment. The present 

study would therefore put forth an alternative efficient and safe method for 

estimation of PP in the region. The FRRf-based estimates would facilitate in the 

extensive, high resolution measurements of in- situ PP without experimental 

constraints (incubation). The FRRf in addition to the PP estimates would also give 

information about the physiology of phytoplankton in the SO. 

2.2. Materials and Methods 

2.2.1. Study Area, Sampling and Hydrography 

The study area comprised of different sampling locations (Fig. 2.2) from 

polar fronts (PF), sub-Antarctic front (SAF) and sub-tropical front (STF) of the 

ISSO (i.e. 40 ˚S & 67 ˚S and 45 ˚E & 80 ˚E). The region being under sea-ice during 
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winter, the only accessible time for collection of samples was the austral summer 

(December-February). The samples were collected during the Indian Scientific 

Expeditions to the Southern Ocean (ISESO): ISESO-8 (2015), ISESO-9 (December 

2016-February 2017) and ISESO-10 (December 2017-February 2018) onboard the 

research vessels ORV Sagar Nidhi (ISESO-8) and SA Agulhas (ISESO-9 and 

ISESO-10). PP and all the associated data were generated from 6, 17 and 21 stations 

from these expeditions, respectively. 

 

 

Fig. 2.2. Sampling locations in the study region during ISESO-8 (closed stars in pink), 

ISESO-9 (closed circles, numbers in brown) and ISESO-10 (closed circles, numbers in 

black). The station revisited during ISESO-9 is depicted in yellow. 

2.2.2. Nutrients, Chlorophyll and PAR 

Water samples (100mL) were collected onboard for the analysis of nutrients 

(Nitrates, NO3
-; Phosphates, PO4

3- and Silicates, SiO4
4-). These water samples were 

stored at -40˚C until further analysis. The water samples were analyzed in the 

NCPOR laboratory for the concentration of respective nutrients using a segmented 
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flow analyzer (Seal AA3 HR, Wisconsin, USA) following the standard 

methodology for seawater analysis (UNESCO, 1994). The precision of detection 

(limits) for NO3
-, PO4

3- and SiO4
4- were ±0.06 (± 0.07), ±0.003 (±0.004), and ±0.06 

(±0.04) μM, respectively. 

Continuous measurement of incident Photosynthetically Active Radiation 

(PAR) was carried out on board using a PAR sensor (QSL-2100, Biospherical 

Instruments Inc.) fitted in a well-lit, shadow-free area on the monkey deck. 

Chlorophyll-a (Chl-a) was estimated by filtering water samples on a 47mm 

GF/F filters (Whatman) under a low suction pressure. The filters were enriched with 

a 10mL of 90% acetone and kept in cold and dark condition for twelve hours and 

analyzed for Chl-a (Strickland and Parsons, 1972) using a Turner Designs AU-10 

fluorometer. The Chl-a (mg m-³) values at different depths were integrated to obtain 

column Chl-a (Chlint, mg m-2). 

2.2.3. 13Cand 14C-based Estimation of PP and PAR-PB Relationship 

The rates of PP were quantified using two established techniques of C-

isotope incorporation viz. 13C (the stable isotope) and 14C (the radioactive tracer). 

The in-situ simulated in-situ (SIS) incubations were carried out during every field 

campaign at different fronts. The samples belonging to discrete depths (0, 10, 30, 

50, 100 and 120m) that covered the euphotic zone were collected in amber colored 

carboys to prevent them from light shock. The incubation length was selected to 

target the estimation of NPP (Regaudie-de-Gioux et al., 2014; Hughes et al., 2018), 

therefore negating the need of a separate dark incubation bottle. The samples were 

filtered through 200 μm plankton mesh in order to screen and eliminate the 

zooplankton (grazers). The samples for 13C PP estimation were enriched with 13C 

stable isotope (NaHCO3-13C 99 atom %, Icon Services, USA) whereas, those for 

14C based estimation of PP were enriched with 1ml of 14C[Na(14H)CO3] that 

corresponded to 5μCi per 300ml of seawater in transparent Nalgene bottles. This 

was followed by incubation of the samples in a deck incubation tank that simulated 

the in-situ light and temperature conditions. Appropriate density filters were used to 
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simulate the light intensity at specific sampling depths and placed inside the deck 

incubator with a facility of circulated surface seawater that maintained ambient 

water temperature. The density filters helped simulation of light attenuation thereby 

providing the bottles with irradiance levels according to approximate sampling 

depths of the water column.  

For 13C-based PP estimation, three bottles were incubated for each depth, 

while one was filtered immediately through a pre-combusted (450ºC, 4 h) 25 mm 

GF/F filters and stored at -20ºC until further processing and analysis. Rest of the 

two samples at each depth were separately filtered at the end of the incubation onto 

25mm pre-combusted Whatman GF/F filter papers and stored at -20oC till further 

analysis. The filters were exposed to fumes of concentrated hydrochloric acid prior 

to determination of delta 13C in order to eradicate to unfixed inorganic carbon (in 

carbonate form) and were then dried completely in desiccators containing silica gel. 

The filter papers were dried well and packed into tin cups separately. The percent 

atomic delta 13C was then determined using a stable isotope ratio mass spectrometer 

(IRMS, (Isoprime, Germany) in a continuos flow mode coulped with Vario 

ISOTOPE cube elemental analyser (Elementar, Hanau, Germany). The external 

precision for measurements of δ13C and C% were obtained by running the cellulose 

(IAEA-CH-3) and sulfanilamide as the standards, respectively. δ13C values are 

reported with respect to the Vienna Peedee Belemnite (V-PDB) standard. The 

reference standard used for normalizing to V-PDB was IAEA-CH-3. The rate of 

carbon fixation (PP, mgC m-3 d-1) was calculated following standard protocols 

described as per Hama et al. (1983) as per Eqn. 1: 

PP = (ais-ans)/aic-ans)*C                                                            (1) 

Where ais is atomic % of 13C in the incubated sample, aic is atomic % of 13C 

in the enriched total inorganic carbon, ans is atomic % of 13C in the natural/initial 

sample, and C stands for the particulate organic carbon (mg C L-1) in each sample.  

For 14C-based PP quantification, enriched samples were treated with acid 

similar to the 13C enriched filter papers and were stored separately in scintillation 
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vials. The disintegration activity was quantified in a liquid scintillation counter 

(Wallac 1409 DSA) by addition of scintillation cocktail. The disintegration per 

minute (dpm) values were converted into estimates of daily primary production 

(Steeman-Nielson, 1951; Strickland and Parsons, 1972) rates (mgC m-3 d-1). In order 

to obtain the integrated PP of the euphotic zone (IPP, mgC m-2 d-1), the daily PP 

rates (mgC m-3 d-1) at each depth were trapezoidally integrated. This was followed 

by normalizing the PP values with corresponding Chl-a so as to calculate the Chl-a 

specific PP (PB) (mgC (mg Chl-a)–1 d–1), which is an index for physiological 

adaptation of phytoplankton to the ambient environment.  

Relationship between PB at discrete depths and corresponding underwater 

PAR (PAR-PB relationship) was obtained by curve fitting technique. Here, the 

PAR-PB relationship does not represent the true photosynthesis-irradiance (P-E) 

response of the phytoplankton assemblages. For the stations where photo-inhibition 

was evident, the P-E model developed by Steele et al., (1962) was used, which is 

expressed as: 

PB = PB
opt (E/Emax) – exp [1 – (E/Emax)]    (2) 

Where, PB, PB
opt and Emax are rates of Chl-a normalized carbon fixation 

(mgC (mg Chl-a)–1 h–1), Chl-a normalized optimal carbon fixation in the water 

column (mgC (mg Chl-a)–1 h–1) and irradiance value at inflection point between 

light-saturated and light-limited phases (µE m–2 s–1), respectively. 

In case of absence of photo-inhibition, the curve fitting was carried out 

using the Webb et al., (1974) equation described hereunder 

PB = PB
opt [1 – exp (–E/Emax)]      (3)                                                                                                                  

The photosynthetic parameters for equation (2) are same as those defined for 

equation (1). Acronyms and abbreviations used in the present study are listed in the 

Table 1. 
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2.2.4. Fast Repetition Rate fluorometry 

In order to get an account of adequate interrogation of the phytoplankton 

within the water column, the Fast Repetition Rate fluorometer (FRRf; FastOcean 

APD, CTG Ltd., UK) was operated in the profiling mode at a vertical rate <0.5 m s-

1. Care was taken to avoid the ship shadow, other disturbances by re-orienting the 

vessel prior to every FRRf cast. This gave a high-resolution data for physiological 

parameters of phytoplankton like the functional absorption cross-section of 

photosystem II in dark (σPSII) and light (σPSII՛) conditions, reaction center 

concentration (RCII), maximum photochemical efficiency of photosystem II at dark 

(Fv/Fm) and light (Fq՛/Fm՛) etc. at an interval of 1 m (approx.) in the water column. 

The protocols for excitation and relaxation were set at 450, 530 and 624 nm 

according to CTG, UK manual. All the parameters were derived at ambient plus 

dark (APD) conditions. The FRRf-based estimates of PP were calculated following 

Kaiblinger and Dokulil., 2006: 

PFRRf (mg C m-3 d-1) = EσPSIIqp fᶯPSII(3600/4)Mc/MChl-aA  (4) 

Where, A represents the conversion factor for irradiance from quanta to mol 

photons, (3600/4) corresponds to the time conversion from seconds to hours and 

(1/4) denotes the number of electrons (4) that fix 1 carbon molecule. 

2.2.5. Satellite-based Primary Productivity  

The Vertically Generalized Production Model (VGPM) developed by 

Beherenfeld and Falkowski (1997a) was used to derive PP measured by satellite. It 

involved use of SST and Chl-a, PAR and daylength from the satellite and the 

euphotic depth (Zeu, the depth where PAR reduces to 1% of its value from that at 

the surface) and integrated primary production (IPP).  The VGPM calculates PP as: 

DL)]1.4[66125.0IPP += 0eu00opt
B ChlZ/(EEP                         (5) 

Where IPP, PB
opt, E0, Zeu, Chl0 and DL are euphotic zone integrated daily PP 

(mgC m-2 d-1), Chl-a normalized maximum PP in the water column (mgC mgChl-a-1 
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h-1), PAR value at sea surface (E m-2 d-1), depth of the euphotic zone estimated from 

sea surface Chl-a(Chl0) following Morel and Berthon (1989), sea surface Chl-a (mg 

m-3), and day-length (in hours) calculated following Kirk (1994), respectively. The 

light-dependent function [(0.66125E0)/(E0+4.1)] describes the relative change in the 

light saturation fraction of the Zeu as a function of E0. 

The PB
opt is expressed as the 7th order polynomial function of the sea surface 

temperature (SST) following Behrenfeld and Falkowski (1997b). The daily values 

of SST were obtained from Advanced Very High-Resolution Radiometer 

(AVHRR). The daily PAR and weekly Chl-a (due to non-availability of daily 

values) were obtained from the Moderate Resolution Imaging Spectroradiometer 

(MODIS-AQUA) sensors. The duration of average day-length during the sampling 

period was 14 to 16 h.  

2.3. Results 

2.3.1. Hydrographic Features 

The observations related to hydrographic features of the fundamental 

physicochemical variables such as temperature, salinity, PAR, fluorescence, 

Dissolved Oxygen (DO) and macronutrients are discussed in this section. The 

nutrient conditions from the two austral summers during ISESO-8 and 9 have been 

discussed. 

A marked variability was observed within the hydrographic parameters at 

every front during ISESO-8. The least mean temperature was recorded at PF2b 

(1.71 ± 0.57 °C) whereas the maximum (5.95 ± 1.66 °C) was at the STF (Fig. 2.3a). 

The sea surface temperature (SST) increased from PF2a to STF (2.4-18.8 °C), while 

the sea surface salinity (SSS) was lowest (33.75) at STF and highest (34.30) at SAF 

(Fig. 2.3b). The variability in profiles of temperature was more pronounced than 

those of the salinity in the. SAF and PF2, however, exhibited a sharp variation in 

salinity at the sampling depths from surface to 10m. The least mean value of DO 

(Fig. 2.3c). was recorded at STF (6.83 ± 0.08 ml l-1) and the highest mean value was 
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at PF2a (7.53 ± 0.20 ml l-1). Vertical distribution of DO was homogeneous at all the 

sampling locations, except for the sharp fluctuations within the upper 10m at SAF 

and PF2, which were similar to the profiles of salinity. The vertical profiles of PAR 

(Fig. 2.3d) were characterized by a typical exponential decrease from a highest 

value of 142.83 μE m-2 s-1 at PF2a and the lowest of 0.15 μE m-2 s-1 at SAF. The 

fluorescence values (Fig. 2.3e) showed a clear increase from the surface to DCM 

and followed by a decline thereafter. The fluorescence peak was the shallowest at 

the STF (~50 m) and deeper at the PF locations, which were associated with a 

deeper MLD. The highest value of fluorescence was noted at the SAF (with a peak 

at 80m).  The deepest MLD (Fig. 2.3f) was recorded at PF2, followed by PF1 and 

SAF. No distinct mixed layer could be detected at the STF. 

The stations sampled during ISESO-9 were divided as frontal (above 60°S) 

and coastal (below 60°S) due to the pronounced differences in various 

physicochemical and biological aspects observed. Clear differences based on the 

sampling depths and physical features of the study region were observed in 

hydrographic properties derived from the vertical profiles of Conductivity-

Temperature-Depth (CTD) carousal. Amongst the frontal stations, the least mean 

value (3.04 ± 0.466 °C) of temperature (Fig. 2.4a-b) was observed near the 

Kerguelen islands (51ºS) while, the highest mean value of temperature (16.02 ± 

0.64°C) was recorded at the sampling location at 40.07°S situated within the STF. 

The least mean temperature of -2.03 ± 1.45 °C at 68.00 °S (Stn-4) while the highest 

of 2.92 ± 1.02 °C at 69.15 ºS (stn-8) was observed amongst the coastal stations. The 

salinity (Fig. 2.4c-d) ranged from values of 33.72 ± 0.03 to 35.44 ± 0.02 at frontal 

and from 32.59 ± 0.55 to 34.56 ± 0.28 at the coastal stations. The vertical profiles of 

DO at the frontal stations ranged from 5.20 ± 0.20 ml l-1 to 7.59 ± 0.07 ml l-1 at the 

frontal stations and from 3.93 ± 1.46 to 9.71 ± 1.05 at the coastal stations. The 

fluorescence values (Fig. 2.4e-f) showed an increase up-to DCM and declined 

gradually thereafter. The coastal stations had a shallower chlorophyll maximum 

compared to the frontal stations sampled. The values of fluorescence ranged from 

0.0015 ± 1.11 mg m-3 to 3.95 ± 1.50 mg m-3 at the frontal sampling locations; while  
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Fig. 2.3. Vertical profiles of in-situ (a) temperature, (b) salinity, (c) dissolved oxygen, 

(d) PAR, (e) fluorescence and (f) buoyancy frequency profiles measured by the CTD 

at different frontal locations during ISESO-8. 

 

a wider range of values from 0.012 ± 5.37 mg m-3 to 24.16 ± 5.37 mg m-3 was 

recorded at the coastal stations sampled. A characteristic pattern of decrease was 
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observed in the vertical profiles of PAR (Fig 2.4g-h). The PAR values ranged from 

0.039 ± 3.32 μE m-2 s-1 to 275.74 ± 3.99 μE m-2 s-1 at the frontal and 0.015 ± 1.16 

μE m-2 s-1 to 723.61 ± 11.33 μE m-2 s-1 at the coastal sampling locations. 

The CTD profiles revealed a large variability in hydrographic characteristics 

based upon geographical features of the study region during ISESO-10. Amongst 

the frontal sampling locations, minimum values of temperature (Fig. 2.5a-b) were 

observed at at 56.98 ºS (0.92 ± 0.30 ºC) whereas, the highest of 15.93 ± 0.43 ºC 

were recorded at at 40.07ºS. The salinity values (Fig. 2.5c-d) at the frontal stations 

ranged between 33.64 ± 0.02 (at 47.4 ºS) to 35.47 ± 0.04 (at 40.07ºS) and those at 

the coastal stations varied from 33.13 ± 0.28 (at 66.47 ºS) to 34.62 ± 0.44 (at 65.5 

ºS). The DO ranged between 5.12 ± 0.09 (at 39.98 ºS) to 7.30 ± 0.22 (at 56.98 ºS) 

ml L-1 at the frontal stations and 4.08 ± 1.26 (at 65.5 ºS) to 8.00 ± 0.96 (at 62 ºS) ml 

L-1 at the coastal stations sampled. The PAR (Fig. 2.5e-f) ranged from 0.06 (at 40.07 

ºS) to 325.25 µ mol photons m-2 s-1 at the frontal and 0.011 to 751.36 µ mol photons 

m-2 s-1 at the coastal stations. 

 

2.3.2. Nutrients 

The vertical profiles of macronutrients during ISESO-8 were characterized 

by clear frontal variations with an increasing north-south gradient. The 

concentration of NO3
- (Fig. 2.6a) and PO4

3- (Fig 2.6b) showed a gradual increase 

with depth which was attributed to the upwelling of nutrient rich waters in the 

region. SAF experienced an increase in concentrations of NO3
-
 and PO4

3- beneath 

the MLD. At PF stations, however, concentrations of NO3
-
 and PO4

3- remained 

homogenous throughout the water column (120m). Enhanced concentrations of 

SiO4
4- (Fig. 2.6c). below the MLD were recorded at PF, with marked highest values 

at PF2. PF2a was characterized by the highest concentrations of NO3
- (26.44 µM), 

PO4
3- (2.00 µM) and SiO4

4- (26.39 µM), whereas, STF possessed the least 

concentrations of NO3
- (3.50 µM), PO4

3- (0.75 µM) and SiO4
4- (6.59 µM).  
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             FRONTAL                  COASTAL 

  

  

  

  

Fig. 2.4. Vertical profiles of (a), (b) temperature, (c), (d) salinity, (e), (f) fluorescence and 

(g), (h) PAR in the frontal (left panel) and coastal (right panel) stations from CTD profiling 

during ISESO-9. The legends in figures (c)-(h) are same as those presented in (a), (b). 



Chapter 2: Variability of Primary Productivity Estimates 

          28 
 

 

     FRONTAL            COASTAL 

 

 

 

 

 

Fig. 2.5. The column profiles of (a)-(b): temperature, (c)-(d): salinity, (e)-(f) PAR at the 

frontal (left panel) and coastal (right panel) observed during ISESO-10. The legends 

represent uniform color codes for the stations throughout the panels. 
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The examination of nutrient ratios revealed the least N:P (5.0), N:Si (0.58) and a 

lower Si:P (8.84) ratio at the STF compared to the higher N:Si (4.02) and lower Si:P 

(3.53) ratios observed at the SAF. High ratios of N:P (14.13 and 12.17) and N:Si 

(2.88 and 2.16) were recorded at PF1a and PF1b, but possessed low Si:P (5.15 and 

6.72) values. The PF2 stations were typified by the highest N:P (13.40), N:Si (1.06) 

and Si:P (13.12) amongst all the sampling locations. 

 

   

 

Fig. 2.6. Vertical distribution of (a) nitrates, (b) phosphates, and (c) silicates at the 

different frontal regions during ISESO-8. 

 

A clear variability within the dissolved nutrient concentrations (Fig. 2.7) 

was observed during ISESO-9. The frontal stations depicted mean NO3
- and PO4

3- 

concentrations of 17.2 ± 9.8 μM, 1.3 ± 0.5 μM, respectively. The coastal sampling 

locations showed noticeably higher concentrations of NO3
- (23.1 ± 6.3 μM) and 

PO4
3- (1.6 ± 0.5 μM). The frontal stations were extremely SiO4

4- depleteed (3.3 ± 

3.0 μM), while those in the coastal domain were silicate rich (38.8 ± 7.4 μM). 

2.3.3. Chlorophyll-a and Primary Productivity 

The in-situ estimates of Chl-a were used as indices of phytoplankton 

biomass and therefore, could be used as an index to visualize the trends in PP. The 

patterns in surface Chl-a, integrated column Chl-a (Chlint) and relationship between 

Chl-a and PP was examined to understand the interannual trends for this parameter. 

The bio-optical variability and inter-relationships with Chl-a as a controlling factor 

are elaborated in the forthcoming sections. 
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Fig. 2.7. Distribution of nutrients at the (a) surface (dashed lines) and (b) deep chlorophyll 

maximum, DCM (solid lines) layers of the study area during ISESO-9. 

The surface PP ranged from 1.236 – 3.72 mg C m-3 d-1 and was correlated 

weakly (R2 = 0.32, p < 0.05) to Chl-a at discrete depths. However, the integrated 

values of PP were strongly correlated (R2 = 0.86, p < 0.001) with integrated Chl-a in 

the water column (Fig. 2.8c-d). The range of variation for the daily integrated PAR 

(E0) was 26.66 E m-2 d-1 (at SAF) to 59.84 E m-2 d-1 (at PF2b) and no clear trend was 

observed during the study period. Despite of the lowest PAR, STF showed the 

highest values for PP. The PB (Chl-a normalized PP) was uniform at all the stations. 

The STF, SAF and PF1 showed a linear (Fig. 2.8e) while, the stations at PF2 

showed a curvilinear PAR-PB relationship (Fig. 2.8f). PP and Chl-a measured at 

discrete depths did not show any correlation with each other. However, the 

integrated values of column PP showed a positive correlation with column Chl-a.  

During the ISESO-9, Chl-a and PP at both the sampling depths showed a 

north-south increase in concentration (Fig. 2.9) At the surface, Chl-a varied from 

0.12 mg m-3 (67ºS) to 0.91 mg m-3 (69ºS), whereas at the DCM, the range of Chl-a 

was 0.18 mg m-3 (62ºS) to 1.71 mg m-3 (68ºS). The PP at surface and DCM waters 

varied between 0.10 mgC m-3 d-1 (67ºS) to 1.52 mgC m-3 d-1 (69ºS) and 0.14 mgC m-

3 d-1 (63.8ºS) to 1.30 mgC m-3 d-1 (68ºS), respectively.  
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Fig. 2.8. Vertical profiles of (a) chlorophyll-a, (b) 14C-based primary productivity, (c) water 

column-integrated chlorophyll-a, (d) primary productivity and daily incident PAR and (e-f) 

daily PAR-PB relationships in the water column at during ISESO-8.  
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An average of 0.52 ± 0.47 mgC m-3 d-1 PP with a corresponding Chl-a biomass of 

0.32 ± 0.22 mg m-3 was recorded at the surface, while a PP estimate of 0.50 ± 0.42 

mgC m-3 d-1 corresponding to a higher Chl-a of 0.64 ± 0.54 mg m-3 was observed at 

the DCM layer. Highest estimates of Chl-a and PP were recorded at stn RS, at both, 

the surface (0.91 mg m-3, 1.52 mg m-2 d-1) and DCM (1.71 mg m-3, 1.30 mg m-2 d-1) 

depths. The PB (Chl-a specific PP) did not vary at the frontal and coastal stations. 

However, DCM (mean of 1.51 mgC mgChl-a-1 d-1) of all the stations showed 

markedly lower PB values than the surface (mean of 0.86 mgC mgChl-a-1 d-1) layers. 

PP showed a significant positive correlation with Chl-a (R2 = 0.64, p < 0.05). 

 

Fig. 2.9. Latitudinal trend in chlorophyll-a concentration and primary productivity at 

surface and deep chlorophyll maximum layers in the region ISESO-9. (station numbers 

broadly correspond to the latitude shown in Fig. 2.2). 

The lack of correlation between Chl-a and PP at some sampling points 

highlighted the fact that a higher estimate of PP is not always associated with higher 

concentrations of Chl-a. PP did not show a correlation with temperature, salinity 

and PAR at any of the sampling locations. 

The concentrations of surface Chl-a during ISESO-10 ranged between 0.11-

0.46 mg m-3 at the frontal stations and 0.07-0.48 mg m-3 at the coastal stations. At 

the DCM, Chl-a concentrations ranging between 0.17-1.40 mg m-3 were reported at 
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frontal and 0.16-0.89 mg m-3 at the coastal stations. The frontal stations (±0.29 mg 

m-3) exhibited nearly two times higher standard deviation in concentration of Chl-a 

than the coastal stations (±0.15 mg m-3). PP and Chl-a measured at discrete depths 

showed a significant correlation at the frontal stations (Fig. 2.10a-b). A strong 

correlation was observed between these two parameters measured by 14C-PP (R2 = 

0.59, n = 13, p < 0.02) and by 13C-PP (R2 = 0.49, n = 25, p < 0.01). 

  

Fig. 2.10. Scatterplots representing the correlation obtained between chlorophyll-a and PP 

measured by 13C and 14C PP during ISESO-10. 

 

The estimates of IPP were derived from 13C, 14C and FRRf (Fig. 2.11a-c). 

The range of IPP estimates from 13C-based technique ranged between 168.82-

960.69 mgC m−2 d−1, while those measured by 14C technique 9.96-177.93 mgC m−2 

d−1. The IPP estimates derived from FRRf were higher than both, 13C and 14C and 

were nearer to the 13C estimates ranging between 128.56-882.26 mgC m−2 d−1.  

2.3.4. Phytoplankton Photosynthetic Parameters and Productivity from Fast 

Repetition Rate fluorometry 

The photosynthetic parameters from FRRf includes the photochemical 

efficiency quotients, functional absorption cross-section of the PSII, the non-

photochemical quenching and the other parameters associated with the 

photochemical yield of the phytoplankton community during the study. 
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Fig. 2.11. Latitudinal trends in IPP derived by (a) 13C, (b) 14C and (c) FRRf-based 

measurements during the study. 
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During ISESO-8, the study area showed a range of maximum (Fv/Fm) and 

effective (Fq՛/Fm՛) photochemical efficiency of PSII between 0.09 to 0.42 (avg. 0.32 

+ 0.06) and 0.11 to 0.48 (avg. 0.31 + 0.07), respectively. Least Fv/Fm and Fq՛/Fm՛ 

were recorded at PF1, while the highest values were observed at the STF (fig a–b). 

The Fv/Fm and Fq՛/Fm՛ increased with depth and attained maximum (implying a 

healthy phytoplankton) at the subsurface layers (>60m). A clear decrease in 

photochemical efficiency was seen at the STF (beyond 80m), but other stations had 

similar values throughout the column. 

The sub-surface maxima for Fv/Fm coincided with fluorescence and Chl-a 

profiles at all the stations. A trend of decreasing Fv/Fm beneath the DCM 

(corresponding to the decline of Chl-a) was often observed (Fig 2.12a). The surface 

Fq՛/Fm՛ and σPSII՛ (Fig 2.12b-c) were not recorded due to an instrumental error, but 

when compared to the variations at sub-surface layers, it showed a probability of 

stronger surface fluorescence quenching at PF1 and PF2 than at the STF. The 

functional absorption cross-section in dark (σPSII) and ambient light (σPSII՛) 

conditions (Fig. 2.12e–f), exhibited a similar trend, ranging between 1.38 to 8.35 

(avg. 4.93 + 1.31 nm2) and 1.14 to 7.92 (avg. 5.08 + 1.34 nm2), respectively. Mean 

values of NPQNSV were 2.05 (STF), 1.02 (SAF), 1.01 (PF1a), 2.53 (PF1b), 0.59 

(PF2a) and 9.64 (PF2b). 

The Fv/Fm (Fig. 2.13a-b) measured during ISESO-10 ranged between 0.25-

0.29 in the frontal and to 0.25-0.31 in the coastal region and was almost uniform 

with depth. The average Fv/Fm was found to be 0.27 ± 0.02 at the frontal stations 

and 0.28 ± 0.02 at the coastal stations. A characteristic pattern of near-surface 

quenching of Fv/Fm, followed by a decreasing gradient down the water column was 

observed at most of the stations. The mean values of Fq’/Fm’ (Fig. 2.13c-d) was 

higher at the subsurface, with a mean value of 0.27 ± 0.01 and 0.28 ± 0.02 at frontal 

and coastal stations, respectively. The mean σPSII (Fig. 2.13e-f) varied from 3.10 ± 

0.23 nm-2 in the frontal and 3.0 ± 0.16 nm-2 in the coastal region. The subsurface 

maxima indicated healthier and more efficient phytoplankton at the subsurface layer 

and photosynthetically lesser efficient phytoplankton at the surface layer of the 
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water column. The average (NPQNSV) was recorded 15.78 ± 16.54 and 4.73 ± 6.76 

at the frontal and coastal stations, respectively. 

 

 

 

 

 

 

Fig. 2.12. Variability in (a) Fv/Fm, (b) Fq՛/Fm՛, representation of the ambient PAR versus (c) Fv/Fm 

and (d) σPSII, vertical profiles of (e) σPSII and (f) σPSII՛ measured by the FRRf during ISESO-8. 
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FRONTAL COASTAL 

 

 

  

  

 

Fig. 2.13. The vertical profiles of (a)-(b) Fv/Fm, (c)-(d) Fq’/Fm’ and (e)-(f) σPSII observed at the 

frontal (left panels) and coastal (right panels) stations during the ISESO-10. 
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  2.3.5. Comparison of Primary Productivity Estimates Derived from Different 

Techniques 

Estimates of PP were obtained from 13C (ISESO-9 and 10), 14C (ISESO-8 

and 10) and FRRf (ISESO-8 and 10) methods during the three field expeditions. A 

comparative account of the estimates from 14C-PP with satellite-derived PP from 

the ISESO-8 data and the 13C, 14C and FRRf-derived PP from the ISESO -10 data 

has been presented below:    

The estimates of PP obtained by 14C method during ISESO-8 were validated 

using satellite PP derived from the VGPM model of primary production. Highest 

estimates of PP were found at the STF (258.58 mgC m-2 d-1) while PF2b (188.28 

mgC m-2 d-1) showed the least values of PP from the 14C method. The estimates 

from VGPM, were in a strong correlation with 14C technique accounting for 94% 

(R2 = 0.94, p < 0.001) of variability in it.  However, the VGPM overestimated the 

in-situ PP by a factor of 1.2 at the STF and SAF. No difference in PB was seen at 

any of the stations, with a mean of 9.11 mgC (mgChl a)  ̄1 d ̄ 1.  

A strong correlation (R2 = 0.87, p < 0.001) was observed between the 

satellite-derived and in-situ daily integrated PAR. However, an underestimation in 

satellite-derived PAR was noted at all the stations (Fig. 2.14a). The in-situ and 

remotely sensed Chl-a at the PF were nearly 1:1, but underestimated at the STF and 

SAF. VGPM-IPP ranged between 173.12 to 473.55 mgC m-2 d-1 and had a strong 

correlation with the in-situ IPP accounting for 94% (R2 = 0.94, p < 0.001) of the 

variability in the measured PP (Fig. 2.14b). A clear overestimation of VGPM-IPP 

by 1.2 was observed at SAF and STF, while estimates at PF were close to 1:1 line. 

 

During ISESO-10, highest PP was observed at 51ºS by both, 13C and 14C 

techniques and estimates from both these techniques possessed a strong correlation. 

The IPP from FRRf was higher than the 13C and 14C-based counterparts. The 13C 

and 14C-based estimates showed a strong correlation (Fig. 2.15a). Highest estimates 

of PP were observed at 51ºS when measured by 13C (960.69 mgC m-2 d-1) and 14C 
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(677.93 mgC m-2 d-1) methods, with a strong correlation of R2 = 0.89, the former 

being overestimated 1.3 times than the latter. 

 

 

 

 

 

 

 

 

Fig. 2.14. Comparisons of in-situ and satellite-based (a) daily incident surface PAR and (b) 

daily primary productivity at the sampling locations during ISESO-8.  

The FRRf-IPP was higher than the other two, with a correlation between 14C 

and FRRf-based PP (R2 = 0.89; n = 7). A significant correlation between 13C and 

FRRf-based (Fig. 2.15b) estimates (R2 = 0.92, n = 14) was observed, with FRRf-

derived estimates 1.3 times higher than 13C-PP. The IPP derived from FRRf 

(128.56-882.26 mgC m−2 day−1) were higher than 13C and 14C both but were 

observed to be closer to 13C. The 13C-PP estimates varied from 336.99 - 960.69 

mgC m−2 day−1 and the 14C technique ranged between 299.41-677.93 mgC m−2 

day−1. A good correlation was seen between 14C and FRRf-based PP (Fig. 2.15c). 

   

Fig. 2.15. Comparative estimates of IPP obtained from the in-situ measurements of (a) 13C 

and 14C, (b) 13C and FRRf, (c) 14C and FRRf techniques during ISESO-10. 

(a) (b) (b) 
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2.4. Discussion 

2.4.1. Physicochemical Influences of the Variable Productivity Patterns 

 During ISESO-8, the observed values of SST and SSS were in a good 

agreement with the criteria for identification of the fronts in the study region. 

Noticeable fluctuations were recorded in salinity and temperature at the SAF (the 

upper 5–10 m), being reported previously at the front, due to the greatest 

temperature, salinity gradient associated in this region (Holliday and Read, 1998). 

PF2 had a weak stratification and deep vertical mixing (Fig. 2.3f) that resulted in a 

deeper MLD, which could be attributed to the strong winds in the area (Tripathy et 

al., 2015). The deeper mixed layers can also add to the limited light available for 

the phytoplankton community (Lee et al., 2007) at the sampling locations. 

During ISESO-9, the physical parameters (Fig. 2.4a-h) such as SST and SSS 

were within the range of previous reports and fulfilled the frontal characteristics 

standardized by Holliday and Read, (1998). A shallower DCM depth was recorded 

at the coastal stations, compared to the frontal stations. Deeper DCM at the frontal 

stations could be restricting available light for photosynthesis and other metabolic 

activities of phytoplankton there (Lee et al., 2007), thus explaining the lower PP 

values at the frontal (mean PP of 0.50 mg C m-3 d-1) stations than the coastal 

stations (mean PP of 0.70 mg C m-3 d-1).  

The profiles of physical parameters obtained from the CTD during ISESO-

10 (Fig. 2.5a-f) were comparable to the results from the past observations (Kerkar et 

al., 2020a; Kerkar et al., under revision) and those framed by Holliday and Read, 

1998 for characterizing the frontal demarcations of the study region. The DCM at 

coastal stations was shallower and more conspicuous than that at the frontal stations 

similar to the observations from Kerkar et al., (under revision). The coastal waters 

showed lesser variability in salinity (33.13-34.62) and less salty waters than the 

frontal (33.64-35.47) stations. Most of the frontal stations (5.12-7.30 ml/L, mean of 

6.4 ml/L) were rich in DO when compared with the coastal (4.08-8.00 ml/L, mean 

of 6.7 ml/L) stations. No clear relationships existed between the Chl-a, PP with the 
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hydrographic variables, except for the inverse relationship between PP and salinity 

at the coastal stations (R2 = 0.50). The enhanced PP at the frontal stations could be 

attributed to melting of the sea ice and the subsequent melting. 

The concentrations of nutrients were (Fig. 2.6a-c) on a par with the previous 

studies carried out in austral summers (e.g., Jasmine et al., 2009; Gandhi et al., 

2012; Tripathy et al., 2014, 2015). The Redfield ratio for N:P:Si (Redfield, 1963), 

revealed a clear limitation of NO3
-
 indicated by least N:P and low N:Si, Si:P at the 

STF. The N:P < 5, N:SI < 1, (Levasseur and Therriault, 1987) confirmed the 

limitation of NO3
-
 at this front. The SiO4

4- replete conditions at the PF2 (>10 µM) 

indicated conducive for the probable growth of a microphytoplankton (specifically 

diatoms) community, while the nutrients ratios in the frontal domains north of PF2 

implied favorable conditions for characteristic community of non-siliceous, smaller 

phytoplankton (Westwood et al., 2011; Tripathy et al., 2015, Kerkar et al., 2020a). 

The nutrient ratios (Fig. 2.6a-c) implied NO3
- limitation at the STF and 

SiO4
4- limitation at SAF and PF1, while PF2 was found to be nutrient replete. 

Previous reports discussed the annual ranges of poor SiO4
4-

 concentrations due to a 

strong pycnocline at the SAF (Rintoul and Trull, 2001; Mendes et al., 2015). 

Phytoplankton blooms (high Chl-a patches) are however, not uncommon in the SO 

surface waters (especially where the micronutrient, specifically iron concentrations 

are significant) despite the well-known HNLC status of the region (Sabu et al., 

2014; Tripathy and Jena, 2019). However, discussion associated with the nutrient 

concentrations is restricted to macronutrients in the present context, due to lack of 

micronutrient measurements in the study.  

During ISESO-9, (Fig. 2.7) high ranges of NO3
- and PO4

3- concentrations 

were observed at all the stations. The frontal stations, on the contrary, showed a 

wide variation in concentration of SiO4
4- ranging from as low as < 10 µM at the 

frontal stations to very high at coastal stations (20.19 – 46.09 µM). Study by Iida 

and Odate, 2014 in the ISSO showed similar observations and discussed the 

picophytoplankton and haptophyte dominance at the SAF, PF (with < 10 µM SiO4
4- 

concentration) and diatoms, nanophytoplankton at south of the PF (> 10 µM SiO4
4- 
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concentration). The inability of diatoms to survive in SiO4
4- concentration < 10 µM, 

indicates the prevalence of a non-siliceous phytoplankton community type at the 

frontal stations (Tsunogai, 1979; Tsunogai and Watanabe, 1983). The study area 

addressed in the current study indicates a phytoplankton community dominated by 

larger, siliceous phytoplankton (like diatoms) at the coastal domain and a non-

siliceous phytoplankton community (such as nanophytoplankton, haptophytes and 

dinoflagellates) at the frontal region (Westwood et al., 2011; Mendes et al., 2015; 

Tripathy et al., 2015; Kerkar et al., 2020a). 

The integrated PP and PAR showed no correlation, ruling out the probability 

of limitation from surface incident light, the trend being consistent with earlier 

studies (Jasmine et al., 2009; Tripathy et al., 2014) who report lack of any 

latitudinal pattern in incident PAR. They further negated the probability of 

limitation by light on PP in the study region, especially in austral summer. Similar 

values of PB in the water column, except for the high values at PF are an indicative 

of constant photosynthetic efficiency across fronts.  

 

Absence of photoinhibition at STF, SAF and PF2 (Fig. 2.8e) was seen 

through the linear pattern of PAR–PB relationship and the SiO4
4- limitation that 

favored the existence of smaller-sized phytoplankton community type (less 

susceptible to package effect: discussed in details in Chapter 3). Photoinhibition 

was clearly evident at PF2 (lowered surface PB) through a curvilinear relationship in 

PAR–PB and probable presence of larger phytoplankton community in the region as 

evidenced by the nutrient ratios. The absence of latitudinal trend in the in PAR–PB 

relationship during sampling was a subject to overcast sky. Higher latitudes (PF 

stations) with a cloudy sky led to an underestimated satellite PAR. The interpolated 

data from measurements at a few points and a probability of patchy sky at the time 

point measurements resulted in errors of estimation. The number of satellite 

overpass counts and daylength are factors adding to this error (Wang et al., 2010). 

The higher (PF2) and lower (STF, SAF, PF1b) PAR values can be linked to absence 

and presence of clouds, respectively (Jasmine et al., 2009; Tripathy et al., 2014). 
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Various studies in the past have explained the influence of environmental 

variables like the temperature (Neori and Holm-Hansen, 1982; Tilzer and Dubinsky, 

1987), irradiance (El-Sayed et al., 1970), nutrients Tsunogai and Watanabe; 1983, 

Iida and Odate, 2014) on the phytoplankton of the SO/Antarctic region. The current 

study, however, indicated no clear relationship of PP with any of the physical 

parameters (Kerkar et al., 2020a, Kerkar et al., under revision) during both, ISESO-

9 and ISESO -10. Similar results indicating an absence of control by temperature, 

salinity on PP has been observed by Kahru et al., (2017) in the SO. It is important to 

note however, that inability to establish relationships between PP and 

environmental variables could also reflect the relatively low number of observations 

in the present dataset. 

2.4.2. Trends in Phytoplankton Biomass and Productivity 

During ISESO-8, the varying depths of DCM were deeper at the PF 

compared to that of STF and SAF, which could be result of the deeper and 

shallower MLD at PF and stations northward (STF, SAF), respectively. Evolution 

and sustenance of DCM is influenced by light availability, vertical mixing and 

ambient nutrient conditions. The concurrent effect of nutrient and light limitations 

on phytoplankton could be seen through the mismatched depths of DCM and PP 

maxima (Cullen, 1982). The photo-acclimatized state of phytoplankton governs the 

DCM and active growth of phytoplankton. An interesting feature observed was 

coincidence of DCM with Si-maxima that implies the shade-adapted nature of the 

phytoplankton. Parslow et al., (2001); Gomi et al., (2010); Tripathy et al., (2015); 

Baldry et al., (2020), have reported the predominance of shade-adapted 

phytoplankton (especially the microphytoplankton) at the DCM.  

The weak correlation of surface Chl-a with PP is attributed to higher effects 

of grazing by the primary consumers (grazers) and presence of senescent 

phytoplankton in the surface waters (Gomi et al., 2010). The Chlint was least at 

PF2a and maximum at the STF (Fig. 2.8c), similar to the distribution pattern of 

surface Chl-a. The lower values of IPP at PF than at the STF and SAF were similar 

to the trend in Chlint. High phytoplankton biomass in the regions north of the PF has 
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been reported by Froneman et al., (1999); Graham (2014) previously. The IPP 

estimates at the PF in the current study were comparable to the studies by Jasmine 

et al., (2009) and Gandhi et al., (2012) who have reported 200 mgC m-2 d-1 and 215 

mgC m-2 d-1of IPP, respectively. The IPP at the STF is however, substantially lower 

compared to the previous observations (700–900 mgC m-2 d-1). The limiting 

concentrations of SiO4
4- and NO3

- can be the attributed cause for this difference. 

Limiting of iron cannot be ruled out (however, no explicit measurements of iron 

were performed to discuss this fact). The stability of water column, naturally 

oligotrophic condition and a deep thermocline are the major causes reported for the 

low PP in the study region (Jasmine et al., 2009). An opposite trend of lower 

estimates of IPP at the STF (152.1 mgC m-2 d-1) than PF (210.9 mgC m-2 d-1) have 

been reported by Tripathy et al., (2015) attributing it to the presence of stronger 

DCM, which contributed significantly to higher PP, at the PF.  

The mean Chl-a concentrations during ISESO-9 (Fig. 2.9) were similar to 

the range as reported previously (Park et al., 2010; Iida and Odate, 2014, Tripathy 

et al., 2015) from the study region. The surface and DCM values of 0.34 ± 0.27 mg 

m–3 and 0.64 ± 0.54 mg m–3, respectively, were on par with the previous reports by 

Gervais et al., 2002 who reported the Chl-a concentrations in the upper 100m of the 

South polar frontal zone in the range of 0.48 to 0.56 mg m–3. Low values of Chl-a 

despite the nutrient-replete status, affirms the HNLC characteristics of the study 

region. The PP values in the current study showed an increasing gradient towards 

the coastal stations support the fact of enhanced production in this region compared 

to the fronts. One possible explanation for this could be the presence of sea ice (> 

50%) and its subsequent melting. Indeed, such a scenario is consistent with our 

measured salinity distribution, i.e. with fresher waters in the East compared to the 

West In addition to this, the elevated PP at coastal domain can be explained by 

inputs of iron in the region (Tripathy and Jena, 2019).  

PP did not show any clear correlation with physical variables such as 

salinity, PAR and temperature. These results were consistent with Kahru et al., 

(2017) who explained the absence of these controls and higher influence of 
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biological entities like phytoplankton community, absorption and size classes on 

PP. Absence of PAR-PP relationship rules out the PAR limitation on PP, especially 

in ausral summer, and is consistent with earlier studies in the region (Jasmine et al., 

2009; Tripathy et al., 2014; Kerkar et al, 2020a). 

The spatially consistent trend in PB implied nearly similar efficiency of Chl-

a specific photosynthesis at both, frontal and coastal regions. The surface waters 

had higher PB than that of the DCM waters. Lower PB at the DCM is an indicative 

of dominance of larger plankton at this layer observed earlier by Gomi et al., 

(2010); Kerkar et al., (2020a) in the area. Low PB associated with larger plankton 

also indicates pigment packaging at the DCM (Marra et al., 2007, Kerkar et al., 

2020a) and/or light-limation as observed eslewhere (Tripathy et al., 2020). 

Similar to the observations from ISESO-9, a weak correlation of PP with 

Chl-a was observed during ISESO-10. The deeper depths of DCM at the frontal and 

shallower depths at the coastal stations could be attributed to MLD variability 

observed during the study. The positive correlation between PP and Chl-a (Fig. 

2.10) at the frontal highlights the fact that Chl-a could be used as a variable to 

parameterize PP, phytoplankton absorption in the frontal region, whereas absence of 

a good relationship indicated inability of Chl-a to explain variability in PP and 

phytoplankton absorption in the coastal domain. These observations are agreeable 

with the previously observed trend, which confer the cause of this lack of 

correlation to be the influence of accessory pigments observed in the coastal region 

(Ferreira et al., 2017).  

The IPP values (Fig. 2.11a-c) observed during ISESO-10 (168.82-960.69 

mgC m−2 day−1), were consistent with the previous studies in the SO by Gandhi et 

al., 2012 who measured the PP by 13C isotope incorporation technique and reporting 

estimates between 185 and > 900 mgC m−2 day−1. The average values obtained from 

14C-IPP (88 mgC m−2 day−1) were lower than those reported by Jasmine et al., 

(2009) and Kerkar et al., (2020a) who obtained 200-215 mgC m−2 day−1 and 188.28-

258.58 mgC m−2 day−1. 
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2.4.3. Photosynthetic Variability from Fast Repetition Rate fluorometry 

Photosynthetic and physiological characteristics of phytoplankton were 

derived from the vertical profiles of FRRf showed no major differences during both, 

ISESO-8 (Fig. 2.12a-f) and ISESO-10 (Fig. 2.13a-f). Overall low values of 

photochemical efficiency (Fv/Fm) in the surface waters can be attributed to the 

sparse nutrients (probably iron) in the region (Boyd and Abraham 2001). The PF1 

had the least surface Fv/Fm, the probable cause for which would be a time-of-day 

effect (Aardema et al., 2019; Hughes et al., 2020) triggering photo-inactivation or a 

shallow mixed layer that leaves the phytoplankton exposed to longer daylengths 

(Cheah et al., 2013). The Fv/Fm showed no clear correlation with concentrations of 

macronutrients, but exhibited a clear spatial variability, with higher values at the 

STF than at the polar fronts. The decline in surface values was less apparent in case 

of σPSII. A weak, exponential decline was seen with the increasing intensity of light 

for Fv/Fm and σPSII. A weak inverse relationship observed between these two 

parameters has previously been attributed to the nutrient-deplete conditions 

(Holeton, 2005). 

Phytoplankton in the surface waters were seen to be subjected to non-

photochemical quenching as indicated by the low values of Fv/Fm and σPSII coupled 

with high PAR (Hughes et al., 2018). This physiological state is known to result 

into dissipation of the excessive energy of excitation and pressure on PSII (Kolber 

and Falkowski 1993; Raateoja et al., 2009). The NPQNSV values confirmed the 

saturated status of the electron transport system and same would be the cause of low 

Fv/Fm and σPSII values. The lack of variability in σPSII despite the clear variations in 

Fv/Fm and Fq՛/Fm՛ is again attributed to the NPQNSV in dark chamber and the resulting 

saturation of the ETR from the inhibitory quenching or high surface PAR (Horton et 

al., 1996) or a photo-inactivated σPSII (Xu et al., 2018). 

Studies in the past explained the light stress from vertical mixing (Cheah et 

al., 2013) or deficient macronutrients (Tripathy et al., 2014, 2015), where the 

phytoplankton communities tend to be dominated by small-sized phytoplankton, 

which holds true in case of the STF in the present study. In the context of nutrient 
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distribution, a maximum of Fv/Fm that reaches 0.65, signifies nutrient-rich 

conditions (Kolber and Falkowski, 1993), values around 0.5 imply a slight or no 

limitation (Behrenfeld et al., 2006) while an Fv/Fm of < 0.4 implies iron stress 

(Olson et al., 2000; Gervais et al., 2002). The low values of Fv/Fm in the surface 

waters could be due to the deficit of trace nutrients (probably iron) in this region 

(Boyd and Abraham, 2001).  

2.4.4. Inter-comparison of the Primary Productivity Estimates 

The satellite observations indicated least estimates of IPP at PF and highest 

at STF followed by the SAF, which were in good agreement with the measured IPP 

values by 14C technique measured during ISESO-8 (Fig. 2.14). The good 

accordance between the satellite and in-situ IPP, confirms the applicability of 

VGPM in its original formulation in the bio-optically complex SO waters. Such 

agreement has also been reported by Hirawake et al., (2011), Jasmine et al., (2009) 

between satellite and in-situ IPP in this sector, however regional validations for a 

better reproducibility and lesser chances of error are recommended. The case I 

waters (where phytoplankton and their derivates govern the optical properties) are 

ideal to assess the efficacy of VGPM. But the re-parameterized VGPM has also 

been evidenced to work well in case II waters (Tripathy et al., 2012). The VGPM 

showed an overestimation at sites with higher aCDOM. The values from weekly Chl-a 

data (due to unavailability of the daily data) were another factor adding to the 

deviation. 

The estimates of PP during ISESO-10 (Fig. 2.15) obtained from 13C and 14C 

were in a good agreement as observed in the past by Sakamato et al., (1984); 

Regaudie-de-Gioux et al., (2014), however, the magnitude of differences between 

the estimates obtained by these two techniques varied considerably and variation in 

magnitude is expected to occur more in nutrient-deficient areas (Slawyk et al., 

1984). Higher estimates of 13C PP have been reported earlier by Mousseau et al., 

(1995) in the Atlantic Ocean, who attributed the variability in incident PAR and 

phytoplankton biomass to be reason for this difference in magnitude. Regaudie et 

al., (2014) also reported higher 13C based PP estimates, attributing the retention of 
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the particulate C (the parameter measured by 13C PP) on the filter papers to be a 

cause for overestimation of 13C PP. Several reasons have been put forth by 

researchers in the past to understand and interpret the differences in magnitude of 

PP estimates. Many studies recommend a short length of incubation (around 2-3 

hours), in order to avoid the shifts in the phytoplankton community metabolism that 

are expected to occur after a longer duration of incubation. The changes can be 

metabolic, or cell-accumulation due to screening out of zooplankton or 

remineralization of POC (Lopez-Sandoval., et al., 2018) and add to the DOC pool 

resulting in biased estimates (Regaudie et al., 2014). Difference in the volume of 

incubation is another factor proposed by researchers that adds to the differential 

magnitude of estimates (Sakamoto et al., 1984; Slawyk et al., 1984). Smaller 

volumes are prone to higher mortality of cells leading to discrepancies in estimates 

(Giekes et al., 1979). The size of sample is an important factor to consider in areas 

like the SO where the phytoplankton cell abundance is low and chances of 

exclusion of phytoplankton colonies (if encountered) can add to the differential 

estimates (Cullen, 2001; Huete-Ortega et al., 2012).   

Results from previously published reports have found lower (Suggett et al., 

2001; Moore et al., 2003; Estevez-Blanco et al., 2006), equivalent (Kolber and 

Falkowski, 1993) and higher (Smyth et al., 2004; Melrose et al., 2006; Tripathy et 

al., 2010) FRRf based PP than those in the present study. The current results were 

in accordance with those who reported higher estimates of FRRf-based PP than that 

estimated by 13C incorporation. The difference in magnitude between 13C and the 

FRRf-based estimations can be attributed to the long incubation in case of the 

former, which leads to associated bottle effects Slawyk et al., (1977) or imposed 

photoinhibition (Marra, 1978; Barkmann and Woods, 1996). The latter, on the other 

hand give an overestimated yield due to the variable ETR rates leading to 

differential number of active reaction centres involved (Hughes et al., 2020) and 

also an overestimated active fluorescence through the effect of Mehler reaction 

(Ross et al., 2008).  
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The lesser magnitude of discrepancies between these two techniques 

suggests that FRRf-based PP can be a reliable technique to estimate PP in the SO. 

However, it needs to be validated with 13C-PP at a higher spatiotemporal resolution 

and any deviation from the factor of overestimation (~1.24) needs to be validated 

further. In addition to this, the NPQNSV that is responsible for the variability in Φe,C 

of the ETR (Hughes et al., 2020) needs to be explored further. 

2.5. Conclusions 

The estimates of PP from different domains within the ISSO fairly improve 

the current understanding of PP in this extremely underexplored study region. The 

PP estimates from different in-situ techniques presented in the study were 

comparable with previous studies and showed a good agreement also with the 

satellite-derived data. The photochemistry and physiological status of the SO 

phytoplankton discussed in the chapter is also an important piece of information 

from the study region. The closer estimates of 13C-PP with FRRf-PP recommend 

the possibility of FRRf as a promising tool for future PP studies, provided it is re-

validated at a more extensive spatiotemporal scale. Standardization of a C-stable 

isotope technique would eradicate the chances of radioactive contamination and 

hazards, and the fluorescence-based method would facilitate non-invasive and 

extensive measurements of PP thereby overcoming the shortcomings of incubation-

based methods and paucity of PP data in the region. 
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3.1. Introduction 

   Water in all of its natural states is composed of various dissolved and 

particulate constituents. These constituents significantly interact with incident light 

and confer the waters variable optical signatures. The optical properties are 

fundamentally divided as inherent and apparent. The inherent optical properties 

(IOP, such as absorption, scattering and attenuation) are those governed solely by 

the constituents of water while apparent optical properties (AOP, such as diffuse 

attenuation coefficients, average cosines and reflectance) are those depending upon 

the constituents in the medium as well as the directional structure of the ambient 

light field.  

   The light absorbed by phytoplankton is used in photosynthesis or is 

converted to heat. The process of conversion to heat involves modulation of 

physical structure of the ocean’s surface (Sathyendranath et al., 1991, 2007). 

Photosynthesis, through building up of organic carbon through inorganic sources, 

modifies the CO2 concentration in water and ultimately results in generation of 

energy to support half of the life forms on the planet. Process of light absorption by 

phytoplankton can be used to quantify the amount of light absorbed by 

phytoplankton per unit length. Phytoplankton are just one of the several classes of 

materials involved in absorption of light in natural waters. The other constituents of 

the water column, such as total suspended sediments, Chromophoric Dissolved 

Organic Matter (CDOM), other non-phytoplankton components along-with 

phytoplankton, form the bio-optical system of the medium of interest. These 

components also impart color to the medium and therefore form the base of ocean 

color studies. 

   The penetration of PAR, phytoplankton production and the bio-optical 

properties of the upper ocean are known to have a mechanistic link. This is why the 

bio-optical models can be well suited to predict the rates of oceanic primary 

production. Accurate information about magnitude of interaction of every optical 

variable with every component of primary production is therefore the most essential 

step in bio-optical oceanography. Various techniques based on measurement of 
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optical properties such as spectral absorption measurements, radiance, irradiance, 

backscattering have been used in understanding PP, biogeochemical cycling, 

ecosystem functioning and the impact of anthropogenic activities on dynamics of 

the ocean (Dickey et al., 2006). The commonly used optical techniques to measure 

these properties include different spectroscopic methods, fluorescence 

quantification techniques, flow cytometry, radiometry, scattering sensors, PAR 

sensors etc.  

   Bio-optical oceanography today, aims at making use of the interactions 

between light and water to get a synoptic view of PP at a global scale. The Ocean 

colour algorithms, however, to date haven’t been able to represent spatial/seasonal 

anomalies due to highly variable and complex nature of bio-optical properties 

varying from region to region (Kahru et al., 2017; Ferreira et al., 2017). Hence, 

standardization of bio-optical variables at a regional scale is imperative before 

attempting an algorithm at a global scale.  The SO is known for its unique optical 

complexity and significantly differs from other oceans (Mitchell and Holm-Hansen, 

1991; Sullivan et al., 1993; Arrigo et al., 1998). Previous literature from the SO has 

addressed processes such as algal blooms, biogeochemical phenomena and PP using 

Chl-a as an index (Graham et al., 2014). A few of them have proven that modelling 

can be used to confirm the tight coupling between PP and Chl-a concentration 

(Diersson and Smith, 2000), but at the same time, have highlighted the necessity of 

more ship-based in-situ Chl-a data for an improved accuracy. Mitchell and Holm- 

Hansen, (1991); Sullivan et al., (1993), using Coastal Zone Colour Scanner (CZCS) 

data have showed that Chl-a was underestimated by a factor of 2.4. Spatial 

variability of Chl-a and implications of associated processes like PP and 

hydrographic properties in SO were explained by Lu et al., (2020), from a 

circumpolar cruise during austral summer. One of the postulated causes for the low 

values of chlorophyll-specific phytoplankton absorption (a*ph) in the SO is the 

underestimated Chl-a by global colour algorithms (Garcia et al., 2005; Szeto et al., 

2011; Johnson et al., 2013). Some bio-optical studies have put forth the probability 

of lower concentration of detrital matter and changes in pigment composition and 
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/or pigment packaging to be the major factors altering absorption properties of 

phytoplankton (Mitchell and Holm-Hansen,1991). Arrigo et al., (1998) have 

regarded species composition as the cause of variable absorption properties. Most of 

the bio-optical studies till today, have focused on the New-Zealand (Kirk et al., 

1998; Shooter et al., 1998) and Australian (Westwood et al., 2011) sectors of the 

SO and the coastal Antarctic region (Mitchell and Holm-Hanson, 1991; Mitchell, 

1992; Arrigo et al., 1998). A very few studies have addressed the variability of PP 

in ISSO (Westwood et al., 2010), impact of pigment packaging on PP variability 

(Tripathy et al., 2014), role of DCM in PP variability (Gomi et al., 2010; Tripathy 

et al., 2015), hardly any in-situ studies have tried to explain the link between PP and 

bio-optical properties (Hirawake et al., 2011). Kahru et al., (2017) have made use of 

concomitant optical relationships to explain variability of PP in the Pacific and 

Atlantic sectors of the SO. Considering this clear lack of information from the study 

region, this chapter aims at making use of in-situ bio-optical data (using techniques 

like radiometry, UV-Vis Spectrophotometry) collected from the three expeditions to 

the SO to understand its variability and link with the the in-situ estimates of PP. 

 

3.2. Materials and Methods 

3.2.1. Study Area and Sampling  

The samples for the bio-optical parameters were collected during ISESO-8, 

ISESO-9 and ISESO-10 from the same locations as those given in the Fig. 2.2 of 

the chapter 2. The depths of collection of these samples roughly matched those of 

the PP (as given in section 2.2.3). The sampling and processing details for each of 

the bio-optical variable tested are explained in detail in the forthcoming sections: 

3.2.2. Measurements of Bio-optical Variables  

Water samples collected from discrete depths belonging to the euphotic zone 

were collected from the Niskin bottles of the CTD rosette. Different bio-optical 

variables were measured using standard protocols as described below: 



Chapter 3: Bio-optical Characteristics of the Southern Ocean 

          53 
 

3.2.2a. Absorption Coefficients of Total particles (ap), Phytoplankton (aph) and 

Non-phytoplankton Particles (anph) 

Absorption coefficients of phytoplankton (aph) and non-phytoplankton 

particles (anph) were determined by the quantitative filter technique (QFT) following 

Mitchell et al., (1990). One litre of water sample of each of the depths was 

separately filtered under a low vacuum onto a 25mm GF/F (0.7 μm) paper. The 

absorption spectra for particulate matter within the range of 400-700 nm were 

obtained at an interval of 1 nm for every sample by inserting the filter paper into the 

slots of UV-VIS 2600 spectrophotometer with an integrated sphere (Shimadzu, 

Japan). Each sample was measured twice and average of the two measurements was 

used for further calculations. Effect of path length amplification of glass fibre filter 

due to multiple scattering was corrected following the equation proposed by 

Cleveland and Weidemann (1993):  

ODs(λ) = 0.378ODf(λ)+0.523ODf(λ)2                                               (1) 

Where, ODs(λ) and ODf (λ) are optical density (OD) of the particulate matter 

in suspension and filter, respectively. Absorption coefficient of the total particles 

present in suspension (ap(λ)) was calculated using the equation: 

ap(λ) = 2.303ODs(λ)*S/V                                                                   (2) 

Where, 2.303= conversion factor for log10 to loge, S= clearance area 

measured for the filter paper (m2), V= filtered volume (ml), S/V= the approximate 

geometrical light path length. 

After obtaining the absorption spectra for that of the particulate matter, the 

filter papers were soaked in absolute methanol for 24 hours and then rinsed with 

filtered seawater. This led to extraction of the phytoplankton component. The 

decolourized filter papers then re-measured to obtain the OD of the non-

phytoplankton (anph(λ)) materials retained on the filter paper following the protocol 

by Kishino et al., (1985). The anph was calculated using equation 2. The anph (λ) was 

subtracted from ap(λ) in order to obtain the absorption coefficient of phytoplankton 
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(aph(λ)). Chlorophyll-specific phytoplankton absorption (a*ph(λ)) was calculated by 

normalizing the aph values by Chl-a. 

3.2.2b. Absorption Coefficients of Chromophoric Dissolved Organic Matter 

(aCDOM) 

Immediately after collection, discrete water samples were filtered through 

47mm Nucleopore filers (pore size: 0.2 μm) under a low suction pressure so as to 

determine the absorption by CDOM. All the samples were analyzed on-board. They 

were stored in dark condition until they attained an equilibrium with the room 

temperature. A quartz cuvette of 10 cm pathlength was used for analysis of the 

samples. The absorption spectra were obtained using UV-VIS 2600 

spectrophotometer (Shimadzu, Japan). Milli-Q was used as a reference during every 

measurement and subtracted from every wavelength (Mitchell et al., 2002). 

Absorption of CDOM was determined using the equation: 

aCDOM(λ) = 2.303 𝑙 [{ODs (λ) – ODfsw (λ)} – ODnull]                         (3) 

where, ODs, fsw and null are optical densities of sample, purified filtered 

seawater, and at null absorption wavelength. The optical path-length, 𝑙 

=0.1m=10cm and aCDOM is expressed in m-1. The total absorption coefficient (atot) 

value was then calculated by summing up the values obtained for ap, aCDOM and aw 

(absorption by pure water) at specific wavelengths and sampling depths. The values 

for aw were obtained from Pope and Fry (1997). 

3.2.2c. Determination of the Total Suspended Matter  

One litre of water sample collected at every station from discrete depths 

were filtered on-board through a pre-weighed (w1) Millipore filter paper (47mm, 

0.45 µm) under a low pressure (120 mm Hg approx.). The filter papers were 

preserved at -20ºC) until further analysis. They were further oven-dried at 60ºC for 

4h and weighed once again to obtain the final weight (w2). The concentration of the 

Total Suspended Matter (TSM) at every station/depth sampled was expressed as: 

TSM (mg l-1) = (w2-w1)/(V * 0.001)                                                    (4) 
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Where, V= the volume of water filtered (l). 

3.2.2d. Hyperspectral Radiometric Measurements 

A hyperspectral radiometer (HyperPro II, Satlantic, Canada) was deployed 

in free-fall profiling mode in order to record the AOPs of the euphotic zone. The 

ship induced vibrations and shade were avoided at the time of deployment and 

operation. Upwelling radiance (Lu), downwelling irradiance (Ed), remote sensing 

reflectance (Rrs) and diffuse attenuation coefficient of PAR (Kd) at 1 nm interval 

from 354 to 800 nm were obtained from this instrument. Pro-Software package was 

used to process the optical profiler data. 

3.3. Results 

The results include the variability of light absorption by phytoplankton (aph), 

non-phytoplankton (anph), Chromophoric Dissolved Organic Matter (aCDOM) and 

determination of the total suspended matter (TSM) in the water column. These bio-

optical variables were further interlinked with physicochemical parameters, PP and 

also linked with each other to optically characterize waters of the study region. 

3.3.1. Variability of the Spectral Absorption Coefficients 

The spectral absorption coefficients for phytoplankton during ISESO-8 

displayed characteristic absorption peaks at 440, 490 and 675 nm (Fig. 3.1). Mean 

aph and a*ph values were slightly higher at the surface compared to DCM. Highest 

values of surface aph (443) were observed at PF2a (0.067 m-1) while the least were 

recorded at PF1a (0.006 m-1). At the DCM, STF was typified with the highest 

(0.060 m-1) and PF2a possessed the lowest (0.022 m-1) mean values of aph (443). 

The surface a*ph (443) were highest at PF2a (0.511 m-1) and the least at at PF1b 

(0.022 m-1). At DCM, STF exhibited highest values (0.213 m-1) of a*ph (443) and 

lowest were seen at the SAF (0.074 m-1). The surface aCDOM ranged within 0.0045 

to 1.304 m-1. No measurements of subsurface aCDOM could be carried out due to 

logistical limitations. 



Chapter 3: Bio-optical Characteristics of the Southern Ocean 

          56 
 

  

  

Fig. 3.1. Absorption by phytoplankton at (a) surface, (b) DCM; Chlorophyll specific 

phytoplankton absorption at (c) surface, (d) DCM during ISESO-8. 

Characteristic phytoplankton absorption peaks during ISESO-9 were 

recorded at 440, 490 and 675 nm corresponding to the absorption spectra of aph. The 

coastal stations had higher mean values of absorption of phytoplankton compared to 

the frontal stations sampled (Fig. 3.2a-b). The absorption coefficients, aph (443), anph 

(443) and ap (443) ranged between 0.012 – 0.032 m-1, 0.001 – 0.002 m-1 and 0.011 – 

0.034 m-1, respectively at the frontal sampling locations. The coastal sampling 

locations had a noticeably higher mean aph compared to the frontal stations. The 

frontal stations at both surface and DCM, had mean absorption coefficients aph (443) 

and aph (675) of 0.036 m-1 and 0.017 m-1, respectively. For coastal stations however, 

surface and DCM values of aph (443) revealed a mean of 0.043 m-1 and aph (675), 

was 0.020 m-1. Considerably higher mean surface and DCM values of a*ph (443) 

and a*ph (675) were observed at both the frontal 0.093 and 0.043 m2 (mgChl-a)-1) 

and coastal 0.11 and 0.50 m2 (mgChl-a)-1) sampling locations than the 

corresponding aph mean values. A characteristic flattening in the blue region of the 

a b 

c d 
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spectrum (443-490 nm) was noticed in case of most of the a*ph spectra during the 

observations (Fig. 3.2c-d). 

FRONTAL                        COASTAL 

 
 

  

Fig. 3.2. Absorption spectra of (a, b) phytoplankton absorption (aph) and (c, d) chlorophyll-

specific phytoplankton absorption (a*ph) during ISESO-9. The legends in fig. (c), (d) are 

same those in (a), (b).  

 

The characteristic peaks of phytoplankton absorption (Fig. 3.3a-d) observed 

in the measured spectra during ISESO-10 were analyzed to assess the bio-optical 

variability and examine the presence/absence of package effect in the study region. 

The absorption by total particles (ap) at 443 nm ranged between 0.003-0.192 m-1 and 

from 0.0001-0.084 m-1 at 675 nm. The coastal stations showed a range of ap (443) 

within 0.0003-0.142 m-1 and 0.0002-0.052 m-1 at 675 nm. The aph (443) varied from 

0.003-0.150 m-1 and aph (675) between 0.001-0.080 m-1 at the frontal stations. 

0

0.02

0.04

0.06

400 500 600 700

a
p

h
(m

-1
)

Stn 2 SURF.

Stn 3 SURF.

Stn 4 SURF.

Stn 5 SURF.

Stn 6 SURF.

Stn 2 DCM

Stn 3 DCM

Stn 4 DCM

Stn 5 DCM

Stn 6 DCM

(a)

0

0.04

0.08

0.12

0.16

400 500 600 700

Stn 8 Stn 9

Stn 10 Stn 11

Stn 12 Stn 13

Stn 14 Stn 16

RS Stn 7 DCM

Stn 8 DCM Stn 9 DCM

Stn 10 DCM Stn 11 DCM

Stn 12 DCM Stn 13 DCM

Stn 14 DCM Stn 16 DCM

RS DCM

(b)

0

0.04

0.08

0.12

0.16

400 500 600 700

a
* p

h
(m

-2
m

g
 C

h
l-

a
-1

) 

Wavelength (nm)

0

0.04

0.08

0.12

0.16

0.2

0.24

400 500 600 700

Wavelength (nm)

 



Chapter 3: Bio-optical Characteristics of the Southern Ocean 

          58 
 

Coastal stations had a higher aph (443) ranging from 0.004-0.119 m-1 and aph (675) 

within 0.003-0.054 m-1. The a*ph values were noticeably higher than the 

corresponding values, ranging between 0.079-0.439 m2 (mgChl-a)-1) at 443 nm and 

0.006-0.221 m2 (mgChl-a)-1) at 675 nm at the frontal and between 0.045-0.509 m2 

(mgChl-a)-1) at 443 nm and 0.012-0.213 m2 (mgChl-a)-1) at 675 nm at the coastal 

stations. 

FRONTAL COASTAL 

  

  

Fig. 3.3. Absorption spectra of (a, b) phytoplankton absorption (aph) and (c, d) chlorophyll-

specific phytoplankton absorption (a*ph) during ISESO-10. The legends in fig. (c), (d) are 

same those in (a), (b). 
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3.3.2. Distribution of the Total Suspended Matter 

The concentration of TSM at surface and DCM ranged between 4.8-6.0 mg 

L-1 and 3.6-5.6 mg L-1 respectively (Fig. 3.4). The DCM was characterized by 

higher concentrations of TSM compared to that of the surface. The PF2b the least 

concentration of TSM at both, surface (3.6 mg L-1) and DCM (4.8 mg L-1); whereas 

the highest surface (5.6 mg L-1) and DCM (6.0 mg L-1) TSM concentrations were 

found at the SAF. 

 

 

 

 

 

 

 

Fig. 3.4. Latitudinal distribution of the Total Suspended Matter in the study region during 

ISESO-8. 

The mean TSM was lesser at the frontal (4.8 ± 1.02 mg L-1) than the coastal 

(5.7 ± 1.17 mg L-1) stations. No specific pattern was observable in the concentration 

of TSM until 67oS, however showed a clear rise at both surface and DCM beyond 

67oS (Fig. 3.5). The surface layer had higher TSM (5.6 mg L-1) than the DCM (4.5 

mg L-1). A positive correlation was seen between absorption by the total particles 

(ap) and TSM at both, surface (R2 = 0.32) and DCM (R2 = 0.64, p < 0.05) sampling 

depths. 

Highest concentrations of TSM (Fig. 3.6) amongst all the three field 

expeditions were observed during ISESO-10.  The mean concentration of TSM was 

lesser at the frontal (8.21 mg L-1) compared to the coastal (10.92 mg L-1) sampling  
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Fig. 3.5. Concentrations of Total Suspended Matter in the study area during ISESO-9 

(numbering of the stations broadly corresponds to the latitude as presented in Fig. 2.2). 

locations. The concentrations of TSM ranged between 2.80–18.40 mg L-1 at the 

frontal stations whereas, between 2.10–22.70 mg L-1 at the coastal stations sampled. 

 

Fig 3.6. Concentration of Total Suspended Matter within the water column at different 

sampling locations during ISESO-10. 
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3.3.3. Optical Drivers of the Phytoplankton Community and Physiology 

 

The ISESO-8 dataset aimed at understanding the link between the bio-

optical variables, their relationship with PP and hydrographic variables and 

assessing the associated phenomenon of package effect. A positive correlation was 

observed between Chl-a with aph (443) (R2 = 0.72, p < 0.05) and aph (676) (R2 = 

0.64, p < 0.05). A moderate correlation was seen between Chl-a and ap (676) with 

R2= 0.45 (Fig 3.7a-c) and ap (443), R2 = 0.40. No significant relation was found to 

be existing between Chl- and ap (443). An inverse relationship was observed 

between anph (443)/ ap (443) (Fig 3.7d). A moderate positive correlation existed 

between aCDOM (440) and aCDOM (412) with Chl-a corresponding to R2 values 0.31, 

0.33, respectively (Fig 3.7e-f). TSM and Chl-a (Fig 3.7g) were related inversely (R2 

= 0.55), and showed a positive correlation (R2 = 0.55) with aCDOM (Fig 3.7h). A 

moderate negative relationship was observed between aCDOM and temperature at 

both, surface (R2 = 0.30) and DCM (R2 = 0.42). The TSM and salinity were related 

inversely (R2 = 0.26) at surface and positively at the DCM (R2 = 0.56). The aCDOM 

and temperature were positively related (R2 = 0.41) in the surface waters. 

During ISESO-8, the surface waters showed a clear absence of package 

effect when assessed with a*ph (676), the index for packaging (Alcantara et al., 

2016). At surface, the a*ph (676) and Chl-a showed a significant positive (R2 = 0.95, 

p < 0.01) relationship (absence of package effect) and an inverse relationship 

(indicator of package effect) at the DCM R2 = 0.33, p < 0.05) except at the STF 

(fig). The blue (443 nm) to red (676 nm) ratio of aph (B/R) of the surface waters 

varied from 3.15 to 8.81 during the study. The Q*a (676), another index for 

packaging effect, which is the ratio of a*ph to specific absorption coefficient of the 

same cellular matter ideally dispersed in solution (a*sol). The Q*a (676) = a*ph 

(676)/0.0207 (Bricaud et al., 1995) is used to examine the packaging, as the Chl-a 

specific absorption coefficient in a solution is approximately 0.0207 m2 mg−1 of 

Chl-a at 676 nm. The values of Q*a (675) <1 imply existence of package effect and 

vice versa. 
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Fig. 3.7. Scatter plots for Chl-a and (a) aph(443), (b) aph(676), (c) ap(676), (d) anph(443)/ap(443), (e) 

aCDOM(440), (f) aCDOM(412) and (g) TSM. Relationship between (h) TSM and aCDOM in study area 

during ISESO-8. Solid triangles and circles represent surface and DCM, respectively. 
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The Q*a (676) values varied from 0.5-3.3 and were inversely related (R2 = 0.60) to 

the Chl-a (fiG). In the surface waters, Q*a (676) values exceeded 1 at the STF 

(1.01), SAF (1.03) and PF1 (3.17), whereas it was <1 for SAF (0.80) and PF2b 

(0.50) at the DCM. 

The correlation between a∗ph at 443 and 676 nm was positive (Fig. 3.8a) and 

a∗ph (443)/676 was correlated significantly to incident surface PAR (R2 = 0.74, p < 

0.05) as shown in Fig. 3.8b. A clear negative relationship was observed between 

Q*a (676) and Chl-a (Fig. 3.8c). The aph (676) and a∗ph (676) were correlated 

moderately with PP (R2 = 0.48 and 0.37), respectively (Fig. 3.8d-e). The 

relationship between aph and PP (R2 = 0.48) was stronger than that between Chl-a 

and PP (R2 = 0.32). No significant correlation existed between surface aph (676) and 

a∗ph (676) with concentration of nutrients. The a*ph (443), a*ph (676) were related 

inversely with NO3
- (R2 = 0.62, p < 0.05), PO4

3- (R2 = 0.71, p < 0.05). At the DCM, 

the a∗ph (443), a∗ph (676) and NO3
- (R2 = 0.62, p < 0.05), PO4

3-
 were correlated 

inversely. All the bio-optical relationships from the ISESO-8 observations have 

been summarized in Table 2. 

In addition to the parameters addressed during ISESO-8, the ISESO-9 data 

aimed at assessing the variable nature of a*ph and Chl-a at 443nm and used an 

absorption-based model to derive the phytoplankton size classes. The package 

effect in the study region was assessed through different established bio-optical 

relationships and also verified through the size classes of phytoplankton, nutrient 

concentrations during the study. The size classes of phytoplankton were evaluated 

through the spectral Blue/Red ratio at 443/676 nm (Aguilar-Maldonado et al., 

2018).  

The aph (443, 676) and a*ph (443, 676) showed no correlation with salinity or 

temperature at both the sampling depths at any of the coastal sampling station, 

while aph (443) and salinity (R2 = 0.54), aph (676) and salinity (R2 = 0.42) were 

corelated positively at the frontal locations. Also, a positive correlation between aph 

(443, 676) and temperature with R2 = 0.51, 0.39 existed at the frontal stations  
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Fig. 3.8. Scatter plots of (a) a*ph(676) and a*ph(443), (b) a*ph(443)/a*ph(676) and PAR, 

(c) Q*a(676) and Chlorophyll-a, (d) aph(676) vs. PP, and (e) a*ph(676) vs. PP in the 

study area during ISESO-8. Solid triangles and circles represent surface and DCM 

depth, respectively. 
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sampled. A lack of correlation was seen between the aph and incident PAR at all the 

stations during the study. 

 

Table 2 Salient observations from regression analyses between: bio-optical variables and 

(a) Chl-a, (b) physical parameters and (c) inter-relationships of the bio-optical variables 

during ISESO-8 (the values corresponding to surface sampling layer have been italicized): 

 

(a) aph (443) aph (676) ap (676) a*ph (676) aCDOM 

(412) 

TSM anph/ap 

(443) 

PP 

Chl-a 0.72 0.64 0.45 0.95, 0.33 0.32 0.55 0.65 0.32 

 

(b) aph 

(443) 

aph 

(676) 

TSM aCDOM a*ph 

(443)/ 

a*ph 

(676) 

 (c) TSM ap 

(443) 

aph 

(676) 

a*ph (676) 

Salinity 0.33, 

0.75 

 0.26, 

0.56 

   aCDOM 0.55    

Temp 0.58 0.57 0.30, 

0.42 

0.41   aph 

(443) 

 0.40   

PAR     0.74  PP   0.48 0.37 

       a*ph 

(443) 

   0.68 

 

Examination of relationships between PP, Chl-a, and aph was carried out at 

all the sampling stations. A strong correlation was observed between ap (443) and 

Chl-a (R2 = 0.95 p < 0.05, no figure shown). A positive correlation existed between 

PP and Chl-a, at the surface (R2 = 0.64, p < 0.05) and grew extremely stronger at the 

DCM (R2 = 0.96, p < 0.05; Fig. 3.9a). The aph (443) was significantly correlated 

with PP at both, surface (R2 = 0.79, p < 0.05) and DCM (R 2= 0.96, p < 0.05, Fig. 
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3.9b). The aph (443) was strongly correlated with Chl-a at both, surface (R2 = 0.85, p 

< 0.05) and DCM (R2 = 0.86, p < 0.05; Fig. 3.9c). The aph (675) was significantly 

correlated with PP (no figure given) at both, surface (R 2 = 0.54, p < 0.05) and DCM 

(R2 = 0.93, p < 0.05). The PP: aph (443) ratio declined from a mean of 14.65 to 10.47 

from the surface to the DCM in the study region (data not shown). Table 3 

summarizes all the bio-optical relationships during ISESO-9. 

The evaluation of package effect (a physiological condition associated with 

phytoplankton cells when high intracellular Chl-a concentrations reduce light 

absorption per unit of pigment and result in declined absorption coefficients) was 

done using conventionally used bio-optical relationships, one of these being the 

Q*a. The Q*a values were overestimated than the standardized range, with a mean 

of 1.8 at frontal and that of 2.7 at the coastal stations. Most of these exceeded 1, and 

were related inversely to Chl-a (R2 = 0.30, p < 0.05) at the coastal stations. An 

influence of accessory pigments on absorption was seen through the inverse 

relationship between a*ph (443) and Chl-a (Ferreira et al., 2017) at both frontal (R2 = 

0.52, p < 0.1) and coastal (R2 = 0.20) stations. The inverse relationship between a*ph 

(675) and Chl-a implied pigment package effect (Alcantra et al., 2016) at the frontal 

(R2 = 0.63, p < 0.05) and coastal (R2 = 0.30, p < 0.1) region (Fig. 3.9.d). 

The dominant size classes of phytoplankton community were predicted 

through previously proposed bio-optical relationships. Information from such 

equations helps in understanding the prevalence of physiological effects like 

pigment packaging and the influence of accessory pigments on absorption in the 

region. The prominent size classes of phytoplankton were derived from the B/R (aph 

(440)/aph (676)) ratio (Wu et al., 2007; Aguilar-Maldonado et al. 2018). This ratio 

interprets the phytoplankton size classes as picophytoplankton (<2 µm), 

nanophytoplankton and microphytoplankton (>20 µm) from the ratios >3.0, 2.5-3.0 

and <2.5, respectively. In the present study, the B/R ratio (Fig. 3.10) ranged 

between 1.4-2.5 in frontal and 1.6-3.2 in the coastal region. A B/R ratio <2.5 

indicated a microphytoplankton dominated community at most of the stations.  
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Fig. 3.9. Relationships between (a) Primary productivity and chlorophyll-a at surface (y = 

0.7988x + 0.145) and DCM (y = 0.7583x + 0.0406), (b) Primary productivity and 

phytoplankton absorption at 443 nm (aph 443) at surface (y = 1.8292x - 0.0579) and Deep 

Chlorophyll Maximum, DCM (y = 8.8062x + 0.0427), (c) chlorophyll-a and phytoplankton 

absorption at 443 nm (aph 443) (y = 0.0762x + 0.005) and phytoplankton absorption at 675 

nm aph (675) (y = 0.0324x + 0.0033), (d) chlorophyll-specific phytoplankton absorption at 

675 nm (a*ph 675) and chlorophyll-a at frontal (y = 0.0164x-0.77) and coastal (y = 0.0388x-

0.196) stations during ISESO-9.  
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Table 3 Correlation matrix showing relationships between bio-optical variables and (a) 

Chl-a, PP (b) physical parameters, PP and (c) inter-relationships within the bio-optical 

variables, PP in the study region during ISESO-9 (‘-’ sign indicates a negative correlation). 

All correlation coefficients with an asterisk mark are significant (p < 0.05).  

 

(a) aph (443) aph (676) ap (676) a*ph (443) TSM anph PP 

Chl-a 0.85* 0.86* 0.79* - (0.27) 0.23 0.61* 0.69* 

 

(b)  aph (443) a*ph (443) Chl-a PP TSM 

F
ro

n
ta

l 

Temperature 0.52* 0.40* 0.24 0.59* 0.01 

Salinity 0.13 0.43 0.21 -(0.11) 0.0003 

PAR 0.06 0.003 0.02 0.09 0.16 

C
o

as
ta

l 

Temperature 0.04 0.12 0.04 0.003 0.17 

Salinity 0.008 -(0.28) 0.02 0.12 0.13 

PAR 0.06 0.0009 0.03 0.06 0.03 

 

 

(c) PP Chl-a ap (443) aph (443) a*ph (443) 

Frontal: 

TSM 

0.22 -(0.11) 0.25 0.036 0.19 

Coastal: 

TSM 

0.61* 0.29 0.08 0.36 0.02 
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Fig. 3.10. Latitudinal distribution (station numbering broadly corresponds to latitude as 

represented in Fig. 2.2) of dominant phytoplankton size classes from the B/R ratios 

(Triangles indicate surface and circles indicate the DCM sampling points, whereas the 

dashed line at 2.5 indicates the upper limit for microphytoplankton) during ISESO-9. 

In addition to the B/R ratio, a model designed by Hirata et al. (2008) was 

used to derive the dominant size classes of phytoplankton through the absorption 

range between 443 nm (aph 443) and 510 nm (aph 510). The aph (443) range of 

values for picophytoplankton (< 0.023), nanophytoplankton (0.023-0.069) and 

microphytoplankton (> 0.069 m-1) was considered as formulated in the originally 

designed model based on the NASA bio-optical Marine Algorithm Data set 

(NOMAD). The present observations (Fig. 3.11) implied a community dominated 

by picophytoplankton at 10, nanophytoplankton at 13 and microphytoplankton at 4 

sampling locations (at both, surface and DCM depths) within the sampling region. 
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Fig. 3.11. Phytoplankton size classes derived as per the aph (443) based model from ISESO-

9. (Triangles indicate surface and circles indicate the deep chlorophyll maximum (DCM) 

sampling points). 

The ISESO-10 data investigated the correlations between PP, absorption 

coefficients and Chl-a further. A positive correlation was observed between 

absorption by particles (ap) at 675 (Fig. 3.12a) with Chl-a (R2 = 0.78, n = 28) and 

between absorption by phytoplankton (aph) at 675 (Fig. 3.12b) and Chl-a (R2 = 0.78, 

n = 28) at the frontal region. The anph also showed a positive correlation with Chl-a 

(R2 = 0.54, n = 28) at the frontal stations. The coastal stations however did not show 

any significant correlation with these absorption coefficients. To check the package 

effect, the a*ph (443)-Chl-a relationship was tested, which showed a presence of 

package effect at the surface and DCM layers of both, frontal (Fig. 3.12c: R2 = 0.42, 

n = 8) and coastal (Fig. 3.12d: R2 = 0.38, n = 27) stations. No correlation was 

observed between the aph and PP in the study region. Assessement of the 

phytoplankton spectral absorption in relation to the hydrographic variables 

(temperature, salinity, PAR) revealed a lack of relationship between any of them in 

the study region. 
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Fig. 3.12. Relationships between (a) ap (675) and Chl-a, (b) aph (675) and Chl-a in frontal 

region and a*ph (443) and Chl-a at (c) frontal and (d) coastal region during ISESO-10. 

 

The aph (440) / aph (675) based B/R ratio varied between 1.2 and 3.2 at the 

frontal and between 0.5 and 3.7 at the coastal stations. The characterization of size 

classes (for B/R ratio >3.0, <2.5 and between 2.5 and 3.0 as picophytoplankton (<2 

µm) microphytoplankton (>20 µm) and nanophytoplankton dominant communities) 

following Wu et al., (2007); Aguilar-Maldonado et al. (2018) indicated a 

dominance of picophytoplankton at 2, nanophytoplankton at 7 and 

microphytoplankton at 21 sampling locations/ depths at the frontal region (Fig. 

3.13a); whereas, the phytoplankton community dominated by picophytoplankton, 

nanophytoplankton and microphytoplankton prevailed at 3, 14 and 71 sampling 

locations, respectively in the coastal region (Fig. 3.13b). Highest dominance of the 

microphytoplankton community was therefore observed during the study 
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highlighting the probability of phytoplankton to be affected by pigment packaging 

effect. 

      FRONTAL          COASTAL 

  

Fig. 3.13. The B/R ratios corresponding to phytoplankton size classes at (a) frontal and (b) 

coastal region during ISESO-10. The dotted vertical line indicates the range for 

nanophytoplankton community, values below and above that indicates micro and pico 

plankton, respectively. For better visibility, the large number of points in fig (b) have been 

segregated as black and red squares corresponding to odd and even numbered stations, 

respectively. 

The aph (443) model by Hirata et al., (2008) was applied to the ISESO-10 

dataset keeping the limits unchanged from the original NOMAD based data in order 

to confirm the necessity of reformulation/modification in the original dataset. The 

limits for picophytoplankton, nanophytoplankton and microphytoplankton were aph 

(443) < 0.023, within 0.023-0.069 and > 0.069 m-1. The demarcations for the three 

size classes of phytoplankton through aph (443) indicated (Fig. 3.14) 

picophytoplankton community at one sampling point in the frontal region, 

 

 

Stn 2 

Stn 3 

Stn 4 

Stn 5 

Stn 6 

(a) (b) 
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microphytoplankton dominant communities at total 14 stations (including both, 

frontal and coastal domains). The rest of the stations showed a nanophytoplankton 

dominant community during the observation. 

 

 

Fig. 3.14. Size classes of phytoplankton derived following the aph (443) model by Hirata 

et al., (2008) from ISESO-10. The triangles and squares denote the frontal and coastal 

stations, respectively. The ellipse represents the demarcation of nanophytoplankton, thus 

segregating the picophytoplankton (below) and microphytoplankton (points above the 

ellipse) in the study region. 

3.3.4. Light Absorption Budget 

The % relative contribution of the Optically Active Substances (OAS) like 

aph, anph and aCDOM in the surface waters to the total absorption was determined 

through construction of a ternary diagram (Fig. 3.15) which displayed the 

absorption coefficients corresponding to 443 nm. The surface aph, anph and aCDOM 

varied between 0.008 (PF1a) - 0.10m-1 (STF), 0.03 (PF2a) - 0.61 m-1 (PF1a) and 

0.30 (PF1a) - 0.91 m-1 (STF), respectively, indicating a higher influence of non-

phytoplankton matter to the absorption in the study region. Higher absorption of 

detrital materials and CDOM towards the north of PF2 could be attributed to the 
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allochthonous sources associated with degraded phytoplankton products accelerated 

by microbial activities (Matsuoka et al., 2015). The residues of Antarctic surface 

water (Tripathy et al., 2015) and melt-ice leading to influx of freshwater (Sabu et 

al., 2014) can also be contributors to elevated absorption by CDOM. 

 

 

Fig. 3.15. Ternary plot showing percent contribution of aph, anph and aCDOM at 443nm in 

the surface layer (~0m) of the sampled locations from ISESO-8. 

The relative % contributions of aph, anph and aCDOM to total non-water 

absorption were interpreted through a ternary plot constructed for the respective 

absorption coefficients at 443 nm for frontal (Fig. 3.16a) and coastal (Fig. 3.16b) 

stations sampled during ISESO-10. The contribution of aCDOM to the total absorption 

was the least, while that of aph was highest in the entire region during the study. The 

contribution of aph at frontal stations ranged between 41.93-81.09 % and 36.77-

93.71 % at the coastal stations. This was followed by the anph concentrations varying 

between 19.23-53.30 % at frontal and 2.79-59.40 % at the coastal stations. The 

aCDOM varied within 0.37-11.92 % at the frontal and 0.43-23.76 % at the coastal 

locations.  
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Fig. 3.16. Ternary diagram representing the percent contributions of aph, anph and aCDOM at 

443 nm at the (a) frontal and (b) coastal stations from ISESO-10. 

 

3.3.5. Observations from Hyperspectral Radiometry 

The variable trends in AOPs were retrieved from the hyperspectral 

radiometric measurements in-situ and were used to derive Rrs-based Chl-a 

(modelled). The Rrs (510)/Rrs (555) was significantly negative (R2 = 0.77, p < 0.05) 

and weakly positive (R2 = 0.16) between in-situ Chl-a and aCDOM (Fig. 3.17a-b). The 

Kd (490) was retrieved using blue to green Rrs band ratio. The coefficients used in 

this retrieval are taken from SeaWiFS (Sea-Viewing Wide Field-of-View Sensor), 

which worked well in the SO. The range of Kd was between 0.30 (PF2b) to 0.64 

m−1 (STF) and was related positively with in-situ Chl-a (R2 = 0.30) and aph (490) (R2 

= 0.32) as represented in (Fig. 3.17c-d). A weak correlation was observed between 

Chl-a and Rrs-based anph and aCDOM (data not presented). A significant correlation 

(R2 = 0.71, p < 0.05) was observed between modelled Kd (490) and the mean depth 

of in-situ Kd at 490 nm (Fig. 3.17e-f). The B/R ratio (Wu et al., 2007; Hirata et al., 

2008) derived from the spectrophotometric and radiometric measurements of aph 

ranged between 1.09 to 8.93 (avg. 4.42 ± 3.0) and 4.29 to 12.35 (avg.7.01 ± 3.25), 

respectively. 

(a) (b) 
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Fig. 3.17. Graphical representations of (a) in-situ chlorophyll-a as a function of ratios of Rrs at 

510 and 555 nm, (b) aCDOM as a function of ratios of Rrs at 510 and 555 nm, (c) in-situ Kd(490) 

as a function of in-situ chlorophyll-a and (d) in-situ aph. Comparison between (e) in-situ and (f) 

modelled Kd(490) and Chlorophyll-a in the study area during ISESO-8.  
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3.4. Discussion 

3.4.1. Bio-optical Variability and Absorption Budget 

The bio-optical characterization of the study region was attempted during 

every field expedition and was carried out through a systematic analysis of 

absorption properties of the optical constituents (phytoplankton, non-phytoplankton, 

CDOM) in the water column. The spectra between 460-490 nm were designated to 

absorption by the carotenoids with their characteristic peaks at 460 and 490 nm. The 

peak of absorption at 675 nm was attributed to combined presence of Chl-a and 

phaeophytin (Alcantara et al., 2016).  

The concentration of TSM (Fig. 3.4-3.6) were in good agreement with at 

Kerkar et al., (2020a) who observed 3.6–6.0 mg L-1 of TSM at 42ºS–55ºS, but were 

slightly higher than those reported by Dessai et al., (2011), the mean values ranging 

between 5.49 mg L-1 (28ºS–58ºS) to 4.02 mg L-1 (54ºS–69ºS). The higher values of 

TSM imply lesser biogenic materials in surface than in the DCM waters, therefore 

in a range comparable to Kerkar et al., (2020a). In case of the frontal stations, 

origination of TSM can be from the extremely strong wind belts within 40ºS–60ºS 

or the biogenic sources (Dessai et al., 2011) and influx of meltwater from the 

coastal Antarctic region in case of the coastal sampling locations (Sabu et al., 2014; 

Tripathy et al., 2014). 

During ISESO-8, the relationship between aph (443) and aph (676) as a 

function of chl-a was on par with the observations from high latitude regions (Wang 

et al., 2005; Matsuoka et al., 2007; Naik et al., 2010). The variability in the 

absorption-Chl-a relationship is often attributed to the concentration and 

composition of phytoplankton pigments (Bricaud et al., 1998; Ferreira et al., 2013). 

The magnitude of absorption of aph (443) and anph (443) to ap (443) is known to be 

highly variable in low Chl-a regions (< 0.5 mg m-3). A rise in anph (443) relative to 

aph (443) was evident from the negative correlation between anph (443)/ap (443) to 

that of Chl-a (Fig. 3.7a-h) as observed by Bricaud et al., (2010); Kheireddine et al., 

(2018) in the Pacific Ocean which is highly dominated by non-phytoplankton 
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particles and/or CDOM. This implied the prominent role of non-phytoplankton 

materials (bacteria, viruses, detrital and or/ inorganic matter) in the study region. 

The Chl-a was correlated positively with aCDOM (440), aCDOM (412) 

suggesting the contribution of non-phytoplankton to total absorption in the region 

(Fig. 3.8 e-f). Similar observations have been reported by Balch et al., (2014) in the 

Arctic ocean. A co-variability of TSM and Chl-a (Fig. 3.8g) was evidenced through 

high concentrations of TSM in the surface waters compared to the Chl-a rich DCM 

waters, indicating origin of both TSM and Chl-a from similar sources. The stronger 

correlation between absorption coefficient of phytoplankton and PP (R2 = 0.36) 

compared to that between Chl-a and PP (R2
 = 0.32) highlighted that PP variability 

could be better explained by phytoplankton absorption than their biomass (Marra et 

al., 2007). The correlation between aph (443) and ap (676) as a function of Chl-a was 

weak, indicating a low contribution of aph to total absorption during the study and 

the results were consistent with other observations carried out at high latitude 

regions (Wang et al., 2005; Naik et al., 2010).  

The Chl-a specific absorption denoted by a*ph(λ) is an indicator of 

photosynthetic efficiency of phytoplankton and is a perspective factor for PP 

estimation (Robinson et al., 2017). The higher values of a*ph than the aph at the 

surface indicated a dominant phytoplankton group (smaller sized) adapted to the 

ambient light, seen through the efficient harvest of light (Matsuoka et al., 2009). 

The surface and DCM at the polar fronts had high a*ph implying dominance of small 

phytoplankton, supported by the corresponding nutrient ratios and the PAR-PB 

relationship (which showed no traces of photoinhibition).  

High values of PB were observed by Tripathy et al., (2014) at the STF and 

they attributed the dominance of small-sized phytoplankton as an underlying cause. 

The a*ph (443, 676) and concentration of nutrients (data not presented) were in an 

inverse relationship and could be linked to the high values of aph at the NO3
- deficit 

STF. The aph (443) and aph (676) were positively correlated to ambient temperature 

with R² values 0.58 and 0.59, respectively, suggesting relatively warmer waters at 

the STF, SAF were optimum for the phytoplankton absorption. High values of a*ph 
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(443) have been observed by Kheireddine et al., (2018) in the warmer and saltier 

waters of Red Sea coupled with a picoplankton dominated community. 

A distinct dominance of aCDOM observed at all the stations, except for PF2b 

was seen through the ternary plot, which explained the % contribution of the 

optically active substances (aCDOM, anph and aph) to the total absorption budget in the 

region. At PF2b, anph contributed maximum (61.23%), whereas contribution by aph 

was around 10%, that implied a strong impact of non-phytoplankton components to 

total absorption budget in the surface waters. The TSM and temperature were 

related inversely (data not shown) suggesting higher concentrations of TSM in the 

cooler waters entering from the farther South (Antarctic coastal region). The 

concentrations of TSM diminished towards the North which were proportional to 

the values of anph seen from the ternary diagram. The positively correlated values of 

temperature and aCDOM implied that phytoplankton degradation was more in warmer 

waters favoring the formation of CDOM. High concentrations of CDOM were 

observed at STF and SAF, in addition to the high values at PF1a, PF2a; originating 

probably through allochthonous sources transported through the Antarctic 

meltwaters. The blooms in the polar frontal region have been attributed to the 

nutrient-rich freshwater from the coastal Antarctic region by Sabu et al., (2014).  

3.4.2. Evaluation of Pigment Package Effect 

A declined light absorption efficiency of phytoplankton despite the high 

concentration of Chl-a is termed as “package effect” (Bricaud et al., 1995). This 

declined photosynthetic efficacy is attributed to the lowered PB or assimilation 

number corresponding to higher cell volume/ enhanced concentrations of pigments 

(Marra et al., 2007). Conventionally, the phytoplankton larger than >10µm are more 

susceptible to reduced Chl-a specific absorption as a result of pigment packaging 

and vice versa (Bricaud et al., 1995). Photoinhibition observed in the surface waters 

at PF2 could therefore be associated with package effect or high incident daily PAR  

in the region. Tripathy et al., (2014) have observed photoinhibition in the coastal 

Antarctic domain (at around 65ºS), whereas, no evidence of photoinhibition was 
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seen at the north of 50ºS and ascribed it to community of large phytoplankton (with 

packaged pigments) dominating the coastal region. 

The package effect was also validated through Q*a (676), the values for 

which range from 0 (high package effect) to 1 (absence of package effect) following 

(Alcantara et al., 2016). The Q*a (676) values were <1 and its moderately negative 

correlation with Chl-a suggested a prevalence of pigment packaging at PF2b (Fig. 

3.8c). An absence of package effect in the surface waters was evidenced through the 

Q*a (676) at the rest of the stations, which was in a good agreement with the 

observed PAR-PB relationship (that indicated a clear absence of photoinhibition) 

and the corresponding concentrations of nutrients that implied a predominant 

community of small phytoplankton in these (STF, SAF and PF1a) regions. 

Noticeable package effect was however, seen through the Q*a (676) values 

at the DCM waters of SAF and PF2b. The DCM layer in the SO has conventionally 

been known for the predominance of large phytoplankton and therefore package 

effect (Gomi et al., 2010; Tripathy et al., 2015). Findings from the current study 

confirmed these observations through a clear dominance of small and large 

phytoplankton at the surface and DCM, respectively. The values of Q*a (676) 

exceeding the theoretical maximum of unity are ascribed to the uncertainties in the 

path-length amplification factor, β (optical: geometrical path-length ratio), which 

increases with decreasing optical density (Bricaud and Stramski, 1990) and is 

commonly observed in the laboratory measurements (Naik et al., 2010; Alcantra et 

al., 2016). 

The present study had values of a*ph (λ) > 0.05 m² mgChl-a-1 that are 

associated with lower extent of package effect and hence indicates presence of 

smaller phytoplankton (Bricaud et al., 2010). The pigment package effect at PF2 

was likely due to the large variability in the blue spectrum of a*ph (443) or a change 

in the concentration of pigments (Bricaud et al., 1995), since the region was 

nutrient-replete. Phenomenon of packaging has been evidenced at higher latitudes, 

where the phytoplankton undergo a photoadaptation as a result of low-light 

conditions (Cota et al., 2003) and intend to modulate their photosynthetic 
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efficiencies especially in the polar oceans (Mendes et al., 2015). This phenomenon 

lowers the yield of PP than expected in larger phytoplankton. The smaller 

phytoplankton, on the other hand, tend to contribute more to PP due to lesser 

influence of accessory pigments and higher ability of absorption corresponding to 

the Chl-a content. 

3.4.3. Size Class Characteristics of Phytoplankton from Hyperspectral     

Radiometry and Phytoplankton Absorption Models 

The Blue/Red (B/R) ratio at 443/676 nm was used to classify the dominant 

size classes of phytoplankton in the surface waters. The B/R ratio from the 

radiometric (Fig. 3.17a-f) and spectrophotometric measurements indicated a 

community dominated by small phytoplankton at all the stations, except PF2b 

where the ratio was 1.09 corresponding to predominance of large phytoplankton. 

The B/R > 3.0, principally corresponds to a picophytoplankton dominant 

community, whereas the ratios < 2.5 and those between 2.5-3.0 imply a 

microphytoplankton (> 20μm) and nanophytoplankton dominated community, 

respectively (Aguilar-Maldonado et al., 2018). The nutrient ratios discerned the 

unfavorable environment (N and Si deficit conditions) for the microphytoplankton, 

responsible for the small phytoplankton succession in the surface waters of the 

frontal regions.  

The Kd (490) derived from the radiometric measurements had a moderate 

relationship with in-situ Chl-a and aph (490), implies an influence of factors other 

than phytoplankton biomass (aCDOM, anph, and TSM) on the attenuation of light 

through the water column. The modelled Kd (490) within the upper 20 m explained 

71% of the variability in the in-situ Kd (490) seen though the relationship between 

modelled Kd (490) and mean in-situ Kd for down-welling irradiance, implying 

highest optical variability in the upper water column (~20 m). Retrieval of in-situ 

Rrs-based Chl-a from SeaWiFS based OC2, OC3 and OC4 (version 6) algorithms 

showed a good correlation with the in-situ Chl-a and could explain ~75% of its 

variability, suggesting the reasonably good applicability of global Chl-a algorithms 

in the ISSO. 
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The dataset from ISESO-9, focused on derivation of dominant size classes 

of phytoplankton and assessing the variable nature of a*ph in the study region. The 

phytoplankton spectral absorption coefficients were distinctly variable in the region. 

The surface waters around the coastal Antarctic showed higher values of aph (443), 

which is referred as regions of enhanced production (Arrigo et al., 2008b). The PP 

values showed a steady increase towards the coastal region than those at the fronts. 

The correlation between PP and aph (R
2 = 0.85) was stronger than that between PP 

and Chl-a (R2 = 0.64) indicating higher efficacy of aph than Chl-a to predict PP in 

the surface waters as postulated by Marra et al., (2007). Thus, the aph was a better 

entity than Chl-a for derivation of PP from a satellite study-based perspective. The 

result was in an agreement with the observation by Hirata et al., (2008), who proved 

that aph being a directly derivable quantity, makes it more ideal than Chl-a in 

satellite-based studies of PP. The Chl-a, on the other hand, is prone to errors in 

accurate prediction associated with its biogeochemically variable nature, which is 

not a case with aph. The results from Marra et al., (2007) were however, not 

extended beyond the surface waters and a probability of diminution of PP: 

absorption ratio with the optical depth could not be validated. A clear decrease in 

the PP:aph ratio in the current results, was noticed at the DCM, hence clearly 

supporting the hypothesis by Marra et al., (2007), however, a robust conclusion 

cannot be drawn until the analysis is executed at the intermediate depths. The Chl-a 

and PP, were correlated strongly at the DCM, possibly due to the dominance of 

healthy phytoplankton (Gomi et al., 2010, Tripathy et al., 2015), however extended 

observations at a larger spatiotemporal scale are necessary to confirm, whether 

both, aph and Chl-a can predict PP equally well at subsurface layers. 

The previous observations on taxonomy designate the region northward and 

southward of PF to be dominated by small and larger phytoplankton size classes 

(specifically with diatoms due to SiO4
4- rich status), respectively (Trull et al., 2001; 

Mendes et al., 2015). The Si rich status of the region beyond PF is evidenced from 

the current study as reported earlier by Assmy et al., (2013); Iida and Odate (2014) 
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who also presented diatoms to be the predominant community type to be associated 

with the nutrient regime observed during the observations. 

The studies further associate these findings with high prevalence of pigment 

packaging in waters dominated by the microphytoplankton (> 20 µm) and lower in 

case of the picophytoplankton (<2 µm) dominated waters (Wu et al., 2007). 

Exceptions to this theory are the phytoplankton species like Phaeocystis, which 

despite their smaller size are susceptible to a strong package effect as previously 

reported by Naik et al., (2010). One of the aims of the present chapter being 

characterization of community structure of phytoplankton and assessment of the 

associated physiological phenomena like packaging/impact of accessory pigments 

on absorption through a bio-optical approach, the salient observations obtained have 

been discussed as below: 

A negative correlation between a*ph (443), (675) and Chl-a discerned the 

prevalence of pigment packaging effect in the region. Flattening of the absorption 

spectra in the blue region at most of the sampling locations was an indicator of a 

microphytoplankton-dominant community (Stuart et al., 2004). This inverse 

relationship could further be elaborated by a larger size/impact of accessory 

pigments associated with a lowered absorption efficiency (Lee et al., 2007). The 

Q*a (675) values (higher than the theoretical maximum of 1 at most stations) 

showed an inverse relationship with Chl-a. The overestimation of Q*a (675) was in 

agreement with the observations from the previous summer in 2015 (Naik et al., 

2013; Kerkar et al., 2020a) and the negative relationship of Q*a (675) with Chl-a 

(Alcantra et al., 2016) implies package effect to be prevalent in the region. As 

explained in the previous section, the overestimated values of Q*a could be due to 

methodological uncertainties or a commonly encountered problem of biological 

noise in case of low optical densities (Alcantra et al., 2016).  

An attempt was made to characterize the size classes of phytoplankton 

through the B/R ratio following Maldonado et al., (2018), which discerned a clear 

dominance of microphytoplankton (therefore linked with package effect) at most, 

frontal as well as coastal stations. The high SiO4
4- concentrations at coastal region 
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were accompanied with a B/R ratio < 2.5, hence confirming the predominance of 

large phytoplankton (Naik et al., 2013; Maldonado et al., 2016). From the inverse 

relation between a*ph at 675, 443 vs Chl-a, the Q*a (values exceeding the theoretical 

maxima) v/s Chl-a and characteristic flattening of a*ph in blue part of the spectrum, 

these large phytoplankton were seen to be subject to package effect/ deviations in 

pigment constitution that is conventionally linked with large-sized phytoplankton 

(like diatoms, large coccolithophores) (Alcantra et al., 2016). On the other hand, the 

severe SiO4
4- -deficit frontal regions ruled out the diatom-predominance at this 

domain. The inverse relation between a*ph (443) and Chl-a observed at the fronts, 

can be linked to large, but non-siliceous phytoplankton like dinoflagellates, or 

smaller phytoplankton like haptophytes, presumably Phaeocystis sp (prone to 

pigment packaging) that has been reported to abundant in the region (Iida and 

Odate, 2014; Wright et al., 2010). 

Evaluation of a*ph at both the frontal, coastal regions indicated that, the 

negative relationship between a*ph–Chl-a and that between Q*a–Chl-a in this 

domain despite the microphytoplankton community (implied by B/R ratio and high 

Si concentrations) was weaker at coastal compared to the frontal region. This 

observation suggests that package effect through a*ph v/s Chl-a relationship could 

be better explained at frontal region than the coastal domain. This assumption could 

be confirmed from the strong inverse relationship between a*ph (443) and Chl-a 

observed in the frontal region by Kerkar et al., (2020a) and the inadequacy of a*ph 

in expressing the pigment package effect observed by Ferreira et al., (2017) who 

attribute this phenomenon to the strong covarying tendency of Chl-a and accessory 

pigments of the coastal Antarctic region. They further attribute this to the lack of 

direct proportionality between the Chl-a concentrations and a*ph in the Antarctic 

waters. Results from the present study therefore suggest that the a*ph and Chl-a 

relationship expressed package effect better in the frontal region and was less 

effective beyond 60ºS/Antarctic zone. Testing the extent of efficacy of a*ph-Chl-a 

relationship at a larger spatio-temporal extent is recommended to know if it’s failure 

to express package effect in the Antarctic waters is perpetual or seasonal. 
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The size classes of phytoplankton derived from the absorption model by 

Hirata et al., (2008), did not match with those indicated by the B/R ratio that 

implied a predominant microphytoplankton community in the study region. The 

method of autocorrelation adopted from the absorption-based model suggested a 

microphytoplankton-dominant community at only four sampling locations. The 

reason for this discrepancy could be due to the extremely low values of aph (443) 

observed during the current study that clearly are inadequate to be linked to the 

absorption range for microphytoplankton proposed in the original model. This 

explanation has been earlier given by Mouw and Yoder (2010) while assessing 

efficacy of Hirata et al., (2008) model, point out the low abundance of 

microphytoplankton in the SO and predominance of nano- and microphytoplankton 

in the austral summer. Whereas, Hirata et al., (2008) assume a small proportion of 

microphytoplankton (seen from the nano and microphytoplankton overlap in 

original model) to be dominant in polar (particularly the SO) oceans, would have 

resulted in the disagreement between the original and present study. Our 

observations are also on par with Lee et al., (2011) who propose that aph can be a 

better tool to predict PP (R2 = 0.74) than Chl-a (R2 < 0.5) in the SO, thereby 

recommending the importance of analytical retrieval of aph for representing PP. Lee 

et al., (2011) further explain the efficacy of aph based models in ocean productivity 

from ocean colour due to lesser probability of empirical uncertainties that are seen 

in the case of Chl-a. 

This dataset states that phytoplankton absorption can be a better predictor of 

PP than biomass in surface waters and confirms the efficacy of bio-optical variables 

in calculating PP remotely at region-specific scale. The global absorption model 

was efficient in capturing smaller size classes of phytoplankton, but not the larger. 

Lastly, the phenomenon of package effect could be determined at frontal, but not 

the coastal region, thus highlighting the necessity of region and season-specific 

observations prior to the application of a*ph-based ocean colour models in the 

Antarctic waters (Dall’Olmo et al., 2005) or global absorption-based models like 

Hirata et al., (2008) in polar oceans. Robust determination of physiological 
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phenomena like pigment packaging from bio-optical variables like the Q*a or a*ph
 

needs to be validated on a wider spatiotemporal oceanographic province and 

modified/reformulated at an intraregional scale. 

The results from the aph (443) model adopted from Hirata et al., (2008) 

considerably differed when applied to ISESO-9 and ISESO-10 datasets. The 

disagreement between results from the model (which implied a picophytoplankton, 

followed by nanophytoplankton dominant community type) and the in-situ 

measurements based on the B/R ratio (implying a microphytoplankton dominance 

followed by nanophytoplankton community) was evident during ISESO-9 (Kerkar 

et al., under revision). The stations at ISESO-10 however showed a considerably 

good agreement between the model based and the B/R ratio-based results compared 

to ISESO-9. However, the B/R ratio still indicated a higher number of 

microphytoplankton dominant stations than that captured by the model. The reasons 

for this mismatch could either be the lower number of sampling points in case of the 

ISESO-9 dataset or assumptions considered by the model (Mouw and Yoder, 2010). 

It can be inferred that the model could be best suited for extremely high number of 

data points (like those based on the remotely sensed observations). The lower range 

of variability observed in current data could be another cause of discrepancy that 

leads to an overlap between two communities of phytoplankton (Kerkar et al., under 

revision). Validation with larger datasets and a wider range of aph (443) is therefore 

recommended to confirm the applicability of this model in the ISSO. 

The B/R ratios indicated a clear dominance of microphytoplankton 

community at most of the sampling points, at both, frontal and coastal domains. The 

pigment packaging was confirmed at the coastal stations (a*ph 443) v/s Chl-a 

relationship (also supported by the B/R ratios linked to the conventional association 

between large phytoplankton being prone to package effect). At the frontal region, 

due to a very limited number of datapoints, this effect could not be confirmed, 

however the phytoplankton community type evident through the B/R ratios clearly 

implied package effect at this domain. 
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The ISESO-9 results indicated the efficacy of bio-optical relationships at 

frontal regions to be higher than the coastal, attributing an interference by accessory 

pigments that introduce a mismatch in a*ph-Chl-a relationships. The ISESO-10, 

coastal stations, however implied a clear package effect which was well-supported 

through the ternary plots (that indicate higher aph contribution, and in turn lesser 

contribution to absorption by the non-phytoplankton matter), therefore supporting 

the fact that interference by accessory pigments affect the interpretability of a*ph in 

the coastal Antarctic region. 

Certain cautions, however need to be considered before using/comparing the 

current dataset in future studies. First being the framework of conclusions solely 

through bio-optical relationships/ analysis of absorption characteristics. However, 

the observations have been confirmed through more than one well-established and 

conventionally proven bio-optical relationships and the results obtained from these 

are in a good agreement with previously reported phytoplankton community type 

and also supported with nutrient distributions in the current study as well as that 

from the past Iida and Odate, (2014). Pigment characterization could be a good way 

to overcome this uncertainty and if resolved, the bio-optical empirical relationships 

can be promising candidates for assessing the phenomenon of pigment packaging 

effect in the coastal Antarctic region.  

3.5. Conclusions 

The bio-optical understanding and absorption-based characterization of 

optical constituents addressed in the present study have rarely been attempted in the 

SO in general and the ISSO in particular. The phenomenon of pigment package 

effect, relationship between PP and phytoplankton absorption, explained using bio-

optical relationships and their variability from conventional trends are essential 

inputs that highlight the necessity of region-specific reformulations in absorption-

based models before applying them to global ocean colour datasets. The 

observations from the two datasets discuss the need of emphasis on a*ph-Chl-a 

relationships and a thorough assessment and characterization of accessory pigments 

for future studies. Derivation of phytoplankton size classes from phytoplankton 
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spectral absorption explians the cautions to be taken while applying the global 

absorption model to the polar regions like the SO. Such in-situ datasets if validated 

with historical satellite data can be of a great utility in further developing 

phytoplankton absorption-based models at a regional scale and would be a 

promising tool towards an improved understanding of the cycling and dynamics of 

carbon in the SO. 



Trophic Link Between the Primary and 

Secondary Producers: A Carbon-based Approach

Chapter 4
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4.1. Introduction 

Mesozooplankton community plays a crucial role in marine ecosystem by 

exerting a grazing pressure that affects the PP. The copepods, a major component of 

every mesozooplankton community, contribute <75% to the biomass stock 

(Atkinson et al., 2012) through various metabolic processes. They orchestrate the 

energy exchange from primary producers to higher trophic levels (Calbet et al., 

2000) and hence interest the carbon cycling and production studies. The SO and 

surrounding Antarctic region accounts 25-30% to the total anthropogenic C-uptake 

of the Ocean (Frölicher et al., 2015). Assessing the channeling and sequestration of 

C through each trophic level helps in understanding the C-cycle in an ecosystem. 

The rapidly changing climatic patterns due to various processes like the overfishing, 

eutrophication and acidification (Richardson, 2008; Mackas et al., 2012) have 

found to alter the community structure, patterns and thereby the C flow through 

oceanic zooplankton at the global scale (Kjellerup et al., 2012). The SO copepods, 

in addition to these factors, are also exposed to processes like sea-ice reduction, 

enhanced exposure to the UV-radiation (Orr et al., 2005; Moy et al., 2009) and 

hence are at a higher risk of altered food web dynamics and the consequent impacts. 

Due to their short span of life, lesser swimming abilities and exchange of energy 

with the primary producers and different oceanic layers, zooplankton are effective 

indices of secondary production and climate change studies (Taylor et al., 2002; 

Hays et al., 2005). 

Determination of biomass is an effective way to obtain quantitative 

estimates of the secondary production occurring in a region. Various studies have 

addressed the biomass, community composition and abundance of zooplankton in 

different sectors of the SO. Some of these have also highlighted the dominance of 

species in different aspects like biomass and abundance. Stevens et al., (2015) have 

given a detailed account of the mesozooplankton community in Ross Sea and 

Pacific Sector of the SO and have quantified the dominance of cyclopoid species 

(Oithona similis and Oithona frigida) in the community existing during the study 

period. Dubischar et al., (2002) have reported Oithona similis, Oithona frigida, and 
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Ctenocalanus citer to dominate the Antarctic Polar Front. Though many attempts 

have been made available a considerable amount of data about the species structure, 

abundance and zooplankton community in SO and Antarctic region (Yang et al., 

2011; Li and Yang 2017), very few have explicitly addressed the C-biomass/C-

standing stock of the region (Atkinson et al., 2012).  

Extensive measurements of the total zooplankton standing stocks have been 

reported by Foxton (1956), but the study did not extend up to the individual species 

level despite the high species diversity that reports around 300 copepod species 

(Kouwenburg et al., 2014) in the SO. The community structure and production of 

the primary and secondary producers given by Ward et al., (2005), is restricted only 

up to the two dominant calanoid copepod species, Calanoides acutus and 

Rhincalanus gigas in the South Georgia. First attempt to quantify both, the species 

and community level carbon stocks in the Prydz bay region (68ºS, 74ºE) of coastal 

Antarctica was made by Kerkar et al., (2020b), but being based on a time series 

observation, the study did not reveal spatial variability of the C-stocks. Such studies 

are extremely essential to get a community level picture of C-biomass available for 

the next trophic level in the ecosystem. 

Yet another extremely underexplored aspect is the understanding of transfer 

efficiency between these two trophic levels, which would be helpful to predict the 

changes in regional C-fluxes over the time. Such studies have a great potential to 

measure the sustainable organic fluxes are available for consumption as food to the 

immediate next trophic level (Graff et al., 2012). These provide a link between the 

two trophic levels which has many ecological implications (Regaudie-de-Gioux et 

al., 2009). A very few studies have addressed these questions in the study region, 

like that by Alcaraz et al., (1998) who derived the trophic efficiency by establishing 

the link between the primary and secondary producers of the Bransfield strait in the 

austral summer 1994. Kerkar et al., (under communication) presented the link 

between these two trophic levels by deriving the C from Chl-a (a proxy for 

phytoplankton biomass; as proposed by Legendre and Michaud, (1999) and C 

generated from the copepods (following Uye, 1982; Kerkar et al., 2020b). 
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Considering these severely underexplored aspects, the current chapter deals with (i) 

obtaining species-specific and community level C-standing stock estimates of the 

copepods community, (ii) explain the link between primary and secondary 

producers through carbon. 

4.2. Materials and Methods 

4.2.1. Study Area, Sample Collection and Preservation 

Collection was samples was carried out during the 9th ISESO (December 

2016- February 2017) on-board SA Agulhas. A multi-plankton net (MPS; Hydro-

Bios, Am Jägersberg, Germany) of mesh size 200 μm and mouth area of 0.25 m2 

was hauled vertically at the multidisciplinary stations (as shown in Fig. 4.1). The 

volume of water being filtered was recorded using a calibrated flow meter mounted 

upon an underwater unit. The depths of sampling covered the euphotic zone. 

Additional samples were also collected during a time series sampling (January 27-

28, 2017) wherein the samples were collected four times (@6h time interval) a day 

from different standard strata: 0-mixed layer depth (MLD), MLD-100m and 100-

200m. Preservation of the samples was done in 5% buffered formaldehyde/ solution 

of seawater and stored at room temperature until further analysis at Plankton 

Biology Laboratory of NCPOR, Goa. 

4.2.2. Biomass and Carbon Standing Stock from the Phytoplankton 

The Chl-a samples were used as a proxy for the phytoplankton biomass, 

which were collected using Niskin bottles (10 L capacity) fixed on the CTD 

carousel (General Oceanics Inc., USA). The estimation of Chl-a was carried out by 

filtering these samples at a low suction pressure through Whatman filters (Gf/f, 47 

mm) and preserved at –20ºC until the further analysis.  
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Fig. 4.1. The study area map with sampling locations. The solid red circles indicate 

sampling at the multidisciplinary stations, while the time series sampling point is displayed 

in blue. 

The filters were soaked in 10 ml of 90% acetone twelve hours prior to the analysis 

and stored in dark conditions at 4ºC. Flourometric analysis (10–AU, Turner 

Designs) was carried out following Strickland and Parsons (1972). The ordinary 

least square method proposed by Legendre and Michaud, 1999 was used to derive 

the C from phytoplankton (Cphyto) values, using the equation for euphotic zone: 

log [POC] = 2.27 + 0.35 log [Chl] 

Where, 2.27 and 3.35 are the regression coefficients for the euphotic zone. 

4.2.3. Zooplankton Biomass and Carbon Standing Stock 

The most abundant class, copepods was chosen as a representative of the 

zooplankton C-standing stock in the current study. This highlights the contribution 

of the copepods to the C-standing stocks at individual species level as well as at the 

community level.  

 



Chapter 4: Link Between the Primary and Secondary Producers 

          93 
 

4.2.3a. Biomass Estimation and Abundance  

The estimation of biomass was done following the displacement volume 

method (Fig. 4.2) by Goswami, 2004. Larger zooplankton such as the 

siphonophores, salps, krill, medusae, ctenophores, chaetognaths and fish larvae 

were separated from each sample prior to the biovolume estimation. The 

displacement volume involved filtering of the sample through a dried and cleaned 

mesh (200 µ) and removal of interstitial volume between the organisms on a 

blotting paper. Care was taken to prevent any kind of pressure-induced damage that 

would lead to breakage/ damage of the organisms. The filtrate was transferred to a 

measuring cylinder containing a pre-determined volume of 4% buffered formalin 

and the difference between the two values (before and after addition of the 

zooplankton sample to the measuring cylinder) was noted to obtain the rise in 

biovolume-  

Biomass (ml/ m3) = Displacement volume/ Volume of water filtered 

 

Fig. 4.2. The Displacement Volume method for biovolume determination. 

Each sample was then transferred to the Folsom splitter and the sub-samples 

were obtained by dividing the sample into equal aliquots. The drum of the splitter 

was carefully rotated to assure equal fractions of the samples and the process was 

repeated until a countable aliquot was obtained. 
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4.2.3b. Identification and Counting 

Each of the copepod species from the aliquots obtained, was counted in the 

Bogorov’s chamber under the stereozoom microscope (Imaging NIKON, SZX16; 

Nikon, Tokyo, Japan) and identified following the standard keys for identification 

(Giesbrecht, 1902; http://copepods.obs-banyuls.fr). Counting and identification of 

the species gave the abundance of copepod species, standardized as number of 

individual organisms in every 100 m-3, expressed as (ind.100 m–3). 

4.2.3c. Size Measurement and Carbon Estimation 

A quantitative technique that involved a combination of counting and 

morphometric characteristics was used to obtain the C-biomass of copepods (Czoo). 

Each individual copepod was measured (10 organisms of every species) under the 

stereozoom microscope coupled with Nikon Imaging software (NIS-elements BR). 

The carbon was estimated by measurement of the prosomal length (Fig. 4.3) 

following the technique developed by Pearre, (1980). This was followed by use of 

species-specific regression equations proposed by Uye (1982) and Liang et al. 

(1996): 

W = PL x x 10 –y 

Where, W = The weight of carbon (in µg), PL = Prosome length, X = Log C and Y 

= Log L 

4.2.4. Determination of the Trophic Efficiency 

The trophic efficiency was determined as biomass of copepods supported by 

that of the biomass of phytoplankton (Alcaraz et al., 1985; Calbet et al., 1996). The 

index/ quotient for the trophic level efficiency was calculated as the Czoo/Cphyto 

(Alcaraz et al., 1998). 

 

http://copepods.obs-banyuls.fr/
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Fig. 4.3. Measurement of copepod prosomal length under the stereozoom microscope. 

4.3. Results 

The present study aimed at obtaining an improvised picture of the C 

available to the next trophic level. This was done by estimating C from each of the 

copepod species and then getting a community level estimate to get a detailed 

representation of the secondary production in the study region. Thirteen different 

species of copepods: 9 belonging to calanoida (Rhincalanus gigas, Paraeuchaeta 

antarctica, Calanoides acutus, Calanus propinquus, Metridia gerlacheii, 

Clusocalanus laticeps, Ctenocalanus citer, Calanus australis, Calanus simulimus) 2 

to cyclopoida (Oithona similis and O. frigida), 1 to harpacticoida (Microsetella 

norvegica) and 1 to poecilostomatoida (Oncaea curvata) were encountered during 

the study. The transect sampling had the harpacticoid and poecilostomatoid 

copepods, not observed during the time series sampling. The spatiotemporal 

observations with respect to the variations in prosomal lengths, standing stocks of C 

and the C-based link between the primary and secondary producers, quotient of the 

trophic transfer have been discussed in the forthcoming sections: 

       4.3.1. Variations in the Prosomal Length 

The lengths of the prosomes showed a significant variation amongst the 

different species of copepods (illustrated in Fig. 4.4a-f, for the times series 

experiment), directly proportional to their body sizes, smaller for cyclopoids and 
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larger for the calanoids. The longest prosome (mean ± SE; 4,254.737 ± 0.679 μm) 

was recorded for Paraeuchaeta antarctica, the species with the highest carbon 

content (7,031.486 ± 1.570 μgC). All the species showed a strong positive 

correlation between prosomal length and body carbon content. The cyclopoid 

species, Oithona similis and O. frigida (Giesbrecht, 1902), showed pronounced 

differences in body C of 1.67 ± 0.21 versus 0.31 ± 0.003 µgC, respectively, despite 

the comparable differences in lengths of their prosomes: 1,216.90 ± 10.02 µm and 

1,003.58 ± 8.33 µm, respectively. No noticeable dissimilarity was observed in 

lengths of the prosomes and corresponding C-content in case of copepodites (R2 = 

0.61; P < 0.05; Fig. 4.4g) during the study. A generalized relationship between all 

the organisms (comprising of both, adults and copepodites) for their prosomal 

length and C corresponding content was obtained (Fig. 4.4h) to get a picture of this 

trend which can be used as a baseline for other species of calanoids or cyclopoids 

encountered in the region in future studies.  

4.3.2. Copepod species Composition and Carbon Content 

The C-biomass of Oihona similis within the surface and MLD during the 

time series sampling, ranged between 1.60 ± 0.29 µgC (mean ± SD) and that of O. 

frigida varied within 0.29 ± 0.03 µgC. The sampling depths from MLD to 100 m, 

showed slightly lesser quantities for O. similis (1.45 ± 0.21 µgC) and O. frigida 

(0.27 ± 0.03 µgC) compared to the upper sampling stratum. Metridia gerlachei 

(Giesbrecht, 1902) and P. antarctica were not encountered in this stratum, whereas, 

Calanus propinquus (Brady, 1883) was observed at only one out of the four time 

points. Within 100-200 m, the C-biomass for O. frigida and O. similis ranged 

between 0.3 ± 0.02 µgC and 1.44 ± 0.20 µgC, respectively. The major contribution 

to the C-standing stocks came from the large calanoids P. antarctica and C. 

propinquus, which made up for 842.44 ± 100.91 µgC and 23.76 ± 3.83 µgC of the 

individual biomasses, respectively. The calanoids, M. gerlachei and C. acutus 

(Giesbrecht, 1902) were not encountered in this stratum. With reference to the 

community composition, Paraeuchaeta antarctica contributed maximum, despite  
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Fig. 4.4. Scatter plots showing the relationships between the prosome length and carbon 

content of (a) Oithona similis (b); Oithona frigida (c); Calanoides acutus (d); Calanus 

propinquus (e); Metridia gerlacheii (f); Paraeuchaeta antarctica (g); all copepodites (h); 

all species. 
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its absence at one sampling point during the observations. The cycloids O. similis 

and O. frigida were found to be ubiquitous. The depth strata ranging from the MLD 

and 100 m on both the days at 18 h, were dominated by the cyclopoids and did not 

show presence of any calanoids. At these time points, O. similis contributed 100% 

and 96% to the total C-biomass on day 1 and at 2 at 18h, respectively. Some of the 

species exhibited a clear relationship with the C-biomass. Among all, the cyclopoid 

O. similis remained the least contributor (1–2%) within the surface-MLD at all the 

sampling points (Figs. 4.5a–b, 4.6a–b), showed an increased proportion (5–8%) of 

the C-stock below the MLD (Figs. 4.5c–d, 4.6c–d). No noticeable variations in C-

biomass of O. frigida were observed with depths, remaining at a constant within 

0.01–1% of the total community level estimates. A trend similar to O. similis was 

seen in case of Calanus propinquus with lesser contribution to C-biomass within 

surface and MLD (1–23%) and an increase at the depths beyond the MLD (up to 

97%). The body sizes of the copepods clearly controlled the C-biomass of the 

copepod species; highest being the calanoids, followed by the harpacticoids and 

poecilostomatoids and the least being from the cyclopoids during the transect 

sampling; the trend being similar to that observed during the time series 

observations.   

The standing stock of C (Fig. 4.7) was dominated by the larger calanoid 

species, highest being from the calanoid R. gigas followed by Calanus acutus, C. 

citer, C. laticeps, C. simulimus. The largest calanoid R. gigas built-up the highest C 

estimate at the species level accounting 15.937 mg C. Estimates from the other 

calanoids C. propinquus, C. australis, Calocalanus and C. simulimus accounted 

0.904, 6.269, 1.222 and 0.431 mg C of biomass per individual. The rest of the 

calanoids had a range of C-stocks between 0.051-0.158 mg C, while that from the 

cyclopoids O. frigida and O. similis estimated 0.002 and 0.007 mg C of the total 

stock of C. The harpacticoid M. norvegica and poecilostomatoid, O. curvata 

constituted 0.024 and 0.158 mg C to the C-biomass per individual of the total 

copepod community.  
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During the time series sampling, the sampling depths between 0-MLD 

accounted for the highest estimates of C-standing stock. Highest C-biomass of 

99.9% was reported from P. antarctica. Amongst the cyclopoids, carbon content of 

 

 

Fig. 4.5. Species-specific carbon estimates on the first day of sampling between (a) 0-MLD at 

0 h, (b) 0-MLD at 18 h (c) MLD-100 m at 0 h (d) MLD-100 m at 18 h (e) 100-200 m at 0 h (f) 

100-200 m at 18 h.  
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Fig. 4.6. Species-specific carbon estimates on the second day between (a) 0-MLD at 0 h, 

(b) 0-MLD at 18 h (c) MLD-100 m at 0 h (d) MLD-100 m at 18 h (e) 100-200 m at 0 h (f) 

100-200 m at 18 h. 

 

individual O. frigida varied between 0.29 ± 0.03 μgC while, that of the O. similis 

was 1.60 ± 0.29 μgC (mean ± SD). The depths within MLD-100m, were marked by 

a clear absence of M. gerlachei and P. antarctica, and M. gerlachei was 

encountered at one out of the four sampling points. O. frigida attributed 0.27 ± 0.03 

μgC, and O. similis accounted for 1.45 ± 0.21 μgC of the standing stock of Carbon 
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between MLD-100m of sampling strata. The sampling at 18 h on both the days 

indicated a clear absence of calanoids between MLD-100 m, the community being 

characterized by a clear dominance of O. similis, whose contribution was estimated 

to be 100% and 96% of the C standing stock, on day 1 and 2, respectively. 

4.3.3. Community Level Estimates of Total Carbon Biomass 

An attempt was made to compile to entire stock of C in order to get a picture 

of community level C-stock during the time series study. Highest stock of copepod 

C-biomass was observed within the surface-MLD depths. The community was 

predominated by P. antarctica responsible for 99.9% of the total C-biomass 

between these depths. The cyclopoids were dominant in terms of numbers, but not 

the C-biomass compared to the calanoids (Fig. 4.8a-d). The highest contribution to 

the C-standing stocks came from P. antarctica between the depth strata 0–MLD and 

100–200 m. Within MLD-100m, the 18 h time point (Fig. 4.5a–d) corresponded to 

the least stocks of carbon during the study. Major copepod biomass was represented 

by Paraeucheta antarctica, followed by C. propinquus and C. acutus at each of the 

time point. The second day of observations accounted for double (25.55 mg m–³) the 

carbon than that reported on day 1 (10.38 mg m–³) during the study (Fig. 4.6a-d). 

 

   

   

 

Fig. 4.7. The species-specific C-standing stock (%) of dominant copepods during the study. 
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Fig. 4.8. Community level estimates of copepod carbon biomass on the first day at (a) 0 h 

(b) 18 h; second day at (c) 0 h (d) 18 h. 

 

4.3.4. Linking the Two Communities from a Carbon Perspective 

During the transect sampling, the C-based link between the two 

communities, primary and secondary producers was investigated by estimating the 

C from the primary producers, checking its correlation with that from the secondary 

producers and calculating the trophic transfer efficiencies for these two 

communities as follows: 

The biomass from the primary producers was estimated using the Chl-a as a 

proxy; the concentration range for which was 10.24–49.33 mgChl-a m-2 (Fig. 4.9). 

The STF had the lowest concentration of Chl-a, while the highest was observed at 

58ºS. Within 62–68ºS, no sharp variations were observed in the Chl-a where a mean 

of 14.42 ± 1.8 mgChl-a m-2 was recorded. The copepod C-stocks were highest at 

58ºS, while lowest at 68ºS. The C-stocks from both the trophic levels were strongly 

correlated (R2 = 0.96, n = 5, p < 0.001).  
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Fig. 4.9. Latitudinal trend in phytoplankton biomass (chlorophyll-a) and copepod biomass 

stocks during the study (the station numbers correspond the increasing latitudes). 

For the copepod community, the standing stock of copepods was estimated 

for each of the individual species at every sampling location and these estimates 

were further summed up to get the total standing stock of C, which represented the 

secondary trophic level. This estimate was 118.96 mg C during the study. Highest 

stock of C (80.54 mg m-3) was observed at Stn-2 (58ºS), while Stn 5 (68ºS) 

accounted for the least stock of C (6.67 mg m-3).  The highest contribution of 

94.28% was from R. gigas at this station. C. australis remained the second highest 

contributor to the C-standing stocks with 25% at stn 2 and 10.87% at the Stn 4.  

The percent trophic efficiency (Fig. 4.10) ranged between 31.5 (at 62ºS) and 

66.6 (at 58ºS). The station with the highest diversity of copepod species (nine in 

number) and highest Chl-a estimates corresponded to the highest trophic efficiency. 

The next highest was the sampling location at 68ºS with a Chl-a concentration 

36.99 mg m-2. All the stations showed a comparable number of species and 

phytoplankton biomass (the column Chl-a between 10.24-13.98 mg m-2). The range 

of trophic efficiency for these stations ranged between 39.51-43.33%. 
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Fig.4.10. The trophic efficiency (%) of copepod community during the study. 

4.4. Discussion 

The general community structure of copepods was similar to that reported 

previously by Venkataramana et al., (2020) in the study region.  A considerable 

temporal variability was observed in the species-specific estimates of C during the 

time series experiment. These observations were in agreement with the previous 

studies in the Prydz Bay like those by Yang et al., (2011), (2017) who conclude the 

success of these species in the pelagic environment due to their substantial 

contribution to the C-standing stock.  

4.4.1. The Prosomal Lengths and C Content 

Precise measurements of C-content of an individual copepod are of crucial 

importance in abundance-based studies (Hopcroft et al., 2005). The relationship 

between morphometric parameters (body length in the present context) varies as a 

response to changing environmental characteristics, life history traits, seasonality 

etc (Forest et al., 2010). Though the prosomal length is conventionally known to be 

well-correlated with the body carbon content, it is still a subject to variations even 

at an intraspecific scale (Carlotti et al., 2007). The present study, however, did not 

witness any such significant variation and a constant positive correlation between 

each of the six species and their corresponding prosomal lengths (Fig. 4.4) was 
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observed (R2 = 0.66, P < 0.05) implying favorable environment and food 

availability (Duncan, 1985; Manca et al., 1994). These observations are on par with 

Uye (1982) and Martynova et al. (2009), who reported a direct proportionality 

between body lengths irrespective of specific variations in the White Sea (66ºN). 

The prosomal lengths of P. antarctica observed in the present study are in a good 

agreement with Yen (1991) who observed P. antarctica of around 10 mm prosomes 

and regarded these to be the maximum lengths the organisms tend to attain for the 

purpose of food storage and feeding, during the austral summers. These 

observations therefore, imply a conducive environment for the growth and feeding 

of copepods during the observed time period.  

 

4.4.2. Species Specific Variations in the Carbon Estimates 

Though numerically abundant, the cyclopoids constituted a very minor 

fraction of the copepod C-standing stock, except at the sampling points where 

calanoids were totally absent. This result was in accordance with the observations 

by Elliott et al. (2008) at the McMurdo Sound region. At the transect stations, the 

C-stock from O. similis was 5 times higher than that of O. frigida. During the span 

of times series experiment, the cyclopoid O. similis had almost 20 times more C 

than O. frigida. On the contrary, Pond and Ward (2011), reported 4.5 times higher 

C-content O. frigida compared to O. similis within the Ross-Scotia sea regions of 

the SO in the austral summer. The reason for this correlation could be attributed to 

the differential prosomal lengths recorded in the two studies, longer lengths of 

prosomes in case of O. similis (1,216.90 ± 10.02 μm) than that of O. frigida 

1,003.58 ± 8.33 μm) in our observations compared to the 500 μm long O. similis 

and 700 μm long O. frigida reported by Pond and Ward (2011). The smaller sizes of 

the organisms proportional to these differential prosomal lengths and lesser carbon 

content could be from the influence of seasonality and spatial heterogeneity. The 

larger body sizes (leading to higher stocks of C) are responsible for the high rates of 

grazing, exceeding the levels of PP. Such dominance of the primary consumer 

community has been observed in the Antarctic seas earlier by Perissinotto, (1992); 

Pakhomov et al., (1997). 
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The C-stock at 68oS recorded during the transect sampling (16.92 mg C) 

between 0-30m was higher than that at the time series sampling station (17.97 mg C 

between 0-200m) at the same location (see Kerkar et al., 2020b; Kerkar et al., under 

communication). The standing stock of copepod C in ascending order of the 

contribution was cyclopoids < poecilostomatoids < harpacticoids < calanoids. 

4.4.3. The Trophic Efficiency During the Study 

The trophic efficiency (Fig. 4.10) derived from the ratio of CZoo/CPhyto served 

as an index of the extent/type of interactions between the two trophic levels in 

question. The mean trophic efficiency (0.48) was higher than the previous 

observations reported by Alcaraz et al., (1998) as CZoo/CPhyto of 0.17 during their 

study in the Bransfield street in austral summer of 1994. The high ratio observed in 

the current study is an indicator of overutilization of the primary producers through 

processes like grazing (Calbet et al., 1996) and indicates a high trophic efficiency of 

the copepods in the study region. Such a high ratio is further known to indicate an 

exposure/ preference of copepods towards a wide range of food size and types, 

which results from the surrounding environmental variability of the region. 

4.5. Conclusions 

Every food-web has a unique composition of organisms, distinguishable by 

the structural and functional type. The primary producers are a start-point of the 

oceanic food-web and have a direct interaction with the secondary producers, 

thereby forming intraspecific linkage that strengthens the food web and reduces the 

loss of energy from the food chain (Xiao et al., 2019). Understanding the role of 

every individual species is an index of heterogeneity and energy transfer quotient 

for the most fundamental unit of the food web. Through the morphometric 

estimation of carbon, the current study provides a comprehensive picture of the 

species-specific carbon standing stock of the study region (Kerkar et al., 2020b). 

Such estimates can be ideal inputs for the ecological models that aim at monitoring 

the fluxes of carbon at a regional scale. Estimating the trophic efficiencies in the 

present study offers a fair understanding of energy exchange between the 
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communities from an indirect measurement type (Kerkar et al., under 

communication). The morphometric technique of C estimation in the present study 

is a non-destructive and lesser cumbersome in contrast to the conventional methods 

that lead to destruction of organisms. Imaging analysis on the contrary, provides an 

efficient alternative that allows preservation of the sample for further analysis (if 

required). Direct measurements (through metabolic rates or grazing experiments) at 

a larger spatiotemporal scale can enhance the robustness of the conclusions drawn 

from the present study. Such efforts can add a fair bit to the understanding of C-

cycle from an ecological perspective. 



Summary and Conclusions

Chapter 5
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The Southern Ocean (SO), despite being a global sink of CO2 (and an 

essential component of the biogeochemical pump) is severely underexplored in 

these aspects to date, leaving the understanding of its potential for carbon-

sequestration ambiguous. The primary productivity (PP) is effectively modulated by 

several factors, the most influencing being light: through its propagation through the 

water column and interactions with its constituents (including phytoplankton) 

govern the thermal characteristics and absorption properties of the ocean. In order 

to comment on the oceanic PP, it is therefore essential to understand the ambient 

parameters governing the process in general and light and its interactions with the 

water column constituents (the bio-optical aspects) in particular.  

Considering these missing links from the carbon puzzle of the SO, the thesis 

presents a picture of the variability in phytoplankton productivity and the influence 

of some key controlling factors from the Indian Sector of the Southern Ocean 

(ISSO) during three austral summers. The study examines the influence of chief 

bio-optical variables on primary producers and also provides a comprehensive bio-

optical assessment of the region. The impact of hydrographic parameters on PP has 

also been described as an ancillary piece of information. Additionally, it also 

elucidates the link between the primary producers with that of the immediate next 

trophic level, i.e. of the secondary producers (given their role in shaping the 

underlying phytoplankton community) from a carbon-biomass perspective.  

Obtaining comparable estimates of marine primary production is a challenge 

for the oceanographers to date, given the technical differences and errors associated 

with every technique. Additionally, techniques like 14C isotope-based PP estimation 

faces challenges like radioactive hazards and if can be replaced with a safer 

alternative technique would eliminate the oceanic contamination. However, this 

step needs several checks and validations before it can be materialized. With this 

idea in mind, the current study estimated PP from different domains of the ISSO 

that fairly improves the poorly addressed PP of the region. The attempt to compare 

PP from different techniques (13C, 14C, FRRf and satellite-based PP) revealed a 

good correlation between 13C, 14C and a stronger relationship between 13C and 
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FRRf-PP (the former being overestimated by a factor of 1.24 than the latter) than 

that of 14C and FRRf-PP. Well correlated 13C-FRRf estimates suggest the 

probability of FRRf as a potential tool for PP studies in future. The FRRf technique, 

in addition to the PP estimates can also be used to derive the photochemical yield 

and photosynthetic features of phytoplankton at a much wider spatio-temporal 

province. The observations from present study revealed a low to moderate 

photosynthetic efficiency of the ISSO phytoplankton, the attributed causes being the 

light limitation/ photoadaptation in response to the ambient light field. While 

validating the PP estimates in future, factors like NPQNSV responsible for 

modulating the Φe, C of the electron transport system need a further exploration. 

Such attempts would help in standardizing the stable C-isotope and reduce the 

radioactive contamination and hazards in future. The active fluorometry techniques 

would facilitate extensive PP measurements and also overcome the shortcomings of 

methods involving incubation, thereby overcoming the problem of sparse PP data in 

the ISSO. 

Bio-optical characterization and its link with PP explored in the present 

thesis is an extremely rare but essential step in understanding the thermal structure 

and biogeochemical cycling of the region and can be a useful index to reveal the 

physiological state of phytoplankton. The observations highlight the potential of 

phytoplankton absorption to predict PP well in the surface waters of ISSO. The 

study also discusses the phenomenon of “pigment package” effect through bio-

optical relationships, its deviations from conventional trends, therefore 

recommending necessity of regional validations in absorption-based global models. 

The absorption: Chl-a relationships in general, and a*ph-Chl-a based relationships in 

particular, demand a thorough assessment of structure and concentration of 

constituent phytoplankton pigments in future. Understanding the causes of 

overestimation of the pigment packaging index Q*a (675) and developing a regional 

correction factor can be a task taken up for future studies. The observations suggest 

that spectral absorption can be an effective tool to derive size classes of 

phytoplankton and also discusses the necessary cautions while applying the global 
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absorption models to the polar regions like the SO. Consistent efforts to test the 

accuracy of retrieval of optical coefficients from regional/ global models along with 

an impact of ambient physicochemical variables on it would be an encouraging 

aspect for future studies. Assessing the physiological properties of phytoplankton 

and their probable influence on their optical absorption could be an interesting facet 

to explore. Such in-situ datasets if validated with historical satellite data can be of 

promising potential in ocean colour studies at a regional level. The efficacy of 

phytoplankton absorption-based models (like the one in used the present study) can 

be improvised through regional reformulations in future. 

Every food-web has a unique organismal constitution, distinguishable by the 

structural and functional types. The primary producers are pioneers of every food 

web and have direct interactions with the secondary producers through intraspecific 

linkages that strengthen the food web and reduce the energy losses from the food 

chain. To understand the role of each individual species provides an index of 

heterogeneity and quotient of energy transfer for the most fundamental unit of the 

food web. Through the morphometric estimation of carbon, the present study 

provides a detailed picture of the species-specific carbon standing stock of the 

region. The species and community level estimates of C highlight the C 

sequestration at secondary trophic level and can be inputs for fundamental 

ecological models aiming at monitoring carbon fluxes at a regional scale. The 

trophic efficiencies derived in the present study provide a fair understanding of 

energy exchange between the communities from an indirect measurement type. Use 

of morphometric equations allowed preservation of samples for further analysis, 

which would not have been be possible in case of conventionally used techniques 

for C estimation (for instance, the dry ash method). Direct measurements (through 

metabolic rates or grazing experiments) at a larger spatiotemporal scale would 

enhance the robustness of the conclusions. Such observations can be a good starting 

point for future energy transfer studies and if continued at a wider spatiotemporal 

province can provide a synoptic view of C transfer between these two 

fundamentally pivotal communities of the SO. 
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ABSTRACT

Estimation of  copepod carbon (C) biomass is essential in studies of  secondary production and 
ecology in aquatic systems. The coastal Antarctic region belonging to the Indian Ocean sector 
of  the Southern Ocean is a globally well-known sink for carbon and is extremely sensitive to 
climate change. During the austral summer, an attempt was made in Prydz Bay to measure 
copepod prosomal length and use regression equations to derive copepod C-biomass. The 
technique involved microscopic measurements, by means of  a digital imaging device, of  co-
pepods collected at four intervals during a period of  48 hr, and the application of  appropriate 
conversion factors to convert these values into C-biomass. Totals of  10.38 mgC m–3 and 
25.55 mgC m–3 were recorded in the upper 200 m on day 1 and day 2, respectively. Out of  
the six copepod species present, Paraeuchaeta antarctica (Giesbrecht, 1902) (31.12 ± 11.10 µg 
m–3) and Oithona similis (Claus, 1866) (1.01 ± 0.42 µg m–3) represented the highest contribu-
tors to C-biomass amongst the calanoids and cyclopoids, respectively. Reports on copepod 
C-biomass estimates in general are extremely sparse. To our knowledge, this study is the first 
of  its kind in the study area that provides species-specific estimates of  C at every time point 
using a labor-saving and non-destructive method that allows preservation of  the samples for 
further analyses. Based on the C estimates from our study, it can be said that copepod commu-
nity is an extremely important component of  the carbon cycle in coastal Antarctica.

Key Words:  Antarctic shelf, copepod standing stock, multi plankton sampler, time series

INTRODUCTION

The process of  carbon cycling in the oceanic ecosystem is ex-
tremely crucial to understand, given the role of  the biological 
carbon pump in energy flow and the ability of  the ocean to buffer 
atmospheric carbon dioxide (Mayzaud & Pakhomov, 2014). The 
Southern Ocean (SO) and the surrounding Antarctic region, with 
its well-known influence on the global carbon cycle and climate 
change, is responsible for 25–30% of  the ocean’s total anthropo-
genic carbon uptake (Frölicher et  al., 2015). Assessment and esti-
mation of  the carbon sequestered and channeled through each 
trophic level are prerequisites for improving our current know-
ledge about the carbon cycle in the Antarctic.

Copepods are the major contributors to biomass (> 75%) and 
energy in any zooplankton community (Conover & Huntley, 1991; 
Pakhomov et  al., 2002), and they influence the oceanic biogeo-
chemical cycles through various metabolic processes like respir-
ation, assimilation, and excretion. They remain key organisms 
of  interest in ecology and production studies due to their role in 

energy transfer from the euphotic zone to deeper ocean layers 
and in energy exchange from primary producers to higher trophic 
levels (Calbet et al., 2000). They have been used as effective indi-
cators of  global climate change because of  their weak swimming 
ability and short life span (Taylor et al., 2002; Hays et al., 2005) as 
well as their proximity to the bottom of  the food chain (Takahashi 
et  al., 2010). Climate change and associated processes like ocean 
acidification, overfishing, and eutrophication (Richardson 2008; 
Mackas et al., 2012) have been altering the community structure as 
well as carbon flow through marine zooplankton on a global scale 
(Kjellerup et al., 2012).

The copepods in the SO and coastal Antarctica are no excep-
tion, facing the above-mentioned threats while also being subject 
to a reduction in sea-ice and enhanced UV exposure (Riebesell 
et  al., 2000; Orr et  al., 2005; Moy et  al., 2009). Thorough and 
up-to-date details of  copepod community structure and estimates 
of  copepod carbon (C) would be helpful in monitoring changes 
in the food web and consequent ecological impacts. The SO and 
its surrounding region support large stocks of  mesozooplankton 
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(Froneman et al., 1999) and is dominated by copepods in terms of  
biomass, abundance, and secondary production (Hernández-León 
& Montero, 2006; Carlotti et  al., 2008). A  considerable amount 
of  data is available on the abundance and community structure 
of  zooplankton in the Antarctic region (Hosie et  al., 1997; Yang 
et al., 2011b; Li & Yang 2017). Very much less, however, is known 
about the carbon biomass of  the zooplankton, and specifically 
the copepods (Atkinson et al., 2012). Copepods in the SO account 
for about 44–62% of  the consumption of  the primary produc-
tion (Hernández-León & Ikeda, 2005). They act as grazers on 
phytoplankton and microzooplankton and also are a food source 
for carnivorous zooplankton and organisms belonging to higher 
trophic levels (Kruse et  al., 2010). Thorough knowledge about 
their species diversity is essential for understanding their contri-
butions at the community level. Such knowledge could also help 
in establishing a link between hydrodynamic features and spatial 
variability, a link that is known to influence the recycling of  carbon 
through trophic as well as ontogenic levels (Mayzaud & Pakhomov, 
2014). Obtaining accurate estimates of  total biomass in general, 
and the carbon biomass by the zooplankton community in par-
ticular, would thus be of  immense importance, given the role of  
zooplankton in nutrient cycling, energy cycling between trophic 
levels, and, in turn, climate change (Steinberg & Landry, 2017). 
The carbon standing stock of  the mesozooplankton may provide 
a ‘best guess’ (del Giorgio & Duarte, 2002) for studying the cycling 
of  carbon in the ocean (Zhang & Dam, 1997) and would be of  
great importance for the models concerned with respect to con-
tribution of  this community in the global oceanic carbon budget 
(Hernández-León & Ikeda, 2005).

Owing to its unique environment, the Antarctic region is ex-
tremely sensitive to climate change (Zwally, 1994) and zoo-
plankton can be effective indicators of  change (Tanimura et  al., 
1999; Chiba et  al., 2001). The zooplankton is an extremely im-
portant link between primary producers and higher trophic levels 
in the food web, and changes in its population can be respon-
sible for altering the ecosystem structure (Steinberg et  al., 2012). 
Individual species-specific traits are known to be altered in re-
sponse to changes in the surrounding environment (Davis et  al., 
1998) and hence require attention and monitoring. Loss of  com-
mercially important marine organisms (both finfish and shellfish) 
in the upper trophic levels is already evident in the Northern 
Hemisphere due to the effects of  climate change on copepods 
(Chiba et  al., 2006; Mackas & Beaugrand, 2010; Hunt et  al., 
2011). We aimed to quantify the copepod standing stock in terms 
of  C-biomass in the Prydz Bay region of  coastal Antarctica in the 
Indian Ocean sector of  the SO (ISSO) during the austral summer 
of  2016–2017 by using image analysis and morphometric con-
version factors. We report the carbon-prosome relationships and 

the carbon biomass contributed by each of  six copepod species at 
four specific points in a time series, and the total carbon content 
present in the copepod community during the experiment. Our 
objectives were to: 1) observe the relationship between prosomal 
length and C-biomass over the study period, 2)  document the 
carbon standing stock of  C-biomass by every individual species, 
and 3) provide a community-based estimate of  C-biomass avail-
able for the next trophic level.

MATERIALS AND METHODS

Study area, sample collection, and preservation

The experiment was carried out at a fixed location at 68.33o S 
74.36o E (Fig. 1) in the Prydz Bay region of  Antarctica. The sam-
pling was performed onboard the research vessel MV-S.A. Agulhas 
1 during January 27–28, 2017 as a part of  the Ninth Indian 
Southern Ocean Expedition (December 2016-February 2017). 
Samples were collected by vertical hauling a multiple plankton 
sampler (MPS; Hydro-Bios, Am Jägersberg, Germany) of  200 μm 
mesh size and a mouth area of  0.25 m2 (Venkataramana et  al., 
2019). Sampling was done four times (twice per day) during the 
48 h experiment, from three standard depth-strata: 0 m to mixed 
layer depth (MLD), MLD to100 m, and 100–200 m. The volume 
of  the water filtered through the net was recorded by a calibrated 
flow meter mounted to the underwater unit. The samples were 
preserved in 5% buffered formaldehyde/seawater solution and 
stored at room temperature until further analysis in the Plankton 
Biology Laboratory of  National Centre for Polar and Ocean 
Research (NCPOR), Goa, India.

Identification, counting, and abundance

Zooplankton samples were sub-sampled using a Folsom splitter 
and segregated into equal aliquots. An aliquot was transferred to a 
Bogorov’s chamber and counted under a stereo-zoom microscope 
(Imaging NIKON, SZX16; Nikon, Tokyo, Japan). The different 
species of  copepods were identified using standard keys (http://
copepods.obs-banyuls.fr). Zooplankton biomass was measured by 
the volumetric displacement method (Harris et  al., 2000) and the 
copepods were counted in order to calculate their abundance in 
the samples, standardized as the number of  individuals per 100 
m–3 (ind.100 m–3).

Carbon biomass estimation

Size measurement of  copepods (Fig. 2) was done using Nikon 
Imaging software (NIS-elements BR). The imaging system 

Figure 1. Time-series sampling site in Prydz Bay, Antarctica.
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consisted of  the above-mentioned microscope, a digital camera, 
and control hardware and software (Drake et  al., 2009). Carbon 
biomass was estimated by measuring the length of  the prosome 
(between the anterior end of  the head and the flexure joint) be-
cause the prosome generally contains most of  the body tissue 
(Pearre, 1980). The carbon content in the various genera of  co-
pepods encountered in the samples was estimated following Uye 
(1982) and Liang et al. (1996). The equation W = PLx x 10–y was 
used to estimate the amount of  carbon per copepod; where, W, 
PL, X, and Y represent weight (μg) of  carbon present, prosomal 
length (in µm), Log C, and Log L, respectively (C and L being the 
species-specific regression coefficients).

The technique followed for estimating carbon biomass is 
non-destructive, in contrast to conventional techniques that tend 
to destroy organisms and make samples unusable for further ana-
lysis. Image analysis is an efficient tool for counting and sizing 
zooplankton in a sample (Nelson et  al., 2010) and establishing 
the body length-weight relationships through morphometric 
measurements remains an effective technique for estimating the 
biomass of  zooplankton (Uye, 1982). Our method combined 
an optical system or a camera that records the body area/body 
length and an appropriate conversion factor that converted the 
digitized area into biomass. The relationships obtained by this 
method agree with those obtained by previous studies undertaken 
in the Inland Sea of  Japan and in Antarctic waters (Uye, 1982; 
Hernández-León & Montero, 2006; Lehette & Hernández-León, 
2009).

RESULTS

Prosomal length and carbon content

Considerable variation in prosomal length was observed among 
the copepod species in the study area. The prosome was rela-
tively longer in calanoids than in cyclopoids irrespective of  depth 
of  sampling, but no variation in prosomal length with time of  
sampling was evident for any copepod species. Paraeuchaeta antarc-
tica had the longest prosome (mean ± SE; 4,254.737 ± 0.679 µm) 
and the highest carbon content (7,031.486 ± 1.570 µgC). A clear 
positive correlation (Fig. 3A–F) was obtained between body length 
and carbon content for all adult copepods of  all species. The 
cyclopoids Oithona similis and O.  frigida (Giesbrecht, 1902), despite 
similar prosomal lengths of  1,216.90 ± 10.02 µm and 1,003.58 ± 
8.33  µm, respectively, showed a considerable difference in body 
carbon content, 1.67 ± 0.21 versus 0.31 ± 0.003 µgC, respectively. 

The copepodite stages of  these copepods showed a similar trend 
in prosomal length versus body C-content (R2  =  0.61; P  <  0.05; 
Fig. 3G). All the data points for all six species, including both 
copepodites and adults, were plotted together (Fig. 3H) to de-
velop a generalized relationship between the two parameters of  
prosomal length and body C-content, which can be applied to 
other species of  calanoids and cyclopoids that may be encoun-
tered in the study area.

Species-specific carbon content

Individual copepods (Supplementary material Table S1). The carbon 
biomass of  individual Oihona similis between the surface and 
MLD varied from 1.60  ± 0.29  µgC (mean ± SD) and those of  
O.  frigida contained 0.29  ± 0.03  µgC. Between MLD to 100 m 
depths, individuals O. similis contained 1.45 ± 0.21 µgC and those 
of  O. frigida 0.27 ± 0.03 µgC. Calanus propinquus (Brady, 1883) was 
encountered in only one of  the four time-series samples, whereas 
Metridia gerlachei (Giesbrecht, 1902) and P.  antarctica were totally 
absent in this depth range. In samples taken at 100–200 m, the 
C-biomass of  individuals of  O.  simlis was 1.44  ± 0.20  µgC and 
that of  O.  frigida was 0.3 ± 0.02 µgC. The large calanoids P. ant-
arctica and C. propinquus accounted for 842.44 ± 100.91 µgC and 
23.76  ± 3.83  µgC biomass per individual, respectively, whereas 
the calanoids M. gerlachei and C. acutus (Giesbrecht, 1902) were ab-
sent at these depths.

Species composition. The copepod community comprised only six 
species: Oithona similis, O. frigida, Calanoides acutus, Calanus propinquus, 
Metridia gerlachei, and Paraeuchaeta antarctica (Figs. 4, 5). The 
cyclopoids O.  similis and O.  frigida were ubiquitous, occurring in 
all samples. The predatory calanoid P. antarctica contributed max-
imally to the total carbon biomass (Supplementary material Table 
S1) amongst these copepods in spite of  its total absence at one 
point in the time series. The large calanoid M. gerlachei was low in 
abundance, being found only on one of  four samplings. Calanoids 
were absent at depths between MLD and 100 m 18  h on both 
days of  the survey; the community at these depths was instead 
dominated then by the cyclopoid O.  similis (Fig. 4D), which con-
tributed 100% and 96% of  the C-biomass at 18h on days 1 and 
2, respectively.

Depth of  sampling showed a clear relation to carbon biomass 
for some of  the species. In the case of  the cyclopoids, Oithona similis 
contributed the least carbon of  all species (1–2%) between the sur-
face and MLD irrespective of  the time of  sampling (Figs. 4A–B, 
5A–B), but a higher proportion (5–8%) below MLD (Figs. 4C–D, 
5C–D), whereas O.  frigida showed no variation in body carbon 
content with depth, consistently contributing 0.01–1% of  the 
total carbon of  the copepod community. Amongst the calanoids, 
Calanus propinquus showed a trend similar to that of  O. similis, con-
tributing less of  the copepod body carbon biomass between the 
surface and MLD (1–23%) than at depths below MLD (up to 
97%). Calanoides acutus and Paraeucheta antarctica remained major 
contributors to C-biomass irrespective of  sampling depth.

Community-based estimation of  total carbon biomass

Maximum carbon biomass in copepods was observed between the 
surface and MLD. P.  antarctica dominated the community there, 
with 99.99% of  the C-biomass. The cyclopoids O.  similis and 
O.  frigida were dominant in numbers (data not shown) but not to 
the C-biomass of  the entire copepod community at every sam-
pling point and depth when compared with the calanoids (Fig. 
6A–D). The calanoid P. antarctica present within the 0–MLD and 
100–200 m depths was responsible for the maximum carbon bio-
mass during the study period. From MLD to a depth of  100 m, the 
least carbon levels were reported at 18 h (Fig. 6C–D). Paraeucheta 

Figure 2. Example of  an on-screen prosomal length measurement (bar) 
of  a copepod.
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antarctica, followed by C. propinquus and C. acutus, represented most 
of  the copepod biomass at every time point. At depths of  100–200 
m, the total carbon biomass within the copepod community was 

highest at 18h. A total of  10.38 mg m–3 of  carbon was estimated 
during 24 h on day 1 and more than double that, i.e. 25.55 mg 
m–3 of  carbon, was reported on day 2 (Fig. 6A–D).

Figure 3. Relationship between body length and carbon content of  Oithona similis (A); Oithona frigida (B); Calanoides acutus (C); Calanus propinquus (D); Metridia 
gerlacheii (E); Paraeuchaeta antarctica (F); all copepodites (G); all species (H).
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DISCUSSION

Copepods were the most dominant zooplankton group in Prydz 
Bay, constituting about 70–80% of  the total zooplankton count 
(Venkataramana et  al., unpublished data). Our results agree 
with those previously reported by Voronina (1977) reporting on 
which species of  copepods are dominant in Prydz Bay in terms 
of  biomass: Calanoides acutus, Calanus propinquus, Oithona similis, and 
O.  frigida. We found considerable temporal variability in copepod 
C-biomass, however, and this variability extended to different size 
categories within the copepod community. Our results are very 
much in accord with those of  past studies in Prydz Bay (Yang et al., 
2011a, 2016). These species seem to be most successful within the 
pelagic environment and probably play a pivotal role in C-biomass 
flux. Our study aimed to get a better picture of  the amount of  
carbon made available by copepods to the next trophic level. We 
are unaware of  any previous studies reporting the C-biomass of  

copepods in Prydz Bay on a species-specific basis, and thus our 
study represents a pioneering effort to document as precisely as 
possible the secondary production in the bay.

Relationship between prosomal length and body carbon content

Accurate measurements of  the carbon content of  individual 
copepods are extremely critical for estimating total copepod 
biomass based on abundance (Hopcroft et  al., 2005). The rela-
tionship between body length and C-content is subject to vari-
ability depending on life history strategy, seasonality, and other 
environmental parameters (Forest et  al., 2010). The organic 
carbon content of  a copepod is known to be correlated with 
prosomal length, yet may show variation at times even within 
a single species (Carlotti et  al., 2007). We observed a constant 
positive correlation for all six studied species of  copepods be-
tween prosomal length and body carbon content (R2  =  0.66, 

Figure 4. Species-specific carbon contributions on day 1 at the sampling depths 0 m–mixed layer depth (MLD) at 0 h (A); 0 m–MLD at 18 h (B); MLD–
100 m at 0 h (C); MLD–100 m at 18 h (D); 100–200 m at 0 h (E); 100–200 m at 18 h (F).
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P  <  0.05), which suggests favorable environmental condi-
tions and food availability (Duncan, 1985; Manca et  al., 1994). 
These results are in line with those obtained by Uye (1982) and 
Martynova et  al. (2009), who observed a significant pattern of  
increasing carbon content with greater prosomal length in co-
pepods irrespective of  the species during an experiment in the 
White Sea (66ºN). The prosomal length of  P.  antarctica that we 
recorded is similar to that observed by Yen (1991), who stated 
that this species possesses a long prosome of  around 10 mm and 
attains its highest level of  feeding and food storage in the austral 
summer. The relationship that we observed between prosomal 
length and C-content of  copepods indicates a favorable envir-
onment for copepod growth.

Variability in carbon biomass estimates among species

The total carbon content of  O.  similis was almost 20 times 
greater than that of  O.  frigida in our study, quite different from 

the observations of  Pond & Ward (2010), who reported that the 
C-biomass of  O.  frigida was only 4.5 times greater than that of  
O. similis in the Ross Sea to Scotia Sea sector of  the SO during 
the austral summer. This could be due to the different relative 
lengths of  the prosome observed in the two studies: longer in 
O.  similis (1,216.90  ± 10.02  µm) than in O.  frigida (1,003.58  ± 
8.33  µm) in our study but longer in O.  frigida (700 µm) than in 
O.  similis (500  µm) by Pond & Ward (2010). The smaller body 
sizes in the earlier study and the concomitant lower carbon 
content could be due to the influence of  spatial heterogeneity 
and seasonality (Hopkins, 1971; Atkinson, 1991). The greater 
body sizes and presumably higher carbon content of  the spe-
cies of  Oithona observed in our study may, in addition to the 
above-mentioned factors, possibly be attributed to conditions of  
very high grazing pressure that exceed the level of  primary pro-
duction. Similar situations of  dominance of  primary consumers 
have been previously observed in Antarctic seas (Perissinotto, 
1992; Pakhomov et al., 1997).

Figure 5. Species-specific carbon contributions on day 2 at the sampling depths 0 m–mixed layer depth (MLD) at 0 h (A). 0 m–MLD at 18 h (B). MLD–
100 m at 0 h (C). MLD–100 m at 18 h (D). 100–200 m at 0 h (E). 100–200 m at 18 h (F).

D
ow

nloaded from
 https://academ

ic.oup.com
/jcb/advance-article-abstract/doi/10.1093/jcbiol/ruz077/5639609 by guest on 25 N

ovem
ber 2019



COPEPOD CARBON BIOMASS IN COASTAL ANTARCTICA

7

Variations in total carbon estimates at the community level

Despite their numerical abundance, cyclopoids constituted a 
very small fraction of  the total copepod carbon biomass except 
when calanoids were absent. This observation is similar to that 
reported by Elliott et  al. (2008) in McMurdo Sound. The higher 
C-biomass in deeper water could be due to the increased abun-
dance of  Paraeuchaeta antarctica, which is known to attain its max-
imum carbon contribution in the austral summer. As observed by 
Yen (1991), its feeding activity reaches a peak in the summer in 
order to store energy for the winter, during which it undergoes 
diapause and completely ceases its metabolism.

The present dataset provides a better picture of  the C-biomass 
in the SO for use in constructing models of  carbon and/or en-
ergy flux using copepods. The species-specific carbon estimates 
also provide a clue to the feeding/prey-predator structure in the 
community at a specific time point. Studies of  this kind, if  carried 
out for a longer term, will be of  great importance in predicting 
how changes in individual species resulting from climate change 
might affect the community structure of  copepods to the resultant 
C-biomass in the ocean.

SUPPLEMENTARY MATERIAL

Supplementary material is available at Journal of  Crustacean Biology 
online.

Table S1. Abundance and species-specific carbon biomass per 
individual copepod.
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Abstract
The Southern Ocean (SO), in spite of its major contribution to global primary productivity (PP), remains underexplored 
in this aspect. Light being the most limiting parameter affecting primary production, it is crucial to study the ambient light 
field to understand PP and associated processes. The current study makes a dual effort to present PP estimates as well as 
understand the bio-optical variability in the Indian sector of the Southern Ocean (ISSO). Results suggest that PP was highest 
at Sub-Tropical Front (STF) and lowest at Polar Front-2 (PF2). Most PP profiles were characterized by subsurface maxima, 
indicating probable photoinhibition or micronutrient limitation at surface layer. Strong correlation between measured and 
satellite-based integrated PP (R2 = 0.94, RMSE = 77.48, p < 0.01) indicated the efficacy of global models in their original 
formulation in bio-optically complex SO waters. The maximum photochemical efficiency of phytoplankton (Fv/Fm) meas-
ured by fast repetition rate fluorometry varied from 0.1–0.4, implying reduced phytoplankton photosynthetic efficiency in 
ISSO. The ratio between remote sensing reflectance (Rrs)-derived phytoplankton absorption (aph) at blue-red band (B/R 
ratio) indicated dominance of smaller phytoplankton in surface and larger phytoplankton at subsurface. Higher Chl-a specific 
phytoplankton absorption (a*

ph) than phytoplankton absorption (aph) suggested an adaptation of dominant phytoplankton 
species to low light, yet a better light harvest efficiency. However, low contribution of aph suggested a strong influence of 
non-phytoplankton materials to the total absorption budget. We therefore infer that, the surrounding physical environment 
in terms of nutrients and bio-optical variability modulated phytoplankton size class and thereby productivity more critically 
in the surface than in the deeper layers of ISSO.

Keywords Light absorption · Package effect · Photosynthetic parameters · Phytoplankton productivity · Southern ocean

Introduction

The Southern Ocean (SO) plays a central role in influencing 
the global climate change scenario owing the uniqueness 
of its frontal systems, the Antarctic Circumpolar Current 
(ACC) (Orsi et al. 1995), absence of meridional boundary 
and the inter-oceanic connections established between the 
Atlantic, Pacific and Indian Oceans (Olbers et al. 2004). In 
spite of its high-nutrient low-chlorophyll (HNLC) status 
(Trull et al. 2001; Boyd et al. 2002), the SO contributes to 
almost 40% of the oceanic phytoplankton primary produc-
tion (PP) and acts as a carbon sink (Arrigo et al. 2008). Of 
late, the physicochemical and biological characteristics of 
the SO have been showing clear responses to climate change 
(Graham 2014). Hence, an improved understanding of the 
key biogeochemical processes like PP with respect to the 
ambient physical forcings is a prerequisite to address the 
response of the SO in Earth’s climatic variability.
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Oceanic PP plays a major role in global carbon cycle by 
drawing down atmospheric  CO2 to the ocean interior through 
the ‘biological pump’ (Sarmiento et al. 1998; Le Quere et al. 
2007) and is strongly influenced by availability of light and 
supply of nutrients (macro and micro). The low primary 
production, regardless of the usual high-nutrient concentra-
tions in the most parts of the SO, is attributed to three basic 
variables: chlorophyll-a (Chl-a), photosynthetically active 
radiation (PAR), and phytoplankton light absorption capac-
ity (Behrenfeld and Falkowski 1997a). It is reported that 
the SO ecosystem is highly sensitive to physical forcings 
that influence fluctuations in light, nutrients, mixed layer 
depth (MLD), deep chlorophyll maximum (DCM), sea ice, 
upwelling, etc. (Rintoul et al. 2014), which are well-known 
modulators of PP in the study region. Thus, it is impera-
tive to have a clear understanding of these factors to know 
the spatiotemporal variability of PP in the SO. The carbon-
fixing potential of primary producers (phytoplankton) can 
be used as an effective tool to study biogeochemical fluxes, 
carbon and nutrient cycling. The dynamics in temperature, 
MLD, wind strength, salinity, extent and duration of sea ice 
are well-known modulators of the phytoplankton composi-
tion, abundance and productivity in the SO (Moline et al. 
2004). In addition to these physical parameters, ocean colour 
studies which involve use of the spectral absorption coef-
ficients of the dissolved and suspended particles throughout 
the water column are extremely important to estimate PP 
using remote platforms (Behrenfeld et al. 2006).

Despite its well-known global significance, a large 
expanse of SO still remains poorly explored due to its 
extremely harsh conditions and remote location. Though PP 
and factors controlling it in different sectors of SO have been 
illustrated by several studies, the reports from the Indian 
sector of the SO (ISSO) are scant (Tripathy et al. 2017). 
Some of the previous studies in the ISSO have reported 
productivity potential of different frontal regions using sat-
ellite-derived parameters (Jasmine et al. 2009), prevalence 
of regenerated PP at all the fronts except STF, seasonal 
and spatial variations in new PP (f ratios) (Mengesha et al. 
1998; Thomalla et al. 2011; Gandhi et al. 2012; Prakash 
et al. 2015; Tripathy et al. 2018), role of DCM in PP vari-
ability (Gomi et al. 2010; Tripathy et al. 2015), influence 
of phytoplankton pigment package effect on PP (Tripathy 
et al. 2014), phytoplankton photochemical efficiency by Fast 
Repetition Rate fluorometry (FRRf) (Westwood et al. 2011) 
and effect of Island mass effect on PP variability (Blain et al. 
2001).

Light is the most important determinant of PP and is 
attenuated in the water column by the different suspended 
and dissolved bio-optical constituents. Spectral Absorp-
tion coefficients of these constituents help in understand-
ing the underwater light variability and its availability for 
C-fixation (Sathyendranath and Platt 2007). These in situ 

bio-optical measurements are extremely useful for validation 
of ocean colour observation from satellite sensors, predict-
ing the amount of light used for photosynthesis (Bricaud 
et al. 2004) and spatiotemporal variations in phytoplank-
ton absorption coefficients in global oceans (Lohrenz et al. 
2003; Babin et al. 2003). The optical properties of SO are 
expected to be complex due to the dynamic hydrographic 
conditions (e.g. freshwater intrusion, upwelling and mixing). 
Studies in the SO and elsewhere have shown that freshwa-
ter intrusion could significantly change the light absorption 
efficiency among phytoplankton, detritus, and coloured dis-
solved organic matter (Babin et al. 2003; Wang et al. 2014; 
Tripathy et al. 2014), thus modulating the underwater light 
available for PP.

Though several studies have been carried out in the ISSO 
to explain variability of PP, rarely any (Hirawake et al. 2011) 
of them has explained the link between bio-optical prop-
erties and PP. Taking into account this lack of bio-optical 
observations in ISSO, we attempt to study the variability in 
14C-based PP and bio-optical properties in relation to ambi-
ent environmental parameters at different frontal zones of 
the ISSO. Moreover, we aim to (1) identify the dominant 
factors for PP variability and compare the in situ PP with the 
vertically generalized production model (VGPM) output, (2) 
use bio-optical technique like FRRf to explain the fluctua-
tions in phytoplankton physiological parameters with respect 
to ambient physicochemical parameters, and (3) obtain an 
overall picture of light absorption budget in the study region 
and find its inter-linkages with photo-physiological prop-
erties (such as pigment packaging effect, photoinhibition, 
absorption efficiency) and PP. The present study would not 
only generate baseline bio-optical datasets but also would 
contribute towards bio-optical oceanography in relation to 
phytoplankton productivity in this under sampled region.

Materials and methods

Study area, sampling and hydrography

Study area (Fig. 1) comprises PF (Polar Front), SAF (Sub-
Antarctic Front) and the STF (Sub-Tropical Front). In the 
ISSO, the PF is divided into two branches between 49° S 
and 52° S (PF1) and 53° S and 55° S (PF2). The branches 
show distinct, characteristic sea surface temperatures 
(SST); 4–5 °C at the Northern branch (PF1) and 2–3 °C 
at the southern branch (PF2) (Sokolov and Rintoul 2002). 
The PF also possesses unique physicochemical (Trull et al. 
2001) and biological characteristics (Pavithran et al. 2012) 
at its two different branches and has significant contribu-
tion to biological production and biogeochemical cycling 
(Kemp et al. 2010). The SAF is recognized as the North-
ern boundary of the PF (Kostianoy et al. 2004). It bears 
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an isotherm of SST at 8.1 °C and possesses a bimodal 
path (Moore et al. 1999). The STF is known as the most 
dynamic front of the SO and acts as a boundary between 
the saline, warm sub-tropical waters and fresh, cool sub-
Antarctic waters with isohalines of 35.0 psu (Belkin and 
Gordon 1996). The salinity and temperature ranges from 
34.6–35.0 psu and 10 and 12 °C at 100 m depth, respec-
tively (Orsi et al. 1995).

The 8th Indian Expedition to the SO (2015) included 
sampling at six stations at different frontal regions. Sam-
pling was carried out onboard ORV-Sagar Nidhi along 
the 57.5° E meridian transect (regular track of the Indian 
Expedition to the SO) in the ISSO during austral sum-
mer including each of the front (i.e. STF, SAF, PF1 and 
PF2). Water samples were collected from surface and dis-
crete sampling depths by Niskin bottle of 10L capacity 
mounted on a Conductivity-Temperature-Depth (CTD, 
SBE 911+, USA) carousel (General Oceanics Inc., USA) 
and sub-sampled for further analyses. The vertical profiles 
of temperature, salinity, dissolved oxygen (DO), photosyn-
thetically active radiation (PAR) were obtained from the 
CTD carousel. The CTD profiles were used to estimate 
the Brunt–Vaisala frequency (N), a measure of stability 
of the water column (Pond and Pickard 1978), using the 
expression,

where g is the acceleration due to gravity, �0 is the refer-
ence seawater density (1025 kg m−3) and �ρ

�z
 is the vertical 

potential density gradient. Positive, zero and negative N 
values indicate stable, neutral and unstable water column, 
respectively.

Macronutrients, chlorophyll‑a and PAR

100 ml of water samples were collected onboard for the 
analysis of nitrate  (NO3), phosphate  (PO4) and silicate 
 (SiO4). These water samples were stored at − 40 °C until 
further analysis. The water samples were analysed in the 
NCPOR laboratory for the concentration of respective nutri-
ents using a segmented flow analyzer (SKALAR) following 
the standard methodology for seawater analysis (UNESCO 
1994). The precision of detection (limits) for  NO3,  PO4 and 
 SiO4were ± 0.06 (± 0.07), ± 0.003 (± 0.004), and ± 0.06 
(± 0.04) μM, respectively. The water samples filtered on 
47 mm Whatman GF/F filters were extracted in 90% ace-
tone in cold, dark conditions overnight and analysed fluoro-
metrically (10-AU, Turner Designs with a detection limit 
of 0.02 mg m−3) following Strickland and Parsons (1972) 
to determine the chlorophyll-a (Chl-a) concentration. The 
Chl-a (mg  m−3) values at different depths were trapezoidally 
integrated to obtain water column Chl-a (mg  m−2). Continu-
ous measurement of incident PAR (μmol photons  m−2 s−1) 
from dawn to dusk was carried out onboard using a 4π PAR 
sensor (QSL–2100, Biospherical Instruments Inc., USA) 
fitted in a well-lit (shadow-free) area on the monkey deck.

14C‑based productivity measurements

Water samples were collected from 5 discrete depths cover-
ing the euphotic zone and filtered through a 200-μm mesh to 
eliminate the grazers (zooplankton). Each sample was then 
enriched with 1 ml of 14C[Na(14H)CO3] corresponding to 
5 μCi per 250 ml of seawater in Nalgene bottles followed by 
incubation of the samples in a deck incubation tank continu-
ously supplied with circulating surface seawater to maintain 
the ambient temperature (Knap et al. 1996). The samples (in 
duplicates) were incubated for 24 h (mostly from dawn to 
dusk) following standard simulated-in situ incubation tech-
nique (1994). Appropriate density filter packets were used to 
wrap the incubation bottles so as to simulate the light inten-
sity at specific sampling depths (UNESCO-JGOFS 1994). 
At the end of the incubation, the samples were filtered onto 
25 mm GF/F filters (®Whatman). Daily PP rates (mg C  m−3 
 d−1) were obtained following Strickland and Parsons (1972), 
which included quantification of disintegration activity in a 

N =

√

−
g

�0
⋅

��

�z

Fig. 1  Study area map showing station locations (closed circles) 
at STF, SAF, PF1 and PF2 in the Indian sector of Southern Ocean. 
Background colours indicate the bathymetry (ETOPO data). The dot-
ted lines are sea surface temperature contours indicative of different 
frontal boundaries. The inset figure shows a larger perspective of the 
study area
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liquid scintillation counter (Wallac 1409 DSA). These daily 
PP rates (mg C  m−3  day−1) at each depth were trapezoi-
dally integrated to estimate the euphotic zone-integrated 
PP (IPP, mg C m−2 day−1). The PP values were normalized 
with corresponding Chl-a to calculate the Chl-a specific PP 
 (PB) (mg C (mgChl-a)–1  day–1), which is an index for phyto-
plankton physiological adaptation to the ambient environ-
ment (Behrenfeld and Falkowski 1997a, b).

Relationship between  PB at discrete depths and cor-
responding underwater PAR (PAR–PB relationship) was 
deduced using curve fitting method. Here, the PAR–PB 
relationship does not represent the true photosynthesis-irra-
diance (P–E) response of the phytoplankton assemblages but 
represents the relation between  PB and corresponding PAR 
at discrete depths within the water column (Sakshaug et al. 
1997; Tripathy et al. 2010) For the stations where photoin-
hibition was evident, the P–E model developed by Steele 
et al. (1962) was used, which can be expressed as hereunder:

where, PB, PB
opt

andEmax are rates of Chl-a normalized car-
bon fixation (mgC (mg Chl-a)–1 h–1), Chl-a normalized opti-
mal carbon fixation in the water column (mgC (mg Chl-
a)–1 h–1) and irradiance value at inflection point between 
light-saturated and light-limited phases (µE  m–2  s–1), 
respectively.

In case of absence of photoinhibition, the curve fit-
ting was carried out using the Webb et al. (1974) equation 
described hereunder

The photosynthetic parameters for Eq. (2) are same as 
those defined for Eq. (1). Acronyms and abbreviations used 
in this study are listed in the Table 1.

Fast repetition rate fluorometry‑based 
measurements

Profiling of a Fast Repetition Rate fluorometer (FRRf; Fas-
tOcean APD, CTG Ltd., UK) was carried out at a vertical 
rate ≤ 0.5 m s−1 to provide adequate interrogation of the phy-
toplankton within the water column to obtain high resolution 
data on phytoplankton physiological properties like maxi-
mum photochemical efficiency of photosystem II at dark  (Fv/
Fm) and light 

(

F�
q
∕F�

m

)

 , functional absorption cross-section 
of photosystem II at dark (σPSII) and light 

(

�′
PSII

)

 condition, 
reaction centre concentration (RCII), etc., at approximately 
1 m interval in the water column. The Non-photochemical 
Quenching  (NPQNSV) of fluorescence was measured follow-
ing Oxborough et al. (2012). The excitation and relaxation 
protocols were set for 450, 530 and 624 nm as per the 

(1)PB = PB
opt

(

E∕Emax

)

− exp
[

1 −
(

E∕Emax

)]

(2)PB = PB
opt

[

1 − exp
(

−E∕Emax

)]

manual provided by CTG, UK. The vessel was re-orientated 
to avoid ship shadow prior to each FRRf cast. All FRRf 
parameters were obtained under ambient plus dark (APD) 
conditions.

Absorption coefficients of phytoplankton 
and non‑phytoplankton particles

Water samples from different depths of the euphotic zone 
were analysed to obtain phytoplankton absorption (aph) fol-
lowing Mitchell et al. (1990). 1 l of water sample from each 
depth was filtered separately onto a 25 mm GF/F (0.7 μm) 
paper under a low suction pressure. The residues on filter 
papers were measured within 400–700 nm wavelength at 
1 nm interval using a UV–Vis 2600 spectrophotometer (Shi-
madzu, Japan) with an integrating sphere. The path-length 
amplification effect of the glass fibre filter caused due to 
multiple scattering was corrected using the equation pro-
posed by Cleveland and Weidemann (1993):

where  ODs(λ) and  ODf(λ) are optical density (OD) of the 
particulate matter in suspension and filter, respectively. 
Absorption coefficient of the total particles present in sus-
pension  (ap(λ)) was calculated using the equation:

where 2.303 = conversion factor for  log10 to  loge, S = clear-
ance area measured for the filter paper  (m2), V = filtered vol-
ume (ml), S/V = approximate geometrical light path-length.

After measuring OD for particulate matter, the filter 
papers were soaked in absolute methanol for 24 h to extract 
the phytoplankton pigments. After rinsing with Filtered Sea 
Water (FSW), absorbance of the decolourized papers were 
re-measured to obtain OD of the non-phytoplankton parti-
cles (anph(λ)) following Kishino et al. (1985). Using Eq. (4) 
anph (λ) was calculated. The absorption coefficient of phyto-
plankton (aph(λ)) was obtained by substituting  anph (λ) from 
 ap(λ) as follows:

The averages of duplicate spectra were used in this study. 
The aph values were normalized by Chl-a to determine 
chlorophyll-specific phytoplankton absorption coefficients 
(a*

ph(λ)).

Absorption coefficients of chromophoric dissolved 
organic matter

The light absorption coefficient for Chromophoric Dis-
solved Organic Matter  (aCDOM) was measured by filtering 

(3)ODs(�) = 0.378ODf(�) + 0.523ODf(�)
2

(4)ap(�) = 2.303ODs(�) ∗ S∕V

(5)aph(�) = ap(�) − anph(�)
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the subsamples through 47 mm GF/F (Whatman) to elimi-
nate the larger particles. The samples were once again fil-
tered through 47 mm Nucleopore filters (pore size: 0.2 µm) 
to remove the smaller particles. Both the filters were rinsed 
with Milli-Q water before filtration. The filtrates were 
stored in dark condition for a few hours in order to attain 
equilibrium to room temperature. The absorption meas-
urements were performed by spectrophotometer with an 
integrating sphere (UV–Vis 2600, Shimadzu, Japan) using 
a 10 cm path-length quartz cuvette and Milli-Q water as 
reference. The normalization of absorbance was done to 
zero at 600 nm to eradicate temperature-dependent inter-
ferences observed between 650 and 750 nm. Blank values 
(Mill-Q water) were subtracted from every wavelength in 

the spectrum (Mitchell et al. 2002). The following equa-
tion was used in order to determine the  aCDOM at every 
station:

where  ODs, fsw and null are the optical densities of sample, 
purified filtered sea water, and at null absorption wavelength. 
The optical path-length, l=0.1 m = 10 cm and aCDOM is 
expressed in  m−1. The total absorption coefficient (atot) value 
was then calculated by summing up the values obtained for 
ap, aCDOM and aw (absorption by pure water) at specific 
wavelengths and sampling depths. The values for  aw were 
obtained from Pope and Fry (1997).

(6)aCDOM(�) =
2.303

l

[{

ODs(�) − ODfsw(�)
}

− ODnull

]

Table 1  List of acronyms and 
abbreviations used

Abbreviation Description Unit

CDOM Chromophoric dissolved organic matter
Chl-a Concentration of chlorophyll-a mg  m−3

Chlint Water column-integrated Chl-a mg  m−2

DCM Deep chlorophyll maximum
MLD Mixed layer depth m
AOP Apparent optical properties
IPP Integrated primary production in the euphotic zone mgC  m−2  day−1

PP Primary Productivity mgC  m−3  day−1

PB Chl-a normalized primary productivity mgC mgChl-a−1  day−1

PB
opt Maximum  PB in the water column mgC mgChl-a−1  day−1

Zeu Depth of the euphotic zone m
PAR Photosynthetically active radiation µEinstein  m−2 s−1

Kd Diffuse attenuation coefficient of PAR m−1

SST Sea surface temperature °C
TSM Total suspended matter mg  l−1

VGPM Vertically generalized production model
FRRF Fast rate repetition fluorometry
PS II Photosystem II
Fv/Fm Maximum photochemical efficiency of PS II Dimensionless
F�
q
∕F�

m
Effective photochemical efficiency of PS II Dimensionless

σPSII Functional absorption cross-section of PS II in dark nm−2

�′
PSII

Functional absorption cross-section of PS II in light nm−2

atot Total absorption coefficient, atot = aph + anph + aw m−1

aCDOM Absorption by CDOM m−1

anph Absorption by non-phytoplankton particles m−1

a∗
ph

Chl-a specific absorption coefficient m−2 mg Chl-a−1

aph Absorption by the phytoplankton m−1

a∗
sol

Specific absorption coefficient of Chl-a ideally dispersed in 
solution

m−2 mg Chl-a−1

aw Absorption by pure water m−1

Ed Spectral downwelling irradiance mW  cm−2 nm−1

Lw Water-leaving radiance mW  cm−2 nm−1 sr −1

Rrs Remote sensing reflectance Rrs = Lw/Ed sr−1

λ Wavelength nm
Q∗

a
a∗
ph
∕a∗

sol
(indicator of the pigment packaging) Dimensionless
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Estimation of total suspended matter

Water samples from two depths (surface and DCM) col-
lected at each station were processed to determine the con-
centration of total suspended matter (TSM). The samples 
were filtered through prewashed and pre-weighed (w1) 
47 mm Millipore filters (pore size 0.45 µm) under a low 
vacuum pressure (approx. 120 mmHg). The filters were then 
oven dried at 60℃ for 4 h and re-weighed to obtain the final 
weight (w2). The concentration of TSM for each station was 
expressed in mg  l−1.

where V = the volume of water filtered (L).

Hyperspectral radiometric measurements

A hyperspectral optical profiler (HyperProII, Satlantic, 
Canada) was deployed in free-fall profiling mode to record 
the apparent optical properties (AOP) in the euphotic zone. 
This instrument provides information about the downwelling 
irradiance (Ed), upwelling radiance (Lu), remote sensing 
reflectance (Rrs), diffuse attenuation coefficient of PAR (Kd) 
at 1 nm interval from 354 to 800 nm. Care was taken to 
avoid shade and ship induced disturbances (vibrations) while 
deploying the instrument. The optical profiler data were 
processed by ProSoft software package and downward cast 
data were considered for interpretation. Derivation of total 
absorption (aph + anph + aCDOM) by inversion of the spectral 
Rrs was carried out following the quasi-analytical algorithm 
(QAA, v4) with optimization technique (Lee et al. 2002). 
Ocean chlorophyll (OC) algorithms version OC2, OC3 and 
OC4 were used to retrieve modelled Chl-a from the radio-
metric-based Rrs so as to compare the same with its in situ 
counterpart.

Satellite‑based primary productivity

The euphotic depth (Zeu, the depth where PAR reduces to 1% 
of its value just beneath the surface) integrated PP (IPP) was 
estimated from the satellite-derived variables using the ver-
tically generalized production model (VGPM) proposed by 
Behrenfeld and Falkowski (1997b). The VGPM is expressed 
as follows:

where IPP, PB
opt

 , E0, Zeu,  Chl0 and DL are euphotic zone-
integrated daily PP (mgC  m−2  day−1), Chl-a normalized 
maximum PP in the water column (mgC mgChl-a−1 h−1), 
PAR value at sea surface (E  m−2  day−1), depth of the 

(7)TSM
(

mg l−1
)

=
(

w2 − w1

)/

(V ∗ 0.001)

(8)
IPP = 0.66125 × PB

opt
×
[

E0

/(

E0 + 4.1
)]

× Zeu × Chl0 × DL

euphotic zone estimated from sea surface Chl-a  (Chl0) 
according to Morel and Berthon (1989), sea surface Chl-a 
(mg  m−3), and daylength (in hours) calculated following 
Kirk (1994), respectively. The light-dependent function 
[(0.66125E0)/(E0 + 4.1)] describes the relative change in the 
light saturation fraction of the Zeu as a function of  E0. The 
PB
opt

 is expressed as the 7th order polynomial function of SST 
(Behrenfeld and Falkowski 1997b). Daily SST was obtained 
from AVHRR, whereas daily PAR and weekly Chl-a (since 
daily values are not available) was retrieved from MODIS-
AQUA sensors (https ://ocean color .gsfc.nasa.gov/l3/) with a 
spatial resolution of 4×4 km from the data provided by 
NASA. Daylength varied from 14 to 16 h during the sam-
pling period.

Results

Hydrographical characteristics

The hydrographical characteristics in the upper 120  m 
of the four frontal regions were quite different from each 
other. Vertical profiles of temperature (Fig. 2a) showed the 
least mean value at PF2b (1.71 ± 0.57 °C) and maximum 
(15.75 ± 1.91 °C) at STF. Salinity profiles (Fig. 2b) showed 
lowest mean value at STF (33.80 ± 0.54) and highest mean 
value at PF2a (33.92 ± 0.58). The SST increased from PF2a 
towards STF (2.4–18.8 °C), whereas the sea surface salin-
ity (SSS) was lowest (33.75) at STF and highest (34.30) 
at SAF (Table 2). The variation of temperature was more 
pronounced in the water column than salinity variations 
among the fronts. However, sharp variation in salinity in 
the surface layers (< 10 m) at SAF and PF2 was observed. 
The mixed layer depth (MLD) was deepest at PF2 followed 
by PF1 and SAF, whereas STF showed no clear mixed layer. 
The estimated N (Fig. 2c) showed a weaker stability (nega-
tive values) in the PF2 and PF1 which indicated the weaker 
stratification in this region during the observation. However, 
stronger N (positive values) in the SAF and STF indicated 
that the region was more stratified than PF. In general, upper 
water column (upper 40 m) of the study region was well 
mixed during the study. The DO profile (Fig. 2d) showed 
highest mean values at PF2a (7.53 ± 0.20 ml  l−1) and the 
least at STF (6.83 ± 0.08 ml  l−1). Vertical distribution of DO 
was nearly homogenous at all the stations. However, like 
salinity profiles, sharp fluctuations were observed at PF2 
and SAF within the upper 10 m.

The vertical distribution of PAR (Fig. 2e) is primarily 
dependent on not only the surface incoming PAR but also 
the diffuse attenuation coefficient of PAR (Kd). The verti-
cal profile of PAR showed a typical exponential decrease 
with highest PAR observed at PF2a (142.83 μmol photons 
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Fig. 2  Vertical profiles of in situ temperature (a), salinity (b), buoyancy frequency (of the four representative fronts) (c), dissolved oxygen (d) 
and PAR (e) measured by CTD at different frontal locations
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 m−2 s−1) and lowest at SAF (0.15 μmol photons  m−2 s−1). 
This variation can be linked to the time of CTD deploy-
ment which differed from station to station. Furthermore, 
low PAR due to presence of cloud cover cannot be ruled out.

Nutrients distribution

The vertical profiles of nutrients showed marked varia-
tion among the fronts.  NO3 (Fig. 3a) concentrations were 
homogeneous in the water column (120 m) for PF stations. 
However, it increased at SAF below MLD, and a gradual 
increase with depth was noticed for STF indicating probable 
upwelling of nutrient-rich waters from deep below. Simi-
lar trend was exhibited for  PO4 (Fig. 3b). But  SiO4 values 
showed a clear increase after the MLD (Fig. 3c) with PF2 
depicting distinctly higher concentrations among fronts. 
On the other hand, the STF was typified by least  NO3 and 
 PO4 values. The macronutrients showed a north–south 
increasing gradient (Table 2), as least concentrations of 
 NO3 (3.50 (µM)),  PO4 (0.75 (µM)) and  SiO4 (6.59 (µM)) 
were observed at STF, whereas PF2a was characterized 
by the highest concentrations of  NO3 (26.44 (µM)),  PO4 
(2.00 (µM)) and  SiO4 (26.39 (µM)). Analysis of nutrient 
ratios in the study area indicated highest N:P (13.40), N:Si 
(1.06) and Si:P (13.12) at PF2 stations (Table 2). PF1a and 
PF1b also exhibited high N:P (14.13 and 12.17) and N:Si 
(2.88 and 2.16) but low Si:P (5.15 and 6.72) values. High 
N:Si (4.02) and low Si:P (3.53) were observed at SAF while 
the STF corresponded to the least N:P (5.0), N:Si (0.58) and 
a low Si:P (8.84) ratio.

Chl‑a, 14C‑based primary productivity and PAR–PB 
relationship

The surface Chl-a  (Chl0) concentrations varied from 0.11 
(PF2b) to 0.26 mg m−3 (STF) during the study period indi-
cating higher  Chl0 at the stations to the north of PF (Table 2). 
The Chl-a profiles (Fig. 4a) showed low values at surface 
and distinct DCM. Similar to Chl-a, the vertical PP profiles 
showed low surface and higher subsurface values (Fig. 4b) 
and the depths of PP maxima at each front were shallower 
than the corresponding DCM depths. A weak relationship 
was observed between the Chl-a and PP at discrete depths 
in the water column (R2 = 0.32, p < 0.05; Fig. 4c); however, 
their depth-integrated values were significantly correlated 
(R2 = 0.86, p < 0.001; Fig. 4d).

The daily integrated incident PAR  (E0) varied from 
26.66 mol photons  m−2  day−1 (at SAF) to 59.84 mol photons 
 m−2  day−1 (at PF2b) during the observation period with no 
trend in daily PAR variability across the fronts. STF showed 
maximum PP despite the least observed PAR. Uniform val-
ues of  PB (Chl-a specific PP) were observed at all the sta-
tions. The PAR–PB relationships for STF, SAF and PF1 was Ta
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linear (Fig. 4e), whereas for PF2 stations it was curvilinear 
(Fig. 4f).

Satellite‑based observations

Satellite-derived and in  situ daily integrated PAR were 
strongly correlated (R2 = 0.87, p < 0.01), but satellite PAR 
was underestimated at all stations (Fig. 5a) except at the 
PF. In situ and remotely sensed Chl-a in the PF region were 
close to 1:1 line; however, satellite measurements under-
estimated at SAF and STF. VGPM-based IPP varied from 
173.12 to 473.55 mgC  m−2  day−1. The in situ IPP strongly 
correlated with the VGPM-based IPP accounting for 94% 
(R2 = 0.94, RMSE = 77.48, p < 0.01) of the observed variabil-
ity in it (Fig. 5b). IPP values at PF2 were almost on 1:1 line, 
whereas values at PF1 were closer to this line. However, the 
VGPM-IPP overestimated (1.2 times) the measured IPP at 
SAF and STF stations.

Photosynthetic parameters from Fast Repetition 
Rate fluorometry

The maximum (Fv/Fm) and effective 
(

F�
q
∕F�

m

)

 photochemi-
cal efficiency of PSII in the study area varied from 0.09 to 
0.42 (avg. 0.32 ± 0.06) and 0.11 to 0.48 (avg. 0.31 ± 0.07), 
respectively. Fv/Fm and F�

q
∕F�

m
 was the least at PF1, whereas 

highest at STF (Fig. 6a–b). Similar trend was also observed 
for functional absorption cross-section in darkness (σPSII) 
and under ambient light 

(

�′
PSII

)

 condition (Fig. 6c–d), which 
varied from 1.38 to 8.35 (avg. 4.93 ± 1.31) and 1.14 to 7.92 
(avg. 5.08 ± 1.34)  nm2  PSII−1, respectively. The vertical pro-
file of Fv/Fm and F�

q
∕F�

m
 was low at surface layers, increased 

with depth, attained maximum values (indicating healthier 
phytoplankton) in the subsurface layers (> 60 m) and there-
after similar values were maintained at deeper depths except 

at STF where a clear decrease in photochemical efficiency 
values was observed after 80 m. Subsurface maxima for 
Fv/Fm values were observed at all the stations, which nearly 
coincided with the Chl-a and fluorescence profiles. A 
decrease in Fv/Fm below the DCM layer, where Chl-a con-
centrations started to decrease, was often observed (Fig. 6a). 
Due to instrumental error, the surface values for F�

q
∕F�

m
 and 

�′
PSII

 could not be recorded (Fig. 6b–d), but from the distri-
bution pattern at subsurface layers it can be presumed that 
fluorescence quenching at surface layer was stronger at PF1 
and PF2 than STF (Fig. 6e–f). Average non-photochemical 
quenching  (NPQNSV) values of 0.59 at PF2a, 9.64 at PF2b, 
2.53 at PF1b, 1.01 at PF1a, 1.02 at SAF and 2.05 at STF, 
respectively, were observed during the study.

Characteristics of the bio‑optical variables

The measured aph spectra (Fig. 7a, b) were characterized by 
the presence of absorption peaks at 440, 490 and 675 nm. 
Mean values of both aph and a∗

ph
 were similar with slightly 

higher values at surface than at DCM (Fig. 7a, d). Surface 
aph (443) values was highest at PF2a (0.067 m−1) and lowest 
at PF1a (0.006 m−1), whereas for DCM it was maximum at 
STF (0.060 m−1) and minimum at PF2a (0.010 m−1). Simi-
larly, surface a∗

ph
 (443) values were also highest at PF2a 

(0.511 m−1) but lowest at PF1a (0.062 m−1), for DCM it was 
also maximum at STF (0.213 m−1) but minimum at SAF 
(0.074 m−1) (data not shown). The CDOM absorption values 
ranged from 0.0045 to 1.304 m−1. The concentration of TSM 
ranged between 4.8 and 6.0 mg  l−1 at the surface and from 
3.6 to 5.6 mg  l−1 at the DCM.

To quantify the relative contributions (%) of surface aph, 
anph and aCDOM to the total non-water absorption, a ter-
nary diagram displaying the absorption coefficients’ cor-
responding to waveband 443 nm was plotted (Fig. 8). The 

(c)(b)(a)

Fig. 3  Vertical distribution of nitrate (a), phosphate (b), and silicate (c) at different frontal regions
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surface aCDOM, anph and aph exhibited clear variations in 
the study area ranging from 0.30 (PF1a)–0.91 m−1 (STF), 
0.03 (PF2a)–0.61 m−1 (PF1a) and 0.008 (PF1a)–0.10 m−1 
(STF), respectively. Chl-a was strongly correlated to aph 
(443), aph (676) and moderately to ap (676) with R2 values 
of 0.72 (p < 0.05), 0.64 (p < 0.05) and 0.45, respectively, 
in the water column (Fig. 9a–c). The ap (443) showed a 
moderate relation (R2 = 0.40) with aph (443) but did not 
show any significant relationship with Chl-a (not shown). 
The ratio of anph to ap at 443 nm was inversely related with 
Chl-a (Fig. 9d). Chl-a was positively correlated to  aCDOM 
(440) and  aCDOM (412) with R2 values of 0.31 and 0.33, 

respectively (Fig. 9e, f). TSM showed an inverse relation-
ship (R2 = 0.55) with Chl-a (Fig. 9g) indicating that the 
surface layer had higher concentration of TSM than DCM 
where phytoplankton biomass was higher. Furthermore, it 
showed a positive relation (R2 = 0.55) with  aCDOM (Fig. 9h) 
and a negative correlation with temperature both at sur-
face (R2 = 0.30) and at DCM (R2 = 0.42). The relation-
ship of TSM with salinity was weakly negative at surface 
(R2 = 0.26) and moderately positive at DCM (R2 = 0.56). 
A positive relationship (R2 = 0.41) was observed between 
 aCDOM and water temperature.

Fig. 4  Vertical profiles of 
chlorophyll-a (a), 14C-based 
primary productivity (b), water 
column-integrated chlorophyll-a 
(c), primary productivity (d), 
and daily incident PAR and 
Daily PAR–PB relationships in 
the water column at different 
sampling locations (e, f)

(a) (b)

(c) (d)
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The a∗
ph

 (676), a good indicator of package effect in phy-
toplankton (Alcantara et al. 2016) showed positive signifi-
cant relationship (no package effect) with Chl-a at surface 
(R2 = 0.95, p < 0.01) and weak inverse relationship (presence 
of package effect) at DCM (R2 = 0.33, p < 0.05) except at 
STF. The a∗

ph
 at 443 and 676 nm were positively correlated 

(R2 = 0.68, p < 0.05) (Fig. 10a) and the ratio of a∗
ph

 at 443 and 
676 nm showed significant correlation (R2 = 0.74, p < 0.05) 
with incident surface PAR (Fig. 10b). The blue to red ratio 
of a∗

ph
 in the study area varied from 3.15 to 8.81 in surface 

layer, i.e. the a∗
ph
(443)∕a∗

ph
(676) was > 3 for surface waters.

The dimensionless factor Q∗
a
 (676) is a ratio of a∗

ph
 to spe-

cific absorption coefficient of the same cellular matter ide-
ally dispersed in solution 

(

a∗
sol

)

 , and is used as an indicator 
of pigment packaging. It was found that the specific absorp-
tion coefficient of Chl-a in solution is approximately 0.0207 
 m2 mg−1 of Chl-a at 676 nm and hence, variations in Q∗

a
 at 

676 nm ( Q∗
a
 (676)) can be theoretically formulated as Q∗

a
 

(676) = a∗
ph

 (676)/0.0207 (Bricaud et al. 1995). A moderate 
inverse relationship (R2 = 0.60) was observed between Q∗

a
 

(676) and Chl-a (Fig. 10c) and the Q∗
a
 (676) values ranged 

from 0.5 to 3.3. Surface Q∗
a
 (676) values were > 1 at STF 

(1.01), SAF (1.03) and PF1 (3.17), while they were found to 
be < 1 for SAF (0.80) and PF2b (0.50) at DCM.

The relationship between phytoplankton absorption 
with PP and hydrographic parameters were investigated. 
aph (676) and a∗

ph
 (676) showed moderate positive correla-

tion (not significant) with corresponding PP resulting in 
R2 values of 0.48 and 0.37, respectively (Fig. 10d, e). The 
phytoplankton absorption coefficient and PP showed a 
stronger positive relationship than Chl-a and PP 
(R2 = 0.32). Both aph (676) and a∗

ph
 (676) did not show any 

significant relationship with nutrient concentrations at the 
surface. However, an inverse correlation between a∗

ph
 

(443), a∗
ph

 (676) and  NO3 (R2 = 0.62, p < 0.05),  PO4 
(R2 = 0.71, p < 0.05) concentrations was observed at DCM 

(data not shown). The  aph at 443 and 676 nm was posi-
tively correlated with temperature with R2 values of 0.58 
and 0.57. Conversely, when plotted versus salinity, the aph 
displayed weak positive relation at the surface (R2 = 0.33) 
but strong negative relation (R2 = 0.75) at DCM (please 
refer Table 3 that summarizes the salient bio-optical rela-
tionships described in the above subsection).

Observations from in situ hyperspectral radiometry

Measurements obtained from in  situ measurements of 
hyperspectral radiometry were used to understand the 
variability of AOPs in the study area and derive Rrs-based 
Chl-a (modelled). The ratios of in situ Rrs (510)/Rrs (555) 
showed significant negative (R2 = 0.77, p < 0.05) and 
weak positive (R2 = 0.16) linear relationship (Fig. 11a, 
b) between in situ Chl-a and aCDOM (412)  (m−1). The Kd 
(490) was retrieved using blue to green Rrs band ratio. The 
coefficients used in this retrieval are taken from SeaWiFS 
(Sea-Viewing Wide Field-of-View Sensor), which worked 
well in the SO. The Kd (490) varied from 0.30 (PF2b) 
to 0.64 m−1 (STF) in the sampling locations and showed 
positive relationship with in situ Chl-a and aph (490) with 
R2 values of 0.30 and 0.32, respectively (Fig. 11c, d). Con-
versely, Chl-a showed weak relationship with Rrs-based 
anph and aCDOM (figure not shown). The modelled Kd (490) 
was compared with averaged depth value of in situ  Kd for 
downwelling irradiance at same wavelength (Fig. 11e), 
which were significantly correlated (R2 = 0.71, p < 0.05). 
The blue/red ratio (B/R), i.e. aph (440)/aph (676), which 
serves an index to characterize the dominant phytoplank-
ton size in water column (Wu et al. 2007; Hirata et al. 
2008) was analysed. The B/R calculated from spectropho-
tometric and radiometric measurements of aph varied from 
1.09 to 8.93 (avg. 4.42 ± 3.0) and from 4.29 to 12.35 (avg. 
7.01 ± 3.25), respectively.

Fig. 5  Scatter plots showing 
comparisons of in situ and 
satellite-based daily incident 
surface PAR (a) and daily 
primary productivity (b) at the 
sampling locations
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Discussion

Oceanographic characteristics

Large fluctuations in salinity and temperature values at SAF 
(in the upper 5–10 m) were well in agreement with the previ-
ous reports showing that SAF region is usually associated 
with the greatest temperature and salinity gradient (Holli-
day and Read 1998). The SST and SSS values were in par 
with the criteria for identifying fronts in this region (Hol-
liday and Read 1998). Deeper MLD at PF2 indicated weaker 

stratification and deeper vertical mixing (as seen from the 
negative N values in Fig. 2) at PF, which could be attributed 
to the usual high wind speed prevailing in that area (Tripathy 
et al. 2015). The deeper mixed layer would lead to lesser 
light availability for phytoplankton photosynthesis and the 
overall metabolism (Lee et al. 2007) in these stations.

The observed nutrient concentrations are comparable 
to those reported previously (Jasmine et al. 2009; Gandhi 
et al. 2012; Tripathy et al. 2014, 2015) during austral sum-
mer. Macronutrients potentially regulate phytoplankton 
biomass and when their concentrations are adequate for 

Fig. 6  Vertical profiles of Fv/Fm 
(a), F�

q
∕F�

m
 (b), σPSII (c), and 

�′
PSII

 measured by FRRF (d); 
Scatter plots of ambient PAR 
versus Fv/Fm (e), and σPSII (f)

(a) (b)

(c) (d)

(e) (f)
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healthy growth of diatoms, the atomic N:P:Si ratio within 
the cells is about 16:1:15 (Redfield 1963). These ratios 
have been used to study nutrient limitations in natural 

aquatic environments. The least N:P and low N:Si, Si:P at 
the STF clearly indicate  NO3 limitation (N:P ≤ 5, N:SI < 1, 
Levasseur and Therriault 1987) in the region. High con-
centrations of  SiO4 (> 10 µM) at the PF2 imply possibility 
of diatom dominant community in this region, whereas 
the regions north of PF are expected to be characterized 
by small and non-siliceous phytoplankton communities 
(Westwood et al. 2011; Tripathy et al. 2015). Nutrient 
ratios discerned that the ambience at SAF, PF1 was Si-
limited and STF was N-limited, which was not condu-
cive for growth of larger plankton/diatoms, whereas no 
nutrient limitation was apparent at PF2. Earlier findings 
indicate year around poor concentration of  SiO4 in the 
SAF region due to strong seasonal pycnocline in the SAF 
region (Rintoul and Trull 2001; Mendes et al. 2015). It is 
important to mention here that despite the HNLC condi-
tions, phytoplankton blooms (high Chl-a) are frequently 
observed in surface waters over wide areas of the SO (Sabu 
et al. 2014; Tripathy and Jena 2019), especially where 
sources of iron (micronutrient) are significant. However, 
the concept of nutrient limitation in the present context is 
restricted only to the macronutrients, as measurements of 
iron were not carried out in the current study.

Fig. 7  Absorption by phytoplankton at surface (a), DCM (b). Chl-a specific phytoplankton absorption at surface (c), DCM (d). The solid line 
indicates the mean and dotted lines represent minimum and maximum values

Fig. 8  Ternary plot showing % contribution of aph, anph and aCDOM at 
443 nm in the surface layer (~ 0 m) of the sampled locations
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Fig. 9  Scatter plots for Chl-a 
and aph (443) (a), aph (676) 
(b), ap (676) (c), anph (443)/ap 
(443) (d), aCDOM (440) (e), 
aCDOM(412) (f) and TSM (g). 
Relationship between TSM and 
aCDOM (h) in study area

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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Variability in phytoplankton productivity

The productivity patterns showed a clear relation with sur-
rounding hydrographic variables. Depths of DCM varied 
across fronts and deepened at PF stations compared to SAF 
and STF, which could be linked to the deep and shallow 
MLD observed at PF and northward (SAF, STF) stations, 
respectively. The formation, development and sustenance 
of DCM is governed by vertical mixing, balance of light 
availability and nutrient supply leading to acclimatization 

of phytoplankton to the ambient conditions of this region. 
The mismatch in depths of PP maxima and DCM could pos-
sibly be due to the interactive effects of light and nutrient 
limitation on phytoplankton growth (Cullen 1982). Thus, 
possible, active growth of photo-acclimatized phytoplankton 
therefore marks the DCM in the water column. We observed 
matching of DCM and Si-maximum, especially in the PF 
regions, indicating growth/accumulation of shade-adapted 
phytoplankton. Previous studies (Parslow et al. 2001; Gomi 
et al. 2010; Tripathy et al. 2015) have shown that the DCM 

Fig. 10  Scatter plots of a∗
ph

 
(676) and a∗

ph
 (443) (a), a∗

ph
 

(443)/a∗
ph

 (676) and PAR (b), Q∗
a
 

(676) and Chl-a (c),  aph(676) vs. 
PP (d), and a∗

ph
 (676) vs. PP (e) 

in the study area

(a) (b)

(c)

(d) (e)
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Table 3  Salient observations from regression analyses between: bio-optical variables and chl-a (a), physical parameters (b) and (c) inter-relation-
ships of the bio-optical variables (the values corresponding to surface sampling layer have been italicized)

(a) aph (443) aph (676) ap (676) a∗
ph

(676) aCDOM (412) TSM anph/ap (443) PP

Chl-a 0.72 0.64 0.45 0.95, 0.33 0.32 0.55 0.65 0.32

(b) aph (443) aph (676) TSM aCDOM a∗
ph

(443)/a∗
ph

 
(676)

(c) TSM ap (443) aph (676) a∗
ph

(676)

Salinity 0.33, 0.75 0.26, 0.56 aCDOM 0.55
Temp 0.58 0.57 0.30, 0.42 0.41 aph (443) 0.40
PAR 0.74 PP 0.48 0.37

a∗
ph

(443) 0.68

Fig. 11  Scatter plots showing 
chlorophyll-a as a function of 
ratios of Rrs at 510 and 555 nm 
(a), aCDOM as a function of 
ratios of Rrs at 510 and 555 nm 
(b), In situ Kd (490) as a func-
tion of in situ Chl-a (c) and 
in situ aph (d). Comparison 
between in situ and modelled 
Kd (490) (e) and Chl-a (f) in 
the study area. In situ Rrs was 
derived from hyperspectral 
radiometry
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layer (enriched with Si and Fe) was predominated by active 
shade-adapted flora (especially microplankton). The weak 
relationship between Chl-a and PP at the surface could be 
due to presence of senescent phytoplankton in the surface 
waters or stronger zooplankton grazing at surface layer than 
the subsurface layers (Gomi et al. 2010). The column-inte-
grated Chl-a  (Chlint) was lowest at PF2a and highest at STF 
(Fig. 4c), which is similar to the pattern shown by  Chl0. 
Similar to  Chlint, the integrated PP (IPP) values (Fig. 4d) 
were lower at PF stations compared to the fronts (SAF, STF) 
northwards. The fronts northward to the polar fronts have 
been characterized by high phytoplankton biomass (Frone-
man et al. 1997; Graham et al. 2014). The current trend in 
IPP values at PF are in line with previous reports near the 
study area, where Jasmine et al. (2009) and Gandhi et al. 
(2012) have reported IPP values of 200 mgC  m−2  day−1 
and 215 mgC  m−2  day−1, respectively; however, the IPP 
observed at the STF are substantially lower than the values 
reported earlier (700–900 mgC  m−2  day−1). This is likely 
due to the observed  SiO4 and  NO3 limitation as evidenced by 
extremely low N:Si and Si:P ratios. Role of iron as a limiting 
factor for PP could not be discussed in this study due to lack 
of in situ data. The major causes for low PP can be attributed 
to the characteristic oligotrophic condition, high water col-
umn stability due to stratification and a thermocline depth 
deeper than the compensation depth (Jasmine et al. 2009) 
of the study region. A contrasting trend in IPP profiles was 
observed by Tripathy et al. (2015) who have reported higher 
IPP at PF (210.9 mgC  m−2  day−1) than at STF (152.1 mgC 
 m−2  day−1) and attribute it to the stronger DCM observed 
at PF region.

Lack of correlation between  PPint and integrated PAR, 
indicated that surface incident light did not act as a major 
controlling factor to modulate IPP. Earlier studies (Jasmine 
et al. 2009; Tripathy et al. 2014) have also highlighted an 
absence of any latitudinal trend in PAR variability in the 
study area and negated the possibility of light limitation on 
phytoplankton photosynthesis especially during austral sum-
mer. The similar  PB values at all the stations (except higher 
value at PF1) indicated less variability in photosynthetic 
efficiency across the fronts. The linear PAR–PB relation-
ship indicated no photoinhibition at the STF, SAF and PF1, 
whereas a curvilinear relationship indicated clear photoin-
hibition (decrease in surface  PB) at PF2. The absence of 
photoinhibition can be explained by the Si limitation at SAF, 
PF1 and N limitation at STF, which is favourable for the 
growth of smaller phytoplankton that are less susceptible 
to pigment package effect (discussed in the later section). 
Nutrient replete conditions at PF2 could be an indicator of 
presence of larger phytoplankton (prone to pigment pack-
aging) in the region. Observations from satellite data were 
subject to overcast sky at the time of sampling as evidenced 
by lack of any clear latitudinal trend. The underestimation 

in satellite PAR was more towards higher latitudes (PF sta-
tions), where the probabilities of cloudy sky condition is 
usually higher. Since polar-orbiting satellite sensors (such 
as MODIS) observe an area on the surface of the Earth only 
a few times every day and measurements were interpolated 
using the relationship between atmospheric transmissivity 
and the reflectivity at the top of the atmosphere; there are 
high chances that the patchy cloudy sky at the time of satel-
lite pass can lead to estimation error. Furthermore, this error 
could worsen by the daylength and the number of overpass 
counts per day in any particular area (Wang et al. 2010). 
Comparatively lower (at STF, SAF, PF1b) and higher (at 
PF2) values of daily PAR could be linked to presence and 
absence of overcast sky condition during the sampling time, 
respectively (Jasmine et al. 2009; Tripathy et al. 2014).

Similar to in situ observation, the satellite-based IPP 
showed that STF was the highest productive zone followed 
by SAF, whereas PF2 was the least productive zone. Usu-
ally, the VGPM holds good for Case I waters (where the 
optical properties are mainly controlled by phytoplankton 
biomass). However, some studies have shown that modifica-
tion or parameterization the VGPM can give better results 
in Case II waters too (Tripathy et al. 2012). From the bio-
optical observations it can be classified that the study area 
is close to the Case I rather than Case II waters. The high 
CDOM and detrital absorption at some stations (Fig. 5) 
north of the PF might have been produced locally (autoch-
thonous) due to phytoplankton degradation driven by the 
heterotrophic microbial activities (Matsuoka et al. 2015). 
However, the role of freshwater influx originating from 
melt-ice (Sabu et al. 2014), and winter residue of Antarc-
tic surface water (Tripathy et al. 2015) at the surface and 
subsurface layer, respectively, could not be ruled out. Both 
these water masses can contribute towards enhanced  aCDOM 
at PF. Results showed that the overestimation by VGPM 
was particularly high where the aCDOM values were higher. 
Furthermore, using weekly satellite Chl-a data (daily data 
were not available) could have also led to this discrepancy. 
Nevertheless, from the observed good agreement between 
in situ and satellite-based IPP it can be inferred that VGPM 
in its original formulation holds reasonably well even in this 
area characterized by complex optical properties. Though, 
Hirawake et al. (2011), Jasmine et al. (2009) also reported 
good agreement between in situ and satellite-based IPP 
in this sector; we postulate that site-specific tuning of the 
embedded VGPM parameters would better reproduce the 
measured IPP variability in the study area.

Fast repetition rate fluorometry‑based observations

Phytoplankton photosynthetic parameters could be derived 
from the vertical profiling of FRRf. The low  Fv/Fm (pho-
tochemical efficiency) values in the surface layers can be 
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linked to deficit of trace nutrients (presumably iron) in this 
region (Kolber et al. 1988; Boyd and Abraham 2001). Low-
est surface Fv/Fm values at PF1 could be due the shallow 
mixed layer, in which cells were more exposed to a longer 
daylength (Cheah et al. 2013) or possible time-of-day effect 
(Aardema et al. 2019; Hughes et al. 2020) that might trig-
ger increased photoinactivation in phytoplankton. The Fv/Fm 
showed a clear spatial variation but did not show any rela-
tion with ambient macronutrient concentrations. The σPSII 
(functional absorption cross-section) showed lower values at 
surface layer and increased with depth to reach maximum at 
60 m and thereafter variation of σPSII as a function of depth 
remained more or less constant (Fig. 6c, d). Both σPSII and 
�′
PSII

 exhibited a similar vertical distribution pattern with 
slightly lower values towards surface layers. Unlike Fv/Fm, 
decrease in surface values was less apparent in case of σPSII. 
Both Fv/Fm and σPSII showed a weak exponential decrease 
with increasing light intensity (Fig. 6e, f) but showed no 
relation with ambient macronutrient concentrations. How-
ever, no clear relationship between these two parameters was 
observed. There are reports of inverse relationship between 
these two photosynthetic parameters from area between 
Falkland Islands and South of Georgia in SO (Holeton 
2005), which was attributed to nutrient limitation. From our 
present observations, a clear dominance of any phytoplank-
ton size class could not be inferred.

An attempt was made to understand the physiological 
status of the SO phytoplankton during the current study. The 
low Fv/Fm and σPSII values observed in response to high 
in situ PAR in the surface layers at all stations might be due 
to the effects of non-photochemical quenching (Hughes et al. 
2018, 2020) through which the phytoplankton dissipated 
some excessive excitation energy and thereby lessened the 
excitation pressure on PSII (Kolber and Falkowski 1993; 
Raateoja et al. 2009). The presence of  NPQNSV highlight the 
probability of saturated electron transport system which 
might have resulted in low Fv/Fm and σPSII values observed 
during the study. The variability in vertical profiles of Fv/Fm 
and F′

q

/

F′
m
 was, however, not reflected in σPSII. We attribute 

the absence of clear variability in functional absorption 
cross-section in spite of variable Fv/Fm and F′

q

/

F′
m

 to the 
presence of  NPQNSV in the dark chamber which lead to a 
saturated Electron Transport System (ETS) due to higher 
PAR at surface or inhibitory quenching (Horton et al. 1996). 
Xu et  al. (2018) have reported similar results to those 
observed by us and attributed the variability of magnitude 
to conditions like NPQ, phytoplankton taxa present and 
responses (like photoinactivation) of σPSII to the light 
condition.

Vertical mixing exposes the phytoplankton to exces-
sive light at the surface, which results in stressed condi-
tions (Cheah et al. 2013). Earlier reports have shown that 

the STF is dominated by smaller phytoplankton (Tripathy 
et al. 2014, 2015) due to macronutrient depleted condition. 
Nutrient ratios of this study (Table 2) also implied N and Si 
limitation in this area. In a nutritionally replete environment, 
phytoplankton cells can attain a maximum Fv/Fm value of 
0.65 (Kolber and Falkowski 1993). Fv/Fm value < 0.4 have 
been an indicative of iron-stressed phytoplankton in the 
SO (Olson et al. 2000; Boyd and Abraham 2001; Gervais 
et al. 2002), whereas values higher than 0.5 generally are 
indicative of little or no nutrient limitation (Behrenfeld et al. 
2006). Based on the well-known status of the study region, it 
likely suggests the probability of the cells being Fe-limited 
(however, no explicit measurements for Fe could be carried 
out in our study). From our observations it can be inferred 
that (i) the phytoplankton were micronutrient (presumably 
Fe)-starved especially at upper layer and (ii) there was a 
reduction in the extent of nutrient limitation with depth.

Bio‑optical variability and absorption budget

We examined the spectral absorption coefficients of phyto-
plankton, non-phytoplankton particles and CDOM to under-
stand the bio-optical characteristics of the study area. The 
carotenoids are known to absorb between 440 to 530 nm 
with peaks at 460 and 490 nm (Alcantara et al. 2016). The 
peaks observed between this range were therefore attributed 
to carotenoids among the aph spectra measured. The absorp-
tion peak at 675 nm was attributed to absorption by Chl-a 
and Phaeophytin (Alcantara et al. 2016). The aph (443) and 
aph (676) as a function of Chl-a are consistent with stud-
ies done at higher latitudes (Wang et al. 2005; Matsuoka 
et al. 2007; Naik et al. 2010). The variability in relationship 
between Chl-a and aph could be due to changes in intracel-
lular concentration of phytoplankton pigments and usually 
the relationship between  aph and Chl-a varies depending 
upon nature and concentration of phytoplankton pigments 
(Bricaud et al. 1998; Ferreira et al. 2013). Furthermore, the 
contribution of aph (443) and anph (443) to ap (443) is highly 
variable at lower Chl-a concentrations (< 0.5 mg m−3). The 
observed inverse relationship between the ratio of anph to ap 
at 443 nm with Chl-a (Fig. 9d) implied an increase in anph 
(443) relative to aph (443) (Bricaud et al. 2010; Kheired-
dine et al. 2018) as reported from Pacific Ocean indicating 
presence of large amount of non-phytoplankton particles or 
CDOM. Thus, it can be inferred that varying contributions 
of non-phytoplankton particles (i.e. viruses, bacteria, detri-
tus and inorganic particles) have an important role in light 
absorption in the study area. The relation between phyto-
plankton absorption coefficient and PP (R2 = 0.36) yielded 
a stronger relationship than Chl-a and PP (R2 = 0.32) cor-
roborating the hypothesis that variability in PP can be bet-
ter explained by phytoplankton light absorption than Chl-a 
(Marra et al. 2007). The aph (443) and ap (676) as a function 
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of Chl-a are weaker in the study area, which implies a lower 
contribution of aph to the total absorption. The results are 
comparable with studies carried out at higher latitude (Wang 
et al. 2005; Naik et al. 2010).

The a∗
ph
(�) signifies light absorption efficiency of phyto-

plankton for photosynthesis and is a key factor to estimate 
PP (Platt and Sathyendranath 1988; Robinson et al. 2017). 
Higher mean values of aph and a∗

ph
 at surface than the DCM 

indicates higher phytoplankton absorption and Chl-a specific 
absorption at surface (Fig. 7a–d); further more variability in 
aph and a∗

ph
 was noticed at surface than at DCM. The a∗

ph
 were 

much higher than the aph, which could be ascribed to adapta-
tion of dominant phytoplankton group (presumed to be 
smaller size) to the ambient light condition, resulting in bet-
ter light harvest (Matsuoka et al. 2009). High a∗

ph
 values in 

the surface and DCM layer of STF could be attributed to the 
prevalence of smaller phytoplankton as observed by nutrient 
ratios and PAR–PB relationship (absence of photoinhibition). 
Tripathy et al. (2014) reported very high values of  PB at STF 
due to predominance of smaller phytoplankton. The inverse 
relationship between a∗

ph
 (443, 676) and nutrient concentra-

tion (data not shown) could be due to the high aph value 
observed at N-limited STF. The positive correlation between 
aph (443) and temperature (R2 = 0.58), and that between aph 
(676) and temperature (R2 = 0.59) suggest higher absorption 
in comparatively warmer stations like SAF and STF. Kheir-
eddine et al. (2018) have reported high a∗

ph
 (443) values at 

warmer and high saline waters in Red Sea, which was usu-
ally dominated by picoplankton.

The ternary diagram (Fig. 8) showing contribution of 
optically active constituents (aCDOM, anph and aph) to the total 
absorption budget indicates a clear dominance of aCDOM at 
all stations except at PF2b where the anph had maximum 
contribution (61.23%). The aph contributed nearly 10% to the 
total absorption budget indicating that absorption in surface 
waters are under the strong influence of materials other than 
phytoplankton. The negative relationship between TSM and 
temperature (figure not shown) indicates the intrusion of 
cooler waters from south (coastal Antarctica) bringing in 
more TSM to these areas. Towards the north, the TSM con-
centrations decreased as also evidenced from the anph values 
from the ternary plot. From the positive relationship between 
aCDOM and water temperature it can be inferred that forma-
tion of CDOM is predominant in warmer waters or is being 
transported by warmer waters from surrounding areas. The 
ternary plot shows that the CDOM contribution was higher 
at STF and SAF, even though higher values were also noticed 
at PF1a and PF2a; it could possibly be due to the allochtho-
nous (originated from outside of that area) materials brought 
by the meltwater from coastal Antarctica. Sabu et al. (2014) 
have shown that anomalous phytoplankton bloom reported 
in this area was triggered by the nutrient-laden freshwater 

influx originating from ice-melt in coastal Antarctica. The 
weak positive correlation between Chl-a and aCDOM (440), 
aCDOM (412) also indicated presences of sources other than 
phytoplankton (Fig. 9e, f). Balch et al. (2014) have reported 
similar findings from Arctic waters. The inverse relationship 
of TSM with Chl-a (Fig. 9g) indicated higher concentration 
of TSM at surface layer than DCM where phytoplankton 
biomass was higher, whereas its positive relationship with 
aCDOM (Fig. 9h) implied their co-variability or probable ori-
gin from similar sources supporting the above observation.

Pigment packaging effect

Increase in Chl-a concentration is usually associated with an 
increase in intracellular pigment concentration or cell vol-
ume, which leads to decrease in phytoplankton light absorp-
tion efficiency (i.e. lack in correlation between light-har-
vesting efficiency and pigment packaging originating from 
intracellular overlap of the chloroplasts on one another) pop-
ularly known as “package effect” (Bricaud et al. 1995). It has 
been proved that increase in pigment concentration or cell 
volume also results in decrease in  PB or assimilation num-
ber (Marra et al. 2007). The observed photoinhibition in the 
surface layer of PF2 could be ascribed to package effect or 
the higher daily PAR (Fig. 4d) at PF2 could have caused the 
observed photoinhibition irrespective of plankton size class. 
Usually large (> 10 µm) phytoplankton are prone to strong 
packaging effect, resulting in low Chl-a specific absorption, 
and vice versa (Bricaud et al. 1995). Previously, Tripathy 
et al. (2014) have reported photoinhibition in coastal Ant-
arctic stations (65° S) and no photoinhibition at north of 50° 
S and attributed the photoinhibition to pigment packaging in 
larger phytoplankton predominant in coastal waters.

To evaluate pigment packaging, we also used Q∗
a
 (676), 

the indicator of pigment packaging effect, because light 
absorption is not influenced by accessory pigments at 
676 nm (Matsuoka et  al. 2009). The Q∗

a
 value theoreti-

cally varies between 0 (maximum package effect) and 1 
(no package effect) (Alcantara et al. 2016). The moderate 
inverse relationship between Q∗

a
 (676) and Chl-a, and the 

values (< 1) for Q∗
a
 (676) implied packaging effect at PF2b 

(Fig. 10c). Q∗
a
 values for other stations indicated no pack-

age effect. This is in accordance with the observed PAR–PB 
relationship, which shows no photoinhibition at surface 
layer at STF, SAF and PF1a and could be attributed to the 
presence of smaller phytoplankton as supported by nutrient 
data. However, Q∗

a
 (676) ratios at SAF and PF2b at DCM 

indicated package effect. It has been shown that DCM in 
SO is usually dominated by larger phytoplankton (Gomi 
et al. 2010; Tripathy et al. 2015), which are prone to pig-
ment packaging. From our observations it can inferred that 
the surface and DCM waters are dominated by smaller and 
larger phytoplankton, respectively. Q∗

a
 (676) values higher 
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than the theoretical maximum could be due to the “associ-
ated uncertainties” in path-length amplification β factor (i.e. 
the ratio of optical to geometrical path-length) in labora-
tory measurements, which increases with decreasing optical 
density (Bricaud and Stramski 1990; Alcantara et al. 2016).

Most of the a∗
ph

 (λ) values in our study, were > 0.05  m2 
mgChl-a−1 are an indicative of less packaging effect or 
higher concentrations of non-photosynthetic pigments, 
implying the presence of smaller phytoplankton (Bricaud 
et al. 2010) at the sampling locations. Considerable light 
absorption by accessory pigments, is known to have an 
impact on a∗

ph
 estimates that vary across the blue to red spec-

tral range. The packaging effect observed at nutrient replete 
PF2 region could be corroborated by the large variability 
observed in a∗

ph
 in the blue spectrum (at 443 nm) than the red 

spectrum (at 676 nm) or changes in pigment composition 
(Bricaud et al. 1998). Though our dataset does not allow us 
explain the process involved; studies (Palmisano et al. 1986; 
Mendes et al. 2015) have shown that phytoplankton can 
modulate their photosynthetic efficiency when subjected to 
changing light intensity in the Polar Regions. Pigment pack-
aging has been observed to be significant at high latitude 
marine ecosystems as phytoplankton acclimate themselves 
to the low-light and high-nutrient environment (Cota et al. 
2003).

Deriving phytoplankton size classes from in situ 
radiometric measurements

Variation in phytoplankton absorption characteristics were 
used to classify the surface phytoplankton community struc-
ture in the study area. The blue to red ratio (B/R) from spec-
trophotometric and radiometric measurements of aph indi-
cated the dominance of small phytoplankton in the surface 
waters in all stations except at PF2b, where the spectropho-
tometric B/R was 1.09 implying microplankton dominance. 
In principle, if the B/R is > 3.0, it indicates dominance of 
picophytoplankton (< 2 µm). If the ratio is < 2.5, dominance 
of microphytoplankton (> 20 μm) is implied (Hirata et al. 
2008). Ratios between 2.5 and 3.0 indicate nanophytoplank-
ton predominance in the phytoplankton community structure 
(Aguilar-Maldonado et al. 2018). From the observed nutrient 
ratios in the study area it is inferred that the environment was 
not conducive (N and Si-limited) for large phytoplankton, 
which could have led to succession by smaller ones in the 
surface waters. The blue to red ratio of a∗

ph
 is used as proxy 

of phytoplankton size, where higher values (> 3) of a∗
ph

 
(443)/a∗

ph
 (676) are associated with smaller cells (Lohrenz 

et al. 2003). All the stations in the study area, exhibited 
predominance of relatively smaller size phytoplankton and 
hence less or no package effect as reported elsewhere by 
Naik et al. (2013), which corroborates our observations 

discussed in previous sections. The moderate relationship of 
radiometer-derived Kd (490) with in situ Chl-a and aph (490) 
(Fig. 11c, d) indicates that the factors other than phytoplank-
ton biomass (such as anph, aCDOM and TSM) also influence 
the light attenuation in the water column. The comparative 
result for modelled Kd (490) and the averaged depth value of 
in situ Kd for downwelling irradiance indicated that the mod-
elled Kd (490) calculated using the upper 20 m depth could 
explain most of the variability (71%) in the in situ Kd (490) 
indicating maximum optical variability in the upper layers 
(~ 120 m). In situ Rrs-based Chl-a was retrieved using OC2, 
OC3 and OC4 (version 6) algorithms designed for SeaWiFS, 
which showed a good correlation with measured Chl-a and 
explained ~ 75% of variability in it (Fig. 11f), implying that 
global algorithms hold reasonably well in this region.

Summary and conclusions

The current study highlights variability in phytoplankton 
productivity and bio-optical characteristics in the lesser 
explored Indian sector of the Southern Ocean. The in situ 
productivity estimation indicates STF to be the most pro-
ductive region, whereas PF2b as the least, which is well 
supported by the FRRf-based photosynthetic measurements. 
The subsurface PP maxima can be regarded as an indicator 
of photoinhibition/micronutrient limitation in the surface 
layers. High integrated PP at STF was associated with high 
concentrations of Chl-a and a shallow DCM. The observed 
agreement between in situ and satellite-based Chl-a and PP 
revealed that global models in their original formulation 
would function well in the study area in spite of its complex 
optical properties. Nitrogen limitation at the STF was associ-
ated with presence of small sized phytoplankton with better 
light-harvesting capacity, which was corroborated by bio-
optical measurements. A low to moderate (0.1–0.4) Fv/Fm 
indicated overall reduced phytoplankton photosynthetic 
efficiency in the study area. The in situ absorption measure-
ments and ratios between remote sensing reflectance-derived 
phytoplankton absorption at blue/red band indicated domi-
nance of smaller phytoplankton (less or no pigment pack-
aging effect) in the surface, whereas larger phytoplankton 
(prone to pigment packaging) at the DCM. Low contribution 
of aph to the total absorption budget implied that surface 
waters were under a strong influence of non-phytoplankton 
materials.

It can hence be inferred that changes in ambient physical 
environment in terms of light and nutrient availability, and 
bio-optical characteristics could modulate phytoplankton 
size class and thereby productivity more critically in surface 
than in the deeper layers of ISSO. The current study fairly 
improves our understanding of PP estimates and bio-optical 
variability in this sparsely sampled region. We recommend 
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a long-term monitoring of PP and bio-optical variables with 
emphasis on surrounding physicochemical environment to 
know the changing mechanisms of carbon-sequestration bet-
ter. Such concerted efforts will improve the current under-
standing about the contribution of SO in the global carbon 
cycle and its potential role in climate change scenario.
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A B S T R A C T   

Knowledge of Southern Ocean carbon cycling is limited by a paucity of phytoplankton primary productivity (PP) 
and spectral absorption data in this globally-important region. We measured 13C-based PP in the Indian sector of 
Southern Ocean (ISSO) during austral summer 2017, examining its link with spectral absorption coefficients and 
phytoplankton size structure derived from an absorption-based global model. Phytoplankton productivity was 
assessed at both coastal (60◦S-69◦S) and frontal stations (40◦S-60◦S), characterized by silicate- replete and 
-deplete water masses, respectively (indicated by measured nutrient ratios) to capture a range of phytoplankton 
growth conditions. Bio-optical relationships were used as indicators of phytoplankton community size structure 
and to assess the extent of cellular pigment packaging - a phenomenon reported previously for phytoplankton in 
this region. Blue-Red (B/R) ratios of phytoplankton absorption (aph) spectra indicated that microphytoplankton 
(more prone to “package effects”) were the dominant size class at most sites sampled. Overall, PP was better 
explained by aph (R2 = 0.85) than total chlorophyll-a (R2 = 0.64) in surface waters. The a*ph (675)-chlorophyll-a 
relationship explained package effects more effectively in frontal regions (R2 = 0.63) than stations further south 
(R2 = 0.30). The global absorption-based model captured smaller (pico, nano) phytoplankton size classes but 
failed to identify larger microphytoplankton, underscoring the need for region-specific algorithm modifications. 
Our findings improve existing understanding of spatio-temporal trends in PP and bio-optical variability within 
the Indian Sector of the Southern Ocean (ISSO) – knowledge that is essential to improve capacity to retrieve PP 
from satellite-based models in this region.   

1. Introduction 

Phytoplankton primary production (PP) accounts for approximately 
50% of global carbon fixation and therefore plays a crucial role in 
regulating the climate. A significant proportion of this productivity oc-
curs in the Southern Ocean (SO) – making this region an increasing 
hotspot of interest for marine scientists due to its major contribution to 
oceanic uptake of anthropogenic CO2 via the “biological pump” (Gruber 
et al., 2019). However, as a classic high-nutrient, low-chlorophyll 
(HNLC) region (Moore and Abbott, 2000), productivity in the Southern 
Ocean is largely underpinned by intense phytoplankton blooms that are 
highly-variable in both space and time (Arrigo et al. 2008a). To date, 
this “patchy” nature of primary productivity, combined with a shortage 

of in-situ observations due to its remote location and extreme weather, 
has hindered efforts to understand and predict carbon cycling in the 
Southern Ocean. 

Phytoplankton productivity ultimately depends on absorption and 
utilisation of light by photosynthetic light-harvesting pigments 
including Chlorophyll-a (Chl-a). As such, development of remote- 
sensing models based on ocean colour (Clementson et al., 2001) has 
permitted investigation of physical and biological control over PP with 
relative ease. Indeed, bio-optical measures of phytoplankton absorption 
are often regarded as better predictors of PP compared to in-situ mea-
sures of biomass and/or physical variables (e.g. temperature in polar 
oceans (Marra et al., 2007). While utilisation of remote-sensing esti-
mation of phytoplankton absorption in the Southern Ocean is appealing, 
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at present, ocean colour algorithms are incapable of adequately ac-
counting for phytoplankton absorption in this region due to large vari-
ability in bio-optical properties (Ferreira et al., 2017). 

Numerous studies have reported that the bio-optical characteristics 
of the Southern Ocean differ from those of other major oceans (Mitchell, 
1992; Sullivan et al., 1993; Arrigo et al., 1998; Dallolmo et al., 2005; 
Ferreira et al., 2017). In addition to unique environmental conditions 
including persistent cloud cover, larger solar zenith angles and deeper 
vertical mixing compared to lower latitude regions (Mitchell and Holm- 
Hansen, 1991; Mitchell, 1992), the Southern Ocean waters are also 
characterised by low particulate, as well as chlorophyll-specific ab-
sorption (Mitchell and Holm-Hansen, 1991). The latter reflects preva-
lence of the physiological phenomena referred to as the “pigment 
package effect” (Bricaud et al., 2004) that has been widely-observed 
among phytoplankton populations in this region (Tripathy et al., 
2014; Ferreira et al., 2017). Pigment packaging occurs in phytoplankton 
cells when high intracellular Chl-a concentrations reduce light absorp-
tion per unit of pigment, leading to a decrease in their corresponding 
absorption coefficients (Ciotti et al., 2002; Bricaud et al., 2004; Laiolo 
et al. 2020). This phenomenon is particularly pronounced in phyto-
plankton assemblages dominated by larger cells (>10 μm diameter) e.g. 
at the deep chlorophyll maximum (DCM) layer (Gomi et al., 2010; 
Kerkar et al., 2020) – where availability of light and nutrients facilitates 
larger cells and increased pigment synthesis (Fernand et al., 2013). As 
up to half of integrated primary production and export production oc-
curs at the DCM (Weston et al., 2005; Omand et al., 2015; Baldry et al., 
2020), understanding variability in how phytoplankton absorption 
scales to PP in both surface and DCM waters in the Southern Ocean 
remains a critical gap in knowledge. 

Overall, the low chlorophyll-specific phytoplankton absorption 
(a*ph) reported from the Southern Ocean to date results in underesti-
mation of Chl-a by global standard ocean color algorithms in the 
Southern Ocean (Dierssen and Smith, 2000; Garcia et al., 2005; Szeto 
et al., 2011; Johnson et al., 2013). In turn, this has implications for 
utilising satellite-derived Chl-a as an index of PP in the Southern Ocean, 
compared to other regions where this approach has been widely-applied 
to model dynamics of phytoplankton productivity (Graham et al., 2015). 
In spite of this, no extensive studies have focussed on in-situ phyto-
plankton absorption characteristics in this region (Arrigo et al., 1998; 
Reynolds et al., 2001; Stambler, 2003). Although taxonomic composi-
tion, pigment constitution and cell size confer characteristic absorption 
features to phytoplankton assemblages (Arrigo et al., 1998; Dierssen and 
Smith, 2000), the environmental complexity of the Southern Ocean 
renders such generalisations inapplicable. The inter-regional charac-
teristics like upwelling and differences in concentrations of nutrients 
(for instance, abundant silicate concentrations at the coastal region) 
lead to a peculiar phytoplankton community type (Mendes et al., 2015), 
thereby leading to differential absorption and bio-optical variations 
between frontal and coastal domains. Indeed, advancing remote sensing 
of PP estimates in this region hinges on characterising bio-optical vari-
ability and how this relates to the surrounding environment at intra- 
regional scales. To date, bio-optical studies in the Southern Ocean 
have predominantly focussed on the Australasian sector (Shooter et al., 
1998; Westwood et al., 2011), together with the Antarctic coast 
(Mitchell and Holm-Hansen, 1991; Mitchell, 1992; Arrigo et al., 1998). 
Though a few studies have addressed variability of PP in the Indian 
Sector of the Southern Ocean (ISSO) (Westwood et al., 2010), the 
importance of the DCM in PP variability (Gomi et al., 2010; Tripathy 
et al., 2015) and effects of pigment packaging on PP (Tripathy et al., 
2014), the link between PP and bio-optical properties has not been 
examined in detail (Hirawake et al., 2011) to date. 

Our study aims to enhance understanding of PP and bio-optical 
variability in the spatially-complex ISSO region. Specifically, we 
examine PP dynamics in surface and DCM waters at both frontal and 
coastal stations to determine if (1) PP can be better related to in-situ 
absorption properties rather than phytoplankton biomass (i.e. total Chl- 

a) and (2) whether absorption properties of phytoplankton can be linked 
to their size class, and global phytoplankton absorption-based models 
can be used in their original formulations in the bio-optically complex 
waters of the ISSO. Such knowledge would improve current under-
standing of spatio-temporal trends in PP and bio-optical variability 
within the ISSO – and thus represents a step towards improved global 
modelling of phytoplankton carbon cycling in this region. The list of 
common terminologies and abbreviations used in the present study are 
provided in Table 1. 

2. Materials and methods 

2.1. Study area, sampling and hydrography 

Sampling locations (Fig. 1) included the Subtropical Front (STF), 
Sub-Antarctic Front (SAF), Polar Front (PF) and the coastal Antarctic 
region between 40◦S-69.15◦S. The sampling locations north of 60oS and 
belonging to the fronts (characteristic, dynamic features of the Southern 
Ocean) were categorised as either “frontal (or offshore)” stations, and 
those south of 60◦S were designated as “coastal stations“ as per Mendes 
et al. (2015) (see Fig. 2). A total of 17 stations were sampled in this study 
(Fig. 1) encompassing frontal regions spanning the STF, SAF, PF1 and 
PF2 and the coastal Antarctic region within the ISSO. A single station 
(#16) was sampled twice within a 24 h period due to the presence of 
high phytoplankton biomass (indicating a phytoplankton bloom) 
(Fig. 1). Water mass characteristics and sea ice conditions were used for 
basic classification of stations based on the geographical characteristics 
(see Fig. 2). All sampling was conducted onboard the research vessel “SA 
Agulhas 1” as part of the 9th Indian Scientific Expedition to the Southern 
Ocean (ISESO-9) during austral summer (06th January-28th February 
2017). Collection of water samples from surface and discrete sampling 
depths was carried out using 10 L Niskin bottles mounted on a 
Conductivity-Temperature-Depth (CTD) carousel (Seabird Electronics, 
SBE 911+, USA) equipped with fluorometer (FLNTURTD-2024, WET 
LABS ECO-FL-NTURTD). These water samples were sub-sampled for 
further analyses as described below. Vertical profiles of photosyntheti-
cally active radiation (PAR), salinity and temperature were obtained by 
CTD profiling. 

The STF is characterized by temperature and salinity ranges of 
10–12 ◦C and 34.6–35.0 psu at 100 m depths (Orsi et al., 1995). It is 
regarded as the boundary between warm, saline STF waters and fresh, 
cool sub-Antarctic waters with isohalines of 35 psu (Belkin and Gordon, 
1996). SAF forms the Northern boundary of PF and has a characteristic 
isotherm at 8.1 ◦C (Kostianoy et al., 2004). The PF is further divided into 
two branches between 49◦S and 52◦S (PF1) and 53◦S and 55◦S (PF2). 
This bifurcation is based on the distinct ranges of sea surface 

Table 1 
List of terms and abbreviations used in this study.  

Abbreviation Description Unit 

aph Absorption by phytoplankton m− 1 

a*ph Chl-a specific absorption by phytoplankton m2 mgChl-a− 1 

a*sol Chl-a specific absorption of the cellular matter 
hypothesized to be dispersed in solution 

m2 mg − 1 

anph Absorption by non-phytoplankton particles m− 1 

Chl-a Chlorophyll a concentration mg m− 3 

DCM Deep Chlorophyll Maximum m 
MLD Mixed Layer Depth m 
PAR Photosynthetically Active Radiation µmol photons 

m− 2 s− 1 

PB Chl-a normalized PP mgC mgChl- 
a− 1d− 1 

PP Primary Productivity mgC m− 3 d− 1 

Q*a a*ph/a*sol (indicator of pigment packaging 
effects) 

Dimensionless 

SST Sea Surface Temperature oC 
TSM Total Suspended Matter mg L− 1  
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temperatures (SST); 4–5 ◦C at the Northern branch (PF1) and 2–3 ◦C at 
the southern (PF2) branch (Sokolov and Rintoul, 2002). PF and the areas 
south of PF are regarded as the areas of enhanced biological production 
and regions of active biogeochemical cycling (Rintoul et al., 2014). 

2.2. Chlorophyll-a and nutrients 

Quantification of Chl-a as a proxy for phytoplankton biomass was 
carried out by filtering 3 L water samples through GF/F Whatman filters 
(47 mm) under low vacuum for surface and DCM depths at all stations. 
After filtering, samples were immediately preserved by wrapping in foil 
and stored at − 20 ◦C until further analysis. Pigments were extracted by 
soaking overnight in 10 mL 90% acetone at 4 ◦C. Extracted samples were 
fluorometrically (10–AU, Turner Designs, USA) measured following 
Strickland and Parsons (1972). 200 mL samples were collected in 250 
mL polypropylene amber bottles for nutrient analysis. These were stored 
at − 20 ◦C until further analysis at the National Centre for Polar and 
Ocean Research (NCPOR) laboratory. Analyses for concentration of 
nutrients were carried out using a segmented flow analyzer (Seal AA3 
HR, Wisconsin, USA) following standard protocols (UNESCO, 1994) and 
running the samples in quintuples. Concentrations of nitrate (NO3

− ), 

phosphate (PO4
3− ) and silicate (SiO4

4− ) were subsequently obtained upon 
analysis with the following precision limits: ±0.06 (±0.07), ±0.003 
(±0.004), and ±0.06 (±0.04) μM, respectively. 

2.3. 13C-based estimates of primary productivity 

Estimates of daily PP were obtained from 24 h incubations per-
formed in a simulated in situ deckboard incubator. This incubation 
length was selected to target estimation of net primary production (NPP 
– see Regaudie-de-Gioux et al., 2014; Hughes et al., 2018), therefore 
negating the need for a separate dark incubation bottle. Waters samples 
from surface and DCM depths were gently collected in pre-washed 10 L 
carboys and shaded with plastic covers to prevent high light exposure. 1 
L samples from both depths were transferred to clean, transparent 
plastic bottles via filtering through 200 µm diameter mesh to screen out 
zooplankton grazers. Filled bottles were then enriched with 13C sodium 
bicarbonate stable isotope (NaHCO3-13C 99 atom %, Icon Services, 
USA), and placed inside an on-deck incubator with circulated surface 
seawater facility to maintain ambient water temperatures. Bottles con-
taining DCM water samples were covered with appropriate neutral 
density filters to simulate reduced light field conditions at depth. Three 

Fig. 1. Sampling locations (closed circles) in the 
study site during the 9th Indian Scientific Expedition 
to the Southern Ocean (ISESO-9). Black dotted lines 
indicate frontal demarcations (Orsi et al., 1995), 
while yellow and red circles correspond to the 
frontal and coastal stations respectively. The revis-
ited station (#16, see Section 2) is depicted in black. 
The white dotted line (60◦S) separates the frontal 
and coastal regions in the study area as per Mendes 
et al. (2015) (see inset image for broader geographic 
perspective). (For interpretation of the references to 
color in this figure legend, the reader is referred to 
the web version of this article.)   

A.U. Kerkar et al.                                                                                                                                                                                                                               



Progress in Oceanography 195 (2021) 102573

4

bottles were incubated for each depth, while a fourth was immediately 
filtered through pre-combusted (450 ◦C, 4 h) 25 mm GF/F filters and 
stored at − 20 ◦C for determination of POC and isotopic ratio of 13C and 
12C (13C atomic %) of the samples. After completion of incubations, 
filters were exposed to fumes of concentrated hydrochloric acid to 
eradicate unfixed inorganic carbon (in carbonate form) and then dried 
completely in desiccators containing silica gel. The carbon isotope 
values (δ13C) were measured using a stable isotope ratio mass spec-
trometer (Isoprime, Germany) in continuous-flow mode coupled with a 
Vario ISOTOPE cube elemental analyser (Elementar, Hanau, Germany) 
at Marine Stable Isotope Laboratory of NCPOR, Goa. The external pre-
cision for measurements of δ13C and C% were obtained by repeatedly 
running cellulose (IAEA-CH-3) and sulfanilamide as the standard, 
respectively. δ13C values are reported with respect to the Vienna Peedee 
Belemnite (VPDB) standard. The reference standard used for normal-
izing to VPDB was IAEA-CH-3. The rate of carbon fixation (PP, mgC m− 3 

d− 1) was calculated following standard protocols described in Hama 
et al. (1983) as per Eq. (1): 

PP = (ais − ans)/aic − ans)*C (1)  

where ais is atomic % of 13C in the incubated sample, aic is atomic % of 
13C in the enriched total inorganic carbon, ans is atomic % of 13C in the 
natural/initial sample, and C stands for the particulate organic carbon 
(mg C L− 1) in each sample at Marine Stable Isotope Lab of NCPOR, Goa. 

2.4. Light absorption coefficients 

Collected water samples from the CTD carousel were also analysed to 
quantify the light absorption coefficients of phytoplankton (aph(λ)) in 
both surface and DCM waters following Mitchell (1990). Briefly, 1 L of 
seawater sample was filtered onto a 25 mm GF/F paper (0.7 µm) under 
low vacuum. The filter papers were measured using a dual beam UV–Vis 
spectrophotometer coupled with an integrating sphere (UV-2600, Shi-
madzu, Japan) for the wavelength range 400–700 nm at 1 nm intervals. 

A filter paper (0.7 µm) wettened with freshly prepared filtered seawater 
was used as a standard reference for all measurements. The equation of 
Cleveland and Weideman (1993) was used to correct the effect of 
pathlength amplification on the GF/F filter as follows: 

ODs(λ) = 0.378ODf (λ)+ 0.523ODf (λ)2 (2)  

where ODs(λ) and ODf(λ) represent the optical density of the particulate 
matter present in suspension and filter, respectively. The diameter of the 
clearance area of each filter paper was determined from the average of 
three measurements performed with a digital vernier calliper. The total 
particulate absorption coefficient (ap (λ)) in suspension was calculated 
as follows: 

ap(λ) = 2.303ODs(λ)*S/V (3)  

where 2.303 is the conversion factor for log10 to loge, S = clearance area 
of the filter paper (m2), and V = volume filtered (m3). After measuring 
(ap(λ)), filter papers were soaked in absolute methanol to extract the 
phytoplankton pigments. The papers were then rinsed with FSW and re- 
measured to obtain the absorbance spectra for non-pigmented particles 
(anph(λ)) following Kishino et al. (1985) as per Eqn. (4): 

aph(λ) = ap(λ) − anph(λ) (4) 

The average of two such spectra was used to obtain the final ab-
sorption coefficient. Chlorophyll-specific phytoplankton absorption co-
efficients (a*ph(λ)) were obtained by normalizing aph(λ) values to the 
Chl-a concentration for the corresponding sample. 

2.5. Deriving phytoplankton size classes from an absorption-based model 

A model developed by Hirata et al. (2008) linking phytoplankton 
absorption to phytoplankton size classes was applied to the current 
dataset. The model makes use of the magnitude of aph and measure of 
the spectral shape or the blue-green difference from the absorption 

Fig. 2. (a) A water mass plot with PP values in the background (the red rectangle represents the Antarctic Surface Waters (AASW), temperature and salinity range 
during the present study); Spatial distribution of sea-ice concentration (%) from HadISST in the study region during (b) January and (c) February 2017, respectively. 
The black circles in the map represent the location of Primary Productivity stations and the black line depicts the boundary of 20% sea-ice concentration. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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spectra to retrieve the broad classes of phytoplankton. It works on the 
principle that the larger microphytoplankton have the largest aph and 
slope S and vice versa. The blue-green difference was calculated as δ 
(=aph(443) − aph(510)) following the determination of spectral slope S 
(=δ/|443–510|). Observed relationships between absorption and slope 
were used to classify the phytoplankton into three size classes: pico (<2 
µm), nano (2–20 µm) and microphytoplankton (20–200 µm). The Chl-a 
based approach could not be applied to the current dataset due to 
extremely low values of Chl-a compared with those mentioned in the 
original dataset. 

2.6. Estimation of total suspended matter 

Total suspended matter (TSM) was determined for each sampling 
station at both depths (i.e. surface and DCM) following Strickland and 
Parsons (1972). A pre-washed and pre-weighed (w1) 47 mm Millipore 
filter paper (nominal pore size 0.22 µm) was used to filter the samples 
under low vacuum pressure (ca. 120 mm Hg). Filters were then oven- 
dried for 4 h at 60 ◦C and re-weighed to obtain the final weight (w2). 
The concentration of TSM for each of the station was expressed in mg 
L− 1 as per Eq. (5): 

TSM (mg L− 1) = (w2 − w1)/V (5)  

where V = the volume of seawater filtered (L). 

3. Results 

3.1. Hydrography and nutrients 

The hydrographic properties derived from vertical profiles of CTD 
exhibited clear differences between location and sampling depths. As 
expected from the geographic location, the frontal stations were char-
acterized by higher temperatures (Fig. 3a and b) of water (overall mean 
temperature of 7.4 ◦C ± 4.7 standard deviation) than the stations in the 
Antarctic zone (0.5 ◦C ± 1.1). Mean values of salinity (Fig. 3c and d) 
were 34.1 ± 0.6 at the frontal and 34.1 ± 0.4 at the coastal stations. The 
stations at the STF were more saline compared to the other frontal sta-
tions. The fluorescence profiles revealed a mean 1.24 ± 1.05 mg m− 3 at 
the frontal and 1.50 ± 2.81 mg m− 3 at the coastal stations. Shallower 
and deeper DCMs were observed at the coastal and frontal stations, 
respectively (Fig. 3e and f). The vertical profile of PAR (Fig. 3g and h) 
showed a characteristic exponential decrease of light with depth at all 
sampling locations. A depth average of 6.0 ± 19.1 μmol photons m− 2 s− 1 

was observed at the frontal and the coastal 16.8 ± 45.6 μmol photons 
m− 2 s− 1 locations. Incident PAR was highest for coastal (557.4 µmol 
photons m− 2 s− 1) than frontal (163.3 µmol photons m− 2 s− 1) sites. The 
differences in magnitude of the recorded PAR were likely influenced by 
the intermittent cloud cover and the time of CTD deployment that 
differed from station to station. 

Dissolved nutrient concentrations (Fig. 4) exhibited considerable 
spatial variability over the study area. Mean concentrations of NO3

− and 
PO4

3− at the frontal sampling locations were 17.2 ± 9.8 μM and 1.3 ± 0.5 
μM, respectively. The coastal stations were characterized by higher 
concentrations of NO3

− (23.1 ± 6.3 μM) and PO4
3− (1.6 ± 0.5 μM). The 

frontal sampling locations (Stn 1 to 5) were characterized by extremely 
low concentrations of SiO4

4− (3.3 ± 3.0 μM), however, both surface and 
DCM waters of Stn 5 (at PF1) showed a SiO4

4− concentration (25.0 ± 4.8 
μM) on a par with coastal sampling locations. The coastal stations had a 
mean SiO4

4− concentration of 38.8 ± 7.4 μM. 

3.2. Phytoplankton biomass and productivity patterns 

Surface Chl-a ranged from 0.12 mg m− 3 (at Stn-11) to 0.91 mg m− 3 

(Stn-RS) while the Chl-a at DCM varied from mg 0.18 mg m− 3 (Stn-7) to 
1.71 mg m− 3 (Stn-14). Similar to phytoplankton biomass, PP showed an 

increasing trend towards the south, with the increase being more 
prominent from station 7 (Fig. 5). Surface PP ranged from 0.10 mgC m− 3 

d− 1 (Stn-11) to 1.52 mgC m− 3 d− 1 (RS) while at the DCM varied from 
0.14 mgC m− 3 d− 1 (Stn-8) to 1.30 mgC m− 3 d− 1 (Stn-14). Station RS 
(68◦S) showed highest values of surface Chl-a and PP (0.91 mg m− 3, 
1.52 mgC m− 3 d− 1), and station 14 (68◦S) had the highest Chl-a and PP 
values (1.71 mg m− 3, 1.30 mgC m− 3 d− 1) at the DCM. The average PP at 
the surface across all the stations sampled was 0.52 ± 0.47 mgC m− 3 d− 1 

with a corresponding Chl-a biomass of 0.32 ± 0.22 mg m− 3. At the DCM, 
average PP was 0.50 ± 0.42 mgC m− 3 d− 1 corresponding to a higher Chl- 
a biomass of 0.64 ± 0.54 mg m− 3. Despite higher Chl-a in the DCM, the 
corresponding PP values at some stations were lower than those for 
surface waters, indicating that a high total Chl-a does not necessarily 
translate to high rates of PP, consistent with light-limitation in the DCM. 
No relationship was observed between PP and salinity (R2 = 0.11, p >
0.05, n = 25) at all sampling locations. No correlation was found be-
tween PP and temperature, PP and PAR at any of the sampling stations/ 
depths. The PB (Chl-a specific PP) was comparable at frontal and coastal 
stations. However, the mean PB at the DCM (1.51 mgC mgChl-a− 1 d− 1) 
was noticeably lower than that at the surface (0.86 mgC mgChl-a− 1 d− 1). 
At the DCM, no correlation was apparent for many parameters (see 
Supplementary Table S1 for relevant correlation matrix). 

3.3. Bio-optical observations 

Bio-optical observations in the current study aimed to capture spatial 
variations of the phytoplankton absorption coefficient and the total 
suspended matter (TSM), in relation to ambient environmental (phys-
ical, chemical and biological) parameters. We also examine the 
intriguing ambiguity observed between the a*ph (443) and Chl-a and 
present results from an absorption-based model to derive the phyto-
plankton size classes in the forthcoming sections. 

3.4. Spatial variation of phytoplankton absorption coefficients and total 
suspended matter 

The measured aph spectra were characterized by absorption peaks at 
440, 490 and 675 nm. The mean values of aph were higher at the coastal 
stations than the frontal stations (Fig. 6). At frontal stations, the mean 
absorption coefficients at both surface and DCM, aph (443) and aph (675) 
were observed to be 0.036 m− 1 and 0.017 m− 1, respectively. For coastal 
stations however, surface and DCM values of aph (443) revealed a mean 
value of 0.043 m− 1 and aph (675), was found to be 0.020 m− 1. Mean 
values (surface and DCM) of a*ph (443) and a*ph (675) at both, the 
frontal 0.093 and 0.043 m2 (mgChl-a)− 1) as well as coastal 0.11 and 
0.50 m2 (mgChl-a)− 1) sampling locations were noticeably higher than 
the corresponding mean values of aph. Most of the a*ph in the sampling 
region exhibited a characteristic flattening in the blue (443–490 nm) 
region of the spectrum. 

Average concentrations of TSM were higher in coastal regions (5.7 ±
1.17 mg L− 1) compared to frontal regions (4.8 ± 1.02 mg L− 1). TSM did 
not exhibit an obvious trend until 67oS but thereafter increased at both 
the surface and DCM (Fig. 7), where it was notably higher at both 
sampling depths. Overall, average TSM concentration was higher in the 
surface layer (5.6 mg L− 1) compared to the DCM (4.5 mg L− 1). Chl-a 
showed a positive correlation with TSM in both surface (R2 = 0.32) and 
DCM waters (R2 = 0.64, p < 0.05) at all sampling locations (Figure not 
shown). 

3.5. Characteristic features of optical variables 

Phytoplankton absorption at the frontal and coastal sampling loca-
tions was examined with respect to the hydrographic parameters (tem-
perature, salinity, PAR and nutrients). Both aph (443, 676) and a*ph 
(443, 676) showed no apparent relationship with temperature and 
salinity at either the surface or DCM for coastal sampling locations. 
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Fig. 3. Vertical profiles of (a), (b) temperature, (c), (d) salinity, (e), (f) fluorescence and (g), (h) PAR in the frontal/offshore (left panel) and coastal (right panel) 
stations measured by CTD profiling. The legends in figures (c)–(h) are same as those in (a), (b). 
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Conversely, at frontal stations, no significant correlation was observed 
between aph (443) and salinity (R2 = 0.14, n = 9, p > 0.05). A positive 
relationship was also observed between aph (443, 676) and temperature 
at the frontal stations (R2 = 0.51, 0.39; n = 10), while no correlation 
could be determined between the two parameters for coastal sampling 
sites. No correlation was observed between both, aph and incident PAR 
and a*ph and incident PAR at all sampling locations. 

Relationships between PP, Chl-a, and aph were examined for all 
sampling locations. Values of ap (443) were strongly correlated with Chl- 
a (R2 = 0.95, p < 0.05, n = 10, data not shown). Similarly, PP was also 
positively correlated with Chl-a for both surface (R2 = 0.64, p < 0.05, n 
= 13), and particularly for DCM water samples (R2 = 0.96, p < 0.05, n =
12; Fig. 8a). aph (443) was also strongly correlated with PP at both, 
surface (R2 = 0.79, p < 0.05, n = 11) and DCM (R 2 = 0.96, p < 0.05, n =
11; Fig. 8b) depths. The phytoplankton absorption coefficient at 443 nm 
(aph [443]) exhibited a strong positive correlation with Chl-a at both, 
surface (R2 = 0.85, p < 0.05, n = 29) and DCM (R2 = 0.86, p < 0.05, n =

29; Fig. 8c). The aph (675) also exhibited a strong positive correlation 
with PP (data not shown) at the surface of (R2 = 0.54, p < 0.05, n = 11) 
and the DCM (R2 = 0.93, p < 0.05, n = 11). The ratio of PP to aph (443) 
decreased from an average of 14.65 to 10.47 from surface to DCM across 
all sampling locations (figure not shown). 

Specific bio-optical relationships were examined to check for the 
presence/absence of pigment packaging effects in the study region. 
Specifically, pigment packaging was evaluated through Q*a (675) as 
proposed by Bricaud et al. (1995). The Q*a reflects a ratio of a*ph to the 
specific absorption coefficient of the same cellular matter ideally 
dispersed in solution (a*sol), with a Q*a (675) value of <1 indicating the 
presence of pigment packaging effects. The current study showed an 
overestimation of Q*a (675) values, with an average ratio of 1.8 at the 
frontal and 2.7 at the coastal sampling locations (Table 2). Observed Q*a 
(675) values in the current study were high, and showed a clear inverse 
relationship with Chl-a (R2 = 0.30, p < 0.05) at coastal stations. Values 
>1 (i.e. greater than the theoretical maximum) occurred at almost all 

Fig. 4. Distribution of nutrients at (a) surface (dashed lines) and (b) deep chlorophyll maximum DCM (solid lines) layer of the study area.  

Fig. 5. Latitudinal trend (station numbering broadly corresponds to the latitude - see Fig. 1) in concentration of chlorophyll-a (Chl-a) and primary productivity (PP) 
observed at surface and deep chlorophyll maximum (DCM) layers in the study area. 
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sampling locations suggesting a general overestimation of Q*a (675) in 
present study. A negative relationship between a*ph (443) and Chl-a 
suggests the influence of accessory pigments on absorption (Ferreira 
et al., 2017), while a negative relationship between a*ph (675) and Chl-a 
is an effective indicator of package effect (Alcântara et al., 2016). We 
observed a negative relationship between a*ph (443) and Chl-a 
(Figure not shown) at both, frontal (R2 = 0.52, p < 0.1) and coastal (R2 

= 0.20) regions. A stronger, negative relationship was found between 
a*ph (675) and Chl-a at the frontal (R2 = 0.63, n = 10, p < 0.05) than the 
coastal (R2 = 0.30, n = 20, p < 0.1) region (Fig. 8d) indicating presence 

of pigment packaging effects. 

3.6. Phytoplankton community 

Understanding the phytoplankton community size structure can aid 
in predicting associated physiological phenomena such as pigment 
packaging effects and the influence of accessory pigments on absorption. 
To this end, we attempted to derive the dominant phytoplankton size- 
class based for each sample based on previously established bio- 
optical equations as detailed below: 

Fig. 6. Spectral coefficients of (a, b) phytoplankton absorption (aph), (c, d) chlorophyll specific phytoplankton absorption (a*ph), across all the sampling locations 
during the study. The legends in fig. (c), (d) are same those in (a), (b). 

Fig. 7. Latitudinal variations of Total Suspended Matter concentrations in the study area (numbering of the stations broadly corresponds to the latitude as presented 
in Fig. 1). 
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Fig. 8. Scatterplots showing relationships between (a) Primary productivity and chlorophyll-a at surface (y = 0.7988x + 0.145) and DCM (y = 0.7583x + 0.0406), 
(b) Primary productivity and phytoplankton absorption (443) at surface (y = 1.8292x − 0.0579) and DCM (y = 8.8062x + 0.0427), (c) Chl-a and phytoplankton 
absorption (443) (y = 0.0762x + 0.005) and phytoplankton absorption (675) (y = 0.0324x + 0.0033), (d) chlorophyll specific phytoplankton absorption (675) and 
chlorophyll-a at frontal (y = 0.0164x− 0.77) and coastal (y = 0.0388x− 0.196) sampling locations as determined by an inverse power fit. 

Table 2 
Sampling details and additional parameters relevant to the study at the surface (values italicized) and the deep chlorophyll maximum (DCM). PB: chlorophyll-specific 
primary productivity (mgC mgChl-a− 1 d− 1), Q*a (675): a*ph/a*sol (indicator of pigment packaging effect). *No data denotes not measured/sample lost.  

Station ID Date of sampling Location (◦S, ◦E) Total water depth (m) Distance from the shelf (km) DCM (m) PB a*ph surface/a*ph 

DCM 
Q*a (675) 

Stn 1 12-Jan 40.13, 58.85 5000 NA 42 No data No data No data 
Stn 2 21-Feb 43.02, 57.50 >4000 NA 75 1.58, 0.70 3 2.37, 0.92 
Stn 3 17-Jan 47.00, 64.00 3808 NA 75 No data 1 2.82, 2.49 
Stn 4 18-Feb 50.45, 57.50 >4000 NA 40 0.94, 0.79 1 1.70, 2.05 
Stn 5 19-Jan 51.00, 64.00 4000 NA 15 No data 1 1.98, 2.08 
Stn 6 15-Feb 58.07, 56.83 >5000 NA 20 1.05, No data 2 1.04, 0.84 
Stn 7 13-Feb 62.00, 57.50 >4500 550 32 1.20, 1.37 No data NA 2.11 
Stn 8 11-Feb 63.99, 57.51 4500 330 75 0.73,0.72 1 1.81, 1.66 
Stn 9 09-Feb 66.69, 64.03 1786 34 30 No data 2 4.46, 2.42 
Stn 10 06-Feb 66.84, 70.01 843 73 63 1.19, 0.83 1 2.26, 1.90 
Stn 11 05-Feb 66.78, 72.00 523 79 70 0.80, 0.87 1 2.26, 2.91 
Stn 12 03-Feb 66.72, 75.99 1900 119 66 1.62, 0.77 2 4.03, 2.94 
Stn 13 04-Feb 66.71, 74.01 900 146 60 1.53, 0.87 2 2.90, 2.33 
Stn 14 25-Jan 68.01, 72.00 768 110 60 2.05, 0.76 1 2.09, 1.70 
Stn 15 02-Feb 68.00, 75.99 457 88 65 2.10, 0.94 No data No data 
Stn 16 30-Jan 68.00, 76.00 460 165 95 3.21, 1.02 1 3.16, 1.92 
RS 31-Jan 68.00, 76.00 458 165 20 1.67, 0.73 1 1.53, 1.91 
Stn 17 01-Feb 69.26, 75.97 366 11 40 No data No data No data  
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3.6.1. The B/R ratio 
The aph (440)/aph (676) i.e. blue to red (B/R) ratio was used as an 

index to characterize the dominant size classes of phytoplankton (Wu 
et al., 2007; Aguilar-Maldonado et al., 2018). The index characterizes 
dominant phytoplankton size classes based upon the B/R ratio >3.0, 
<2.5 and between 2.5 and 3.0 as picophytoplankton (<2 µm) micro-
phytoplankton (>20 µm) and nanophytoplankton dominant commu-
nities, respectively. Values for B/R ratio in the current study (Fig. 9) 
varied from 1.4 to 2.5 at the frontal and 1.6–3.2 at the coastal sampling 
locations. Most of the sampling locations, however, had a value of B/R 
< 2.5 suggesting a microphytoplankton-dominated community. 

3.6.2. An absorption-based model 
A model proposed by Hirata et al. (2008) was used to derive the 

phytoplankton size classes from the absorption by phytoplankton at 443 
nm (aph 443) and 510 nm (aph 510). The picophytoplankton dominance 
was designated to the values of aph (443) < 0.023, the nano-
phytoplankton domain was the between 0.023 and 0.069 and the values 
>0.069 m− 1 were attributed to a dominance of microphytoplankton as 
defined in the original model (based upon the NOMAD dataset). How-
ever, a clear overlap of nano and microphytoplankton indicating co- 
existence of the two domains has been highlighted by the authors. Re-
sults from the current study (Fig. 10) indicated a dominance of pico-
phytoplankton at 10, nanophytoplankton at 13 and microphytoplankton 
at 4 stations (including both, surface and DCM) irrespective of their 
frontal/coastal locations. The Chl-a based equations could not be 
applied to the current dataset due to extremely low Chl-a concentra-
tions. The original model (Hirata et al., 2008) suggests >1.8 mg m− 3 of 
Chl-a concentration for the microplankton dominance. However, none 
of the sampling locations corresponded to Chl-a concentration beyond 
this (highest being 1.7 mg m− 3) and therefore, the sampling area does 
not fit into the Chl-a based approach model domain. 

4. Discussion 

4.1. Physicochemical environment 

In general, measured SST and salinity values were in line with ex-
pected values given previously reported characteristics of the respective 
fronts (Holliday and Read, 1998). Most coastal stations were 

characterized by a shallower DCM (Fig. 3; Table 2) compared to the 
frontal stations. The deeper DCM at frontal stations could be restricting 
available light for photosynthesis and other metabolic activities of 
phytoplankton at the DCM (Lee et al., 2007) which may explain the 
lower productivity values for the frontal stations (mean PP of 0.50 mg C 
m− 3 d− 1) than the coastal stations (mean PP of 0.70 mg C m− 3 d− 1). 
Several studies have shown the mechanisms of environmental influences 
on Southern Ocean/Antarctic phytoplankton, including effects of irra-
diance (El-Sayed et al., 1970), temperature (Neori and Holm-Hansen, 
1982; Tilzer and Dubinsky, 1987) and nutrients (Tsunogai and Wata-
nabe; 1983; Iida and Odate, 2014). In this study, however, we were not 
able to establish clear relationships (through either single or multiple 
linear regression analysis) between PP and physical parameters (such as 
temperature, salinity and PAR) which supports findings of previous 
studies by Claustre et al. (2005) and Kahru et al. (2017) who reported a 
notable absence of physical controls (i.e., temperature and salinity) on 
PP variability in the Southern Ocean. It is important to note however, 
that inability to establish relationships between PP and environmental 
variables could also reflect the relatively low number of observations in 
our dataset. 

A characteristic pattern of high concentrations of both NO3
− and 

PO4
3− was observed across all the stations (Figs. 3 and 4). Conversely, 

SiO4
4− concentrations ranged from as low as <10 µM at frontal sampling 

locations to extremely high concentrations at coastal sampling stations 
(20.19–46.09 µM). Iida and Odate (2014), have reported similar results 
from the ISSO, documenting dominance of picophytoplankton and 
haptophytes in the SAF, PF (accompanied with SiO4

4− concentrations <
10 µM) and nanophytoplankton, diatoms in the region south of PF 
(SiO4

4− concentrations > 10 µM). A non-siliceous phytoplankton com-
munity is therefore likely at the frontal region, as the diatoms are unable 
to grow at <10 µM SiO4

4− concentration (Tsunogai, 1979; Tsunogai and 
Watanabe, 1983). The observed high SiO4

4− concentrations at the coastal 
(>10 µM) stations would therefore likely favour presence of a larger 
diatom-dominated phytoplankton community in the region, while the 
northern (frontal stations) region would be expected to be dominated by 
a non-siliceous phytoplankton community comprising e.g. di-
noflagellates, haptophytes, nanophytoplankton (Westwood et al., 2011; 
Mendes et al., 2015; Tripathy et al., 2015; Kerkar et al., 2020). 

Fig. 9. The latitudinal trend (station numbering broadly corresponds to latitude as represented in Fig. 1) in dominant phytoplankton size classes from the Blue/Red 
ratios (triangles indicate surface and circles indicate the Deep chlorophyll maximum (DCM) sampling points, the black symbols denote the nanophytoplankton 
dominant regions). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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4.2. Characterization of phytoplankton biomass and productivity patterns 

The mean concentrations of Chl-a (0.38–0.53 mg m− 3) fell within the 
range of those previously reported by Park et al. (2010); Iida and Odate 
(2014), Tripathy et al. (2015), in the study region. The distribution of 
Chl-a between the surface (0.34 ± 0.27 mg m− 3) and DCM (0.64 ± 0.54 
mg m− 3; Fig. 5) also appeared consistent with previous findings, e.g. 
Gervais et al. (2002) who reported Chl-a concentrations ranging from 
0.48 to 0.56 mg m− 3 in the upper 100 m of Southern polar frontal zone 
waters. Our observation of relatively constrained Chl-a values despite 
nutrient-replete conditions, re-affirms the HNLC status of the study area 
and further agrees with findings of Gervais et al. (2002). 

Higher values of PP (especially in the Eastern Prydz Bay) were 
observed at coastal stations compared to offshore stations in the current 
study. Elevated PP in the coastal region may also be explained by sig-
nificant inputs of iron as reported earlier in the region (Tripathy and 
Jena, 2019). The general patterns in PP observed in this study did not 
show any clear relationship with ambient physical variables like tem-
perature and salinity. This agrees with previous reports by Kahru et al. 
(2017) in Pacific and Atlantic sectors of the Southern Ocean, who 
attributed changes in PP and corresponding bio-optical variability pre-
dominately to the composition and size classes of the phytoplankton 
present. A lack of correlation between surface PP and PAR at all stations, 
suggests that PAR was not a limiting factor for PP in the region – 
agreeing with previous reports (Jasmine et al., 2009; Tripathy et al., 
2014; Kerkar et al, 2020). However, we highlight the limited number of 
observations in the current study, and caution that additional validation 
of this approach from a larger dataset(s) is needed to test the robustness 
of our findings. Lesser variability in PB indicated similar 
chlorophyll-specific photosynthetic efficiency of phytoplankton in 
coastal and frontal region. The lower values of PB at the DCM compared 
to the surface imply the dominance of larger plankton at DCM which has 
been observed by Gomi et al. (2010); Kerkar et al. (2020) in the study 
region. The underlying cause for lower PB at DCM is attributed to 
pigment package effects which larger plankton are particularly prone to 
(Marra et al., 2007). 

4.3. Optical drivers of the phytoplankton physiology and community 
composition 

Phytoplankton absorption properties are valuable metrics for con-
structing bio-optical models, as they are known to be predictors of C 

fixation rates for the world oceans (Bidigare et al., 1990). The present 
study used the standardized in vivo specific absorption coefficients of 
phytoplankton and the analyses revealed a clear bio-optical variability 
in the study area. The aph spectra showed peaks at 460, 490 and 675 nm 
which can be attributed to absorption by carotenoids, Chl-a and 
phaeophytin, respectively (Alcântara et al., 2016). The surface distri-
bution of aph (443) was relatively higher near coastal stations, perhaps 
due to which is an area of enhanced production (Arrigo et al., 2008b). 
The PP values in the current study (Fig. 5) with an increasing gradient 
towards the coastal stations support the fact of enhanced production in 
this region compared to the fronts. One possible explanation for this 
could be the presence of sea ice (<50%; see Fig. 2b) and its subsequent 
melting. Indeed, such a scenario is consistent with our measured salinity 
distribution, i.e. with fresher waters in the East compared to the West 
(Fig. 2a). The stronger relationship between PP and aph (R2 = 0.85) 
compared to that of PP and Chl-a (R2 = 0.64) showed that aph was a 
better predictor of PP in the surface waters as reported by Marra et al. 
(2007). We therefore provide evidence to suggest that use of aph may be 
preferable over Chl-a for satellite-based studies in the ISSO, yet this 
notion requires further validation using datasets of higher spatio- 
temporal resolution. The observed result is in good agreement with 
the observations by Hirata et al. (2008) who reported that direct 
analytical derivation of aph makes it preferable over Chl-a. The problem 
of standard error in prediction due to the biogeochemically variable 
nature of Chl-a is also not faced in case of aph. However, the observation 
by Marra et al. (2007) was restricted to surface waters only, thus they 
could only hypothesize a decline in ratio of PP to absorption with optical 
depth. Our results lend support to their hypothesis, since a clear 
decrease in PP to aph ratio was observed at the DCM compared to surface 
waters, however, analysis would need to be extended to intermediate 
depths for a robust evaluation of this theory. Our observations are also 
on par with Lee et al. (2011) who propose that aph can be a better tool to 
predict PP (R2 = 0.74) than Chl-a (R2 < 0.5) in the Southern Ocean, 
thereby recommending the importance of analytical retrieval of aph for 
representing PP. Lee et al. (2011) further explain the efficacy of aph 
based models in ocean productivity from ocean colour due to less 
chances of empirical uncertainties faced by Chl-a (Lee et al., 1996). At 
the DCM, however, probably due to higher concentrations of Chl-a and 
dominance of healthier phytoplankton (Gomi et al., 2010; Tripathy 
et al., 2015), both the correlations were equally strong and therefore, 
further examination on a larger spatio-temporal scale is recommended 
to confirm if both, Chl-a as well aph can be equal predictors of PP at the 

Fig. 10. Phytoplankton size classes derived as per the phytoplankton absorption at 443 nm (aph 443) based model following Hirata et al. (2008) (triangles indicate 
surface and circles indicate the deep chlorophyll maximum (DCM) and the colours in the legend correspond to the dominant phytoplankton size classes in the 
sampling region). 
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subsurface layers. Use of aph, though more effective than Chl-a in the 
present context, needs to be corrected for other optical uncertainties 
(like interference from coloured dissolved organic matter, detritus) and 
requires reliable, long term monitoring of physiological properties of 
phytoplankton (Lee et al., 2011) in the Southern Ocean, particularly as 
the region remains severely under-sampled. 

Measured concentrations of TSM (Fig. 7) in this study were compa-
rable with previous reports by Kerkar et al. (2020) (42◦S–55◦S) who 
reported a range of 3.6–6.0 mg L− 1, but slightly higher than that 
observed by Dessai et al. (2011), who observed averages of 5.49 mg L− 1 

(28◦S–58◦S) and 4.02 mg L− 1 (54◦S–69◦S). The higher concentration of 
TSM at the surface indicates less biogenic material compared to the 
DCM, thus supporting findings of Kerkar et al. (2020). The probable 
sources of TSM distribution at the frontal regions can be attributed to the 
biogenic sources and impact of extremely strong wind belts between 
40◦S–60◦S (Dessai et al., 2011) and the meltwater influx from the Ant-
arctic coast in case of the coastal stations (Sabu et al., 2014 and Fig. 3). 

Earlier taxonomic literature supports the fact that regions north of PF 
are characterized by smaller phytoplankton size classes, and regions 
towards the south of PF are dominated by diatoms with SiO4

4− e frustules 
(Trull et al., 2001; Mendes et al., 2015). The abundance of SiO4

4− at the 
regions beyond the polar frontal zone measured in the current study 
agrees with Kemp et al. (2006); Assmy et al. (2013); Iida and Odate 
(2014), who highlighted the dominance of diatoms in this region is 
explained by higher SiO4

4− concentrations. Furthermore, findings from 
previous studies state a higher probability of package effects in micro-
phytoplankton (>20 µm) dominant waters and lower in waters with 
picophytoplankton (<2 µm) community type (Le et al., 2009). However, 
some smaller plankton, like Phaeocystis sp, adapted to low light condi-
tions and known to be prone to strong package effects (Naik et al., 2010) 
have been reported in the study region. Bio-optical results from the 
current study that were used to assess the phytoplankton community 
structure and associated physiological effects like pigment packaging/ 
influence of accessory pigments are discussed below. 

The clear inverse relationship between a*ph (443), (675) and Chl-a 
(Fig. 8) highlighted the presence of package effect in the study region. A 
characteristic flattening of absorption spectra in the blue band was 
observed, implying a microphytoplankton-dominated community at 
most of the sampling locations (Stuart et al., 2004). The inverse rela-
tionship can be explained by an increased cell size/influence of acces-
sory pigments accompanied with a loss in absorption efficiency as 
reported previously by Le et al. (2009). The values of Q*a (675) (>1 at 
most sampling locations) showed a clear negative relationship with Chl- 
a. Overestimation of Q*a (675) values was also observed by Kerkar et al. 
(2020) in this region earlier, accompanied with a negative relationship 
between Q*a (675) and Chl-a which has been attributed to package ef-
fect supported by other studies (Alcântara et al., 2016). The Q*a over-
estimation has been associated with uncertainties in the pathlength 
amplification factor and has been observed in previously published 
literature (Naik et al., 2013; Alcântara et al., 2016). In the present study, 
overestimation of Q*a (values shown in Table 2) could potentially be 
explained by the aforementioned methodological limitation, or the 
biological noise often encountered in cases where lower optical densities 
are observed (Alcântara et al., 2016). 

The blue/red (B/R) ratio (Fig. 9) of absorption spectra i.e., aph (443)/ 
aph (676) used as a bio-optical indicator of phytoplankton size classes 
(Stramski and Morel, 1990, Aguilar-Maldonado et al., 2018) suggested a 
dominance of larger plankton (associated with package effect) at both 
the frontal and the coastal sampling locations. The flattening of a*ph 
spectra in the blue region, inverse relationship between a*ph at 443, 675 
vs Chl-a and Q*a (overestimated values) vs. Chl-a is indicative of pack-
age effect/change in the pigment composition usually associated with 
larger taxa such as diatoms, dinoflagellates and large coccolithophores 
(Alcântara et al., 2016). Due to severe SiO4

4− limitation at frontal sam-
pling stations it is likely that the inverse relationship between a*ph (443) 
and Chl-a is therefore most likely explained by non-siliceous 

phytoplankton e.g. dinoflagellates or Phaeocystis spp. a smaller hapto-
phyte (but particularly prone to pigment package effect) prevalent in the 
study region (Iida and Odate, 2014; Wright et al., 2010; Biggs et al., 
2015). Conversely, at stations further south (60◦S and below), the 
replete SiO4

4− concentrations suggest presence of larger diatoms likely 
explains the B/R ratio <2.5 (Aguilar-Maldonado et al., 2018; Chakra-
borty et al., 2017). Notably, the inverse relationships between a*ph–Chl- 
a and Q*a–Chl-a at the coastal stations (despite probable dominance of 
larger phytoplankton) was weaker than that observed for the frontal 
stations. We therefore infer that a*ph vs. Chl-a relationship at the frontal 
regions explained the package effect better than for the coastal domain. 
This assumption is based upon the observed strong inverse relationship 
between a*ph (443, 675) and Chl-a (similar cases have been reported 
earlier in the study area, Kerkar et al. (2020), and inefficacy of a*ph to 
express the package effect (Ferreira et al., 2017) in the coastal sampling 
locations due to the strong covariation between Chl-a and accessory 
pigments in the region. Ferreira et al. (2017) further support this, sug-
gesting that lower and higher concentration of Chl-a do not necessarily 
result in the higher and lower a*ph in Antarctic waters. Overall, our 
findings indicated that the relationship between a*ph and Chl-a was a 
better predictor of pigment packaging effects at frontal stations, yet, was 
not for stations beyond 60◦S/Antarctic zone. Further investigation is 
needed to confirm whether the a*ph-Chl-a relationship seasonally or 
perpetually fails to explain the package effect efficiently in coastal 
Antarctic waters. 

The results from the model proposed by Hirata et al. (2008), did not 
agree with all the phytoplankton size classes derived from the B/R ratio 
that indicated predominance of microphytoplankton in the study area; 
whereas, results from the absorption-based model (using the aph [443]- 
based method of autocorrelation) implied dominance of larger phyto-
plankton at only four stations (Fig. 10). The Chl-a based approach by 
Hirata et al. (2008) could not be used to derive phytoplankton size 
classes due to extremely low Chl-a concentrations in the study region, 
along these lines, obtained values of aph (443) might be too low to 
adequately explain the dominance of microphytoplankton in the study 
region. Mouw and Yoder (2010) while assessing the efficacy of this 
model, stated that classifications by Hirata et al. (2008) suggests that 
very little of the Southern Ocean is dominated by microphytoplankton. 
Their study further showed that the Southern Ocean phytoplankton 
community is nano- and microphytoplankton dominated during the 
austral summer. The study by Hirata et al. (2008) assumes polar oceans 
(especially the Southern Ocean) to be characterized by only a small 
proportion of microphytoplankton community (evident from the over-
lap between nano and microphytoplankton communities in the original 
model) might have been the cause of mismatch observed in the current 
study. 

There are however, certain caveats that should be considered before 
applying or comparing our data with future field studies/datasets. 
Firstly, our results have been solely framed from the analysis of ab-
sorption spectra/bio-optical relationships. Having said that, we have 
compared and confirmed our findings against more than one established 
bio-optical relationship, and the results from these relationships agree 
with the phytoplankton community that would be expected based on 
measured nutrient concentrations and support results from previous 
studies from the region (Iida and Odate, 2014). We conclude that 
phytoplankton absorption is a better predictor of productivity than Chl-a 
in the surface waters. This confirms the efficacy of bio-optical variables 
as effective predictors of PP in the study region and therefore has im-
plications for future studies that aim at more straight-forward means to 
calculate PP (net PP in the present context) from space through a rela-
tively simple empirical approach. Secondly, the absorption-based global 
model we used here appeared to identify smaller classes of phyto-
plankton well, but not the larger ones. Lastly, pigment packaging could 
be explained well at the frontal region than the coastal. Due to such 
regional variations, we highlight the necessity of season and region- 
specific observations before using ocean colour models based on a*ph 
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in the Antarctic waters (Dallolmo et al., 2005) or the absorption-based 
global models like Hirata et al. (2008) in the polar regions. Prediction 
of physiological phenomena like package effect using bio-optical vari-
ables like a*ph or Q*a therefore cannot be generalised for the entire 
Southern Ocean and need to be verified on a larger spatio-temporal scale 
to check the need for regional modifications. 

4.4. Conclusions and future research 

We show that phytoplankton absorption may provide a better means 
to predict PP in the Southern Ocean compared to knowledge of phyto-
plankton biomass – however this likely requires region-specific modifi-
cations to existing global absorption-based PP models. We do highlight 
however that additional modelling analysis is required, and collecting 
more in situ data from this under-sampled region is a key priority to test 
the robustness of our findings. Understanding how variability in physi-
cochemical variables may affect the accuracy of optical coefficient 
retrieval in the Southern Ocean over broader spatio-temporal scales is an 
important and logical next step. Future research should also explore how 
additional physiological properties of natural phytoplankton commu-
nities may influence optical absorption in this dynamic system. Such in 
situ datasets - if validated with historical satellite data – will allow for 
further development/refining of region-specific phytoplankton 
absorption-based models (like the one in used the present study) that 
hold considerable promise towards developing an improved under-
standing of carbon cycling dynamics in the Southern Ocean. 
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A B S T R A C T

Scarcity of Carbon estimates from the biogeochemically important Southern Ocean (SO), if addressed better, can
help in improving the present understanding of the Carbon (C) cycle of the region. We present estimates of stand-
ing stock of Carbon from every species, as well as the entire copepod community from this region during austral
summer. Of the total copepod community, Rhincalanus gigas (13.397 mgC) contributed the most to C stock, fol-
lowed by Calanus australis (5.269 mgC) and Calocalanus sp (1.027 mgC). The harpacticoid, Microsetella norvegica
and poecilostomatoid, Oncaea curvata contributed more to C stock than the cyclopoids, Oithona similis and
Oithona frigida. A total of 118.96 mgC was estimated from the copepod community. The trophic efficiency
(Czoo/Cphyto) of 0.48 indicated a grazing pressure and exposure of copepods to a wide range of food sizes. Our
findings highlight the necessity of regular spatiotemporal observations to better understand the fine ecological
fluctuations and C cycle dynamics, given the accelerated changes in SO in the last few decades.

1. Introduction

The Southern Ocean (SO) is one of the most dynamic marine ecosys-
tems due to large biogeochemical fluctuations (Deppeler and Davidson,
2017). Recent research has revealed a combined influence from both,
natural as well as anthropogenic influences in the Antarctic/surround-
ing regime (Signa et al., 2019) anticipating a drastic change in the
planktonic communities (Smith and Meyer, 2019). The changes in the
extent of sea ice have been another extremely important factor to devi-
ate the productivity and trophic patterns near the poles (Post et al.,
2013; Constable et al., 2014). The lower trophic levels, are at a risk, evi-
denced through a decline in their population and body sizes (Garzke et
al., 2015).

The C-cycle of every region begins from primary producers (phyto-
plankton) and has an immediate link with the secondary producers
(zooplankton). The changes in the SO in the last decades, can have con-
siderable impacts on phytoplankton and thereby the zooplankton com-
munity of the region. Such effects would also alter the C-budget, mak-
ing understanding of the C-cycle unclear (Smith and Mayer, 2019). Si-
multaneous estimates of C from phytoplankton and zooplankton can be
effective indices to understand the present status and predict changes in
the regional C-fluxes.

Considerable attempts have estimated the biomass and abundances
of phytoplankton and zooplankton. The copepod community of the
ISSO is characterized by a distinct zonal variability Atkison and Sinclair
(2000), thereby making the SO fronts characteristic biogeochemical
boundaries that segregate different zooplankton communities. The
clear differences in temperature, salinity (Deacon, 1982) nutrient distri-
butions and trends in productivity seen in the ISSO (Kerkar et al.,
2020b, 2021) are some of the factors influencing the biogeographic dis-
tribution of zooplankton in the region (Deppeler and Davidson, 2017).
Takahashi et al. (2011) have reported a high abundance of zooplankton
in the Polar Frontal Zone (PFZ) and at the inter-PFZ, describing the
dominance of ubiquitously present small calanoids, Calanus simillimus
and cyclopoid Oithona similis (Claus, 1866) making up > 70% of the to-
tal abundance. Venkataramana et al. (2020) have provided a detailed
description of the abundance, species composition and variation of the
zooplankton community and observed a clear dominance of copepods
and a frontal variability of species distribution in the ISSO. They de-
scribe the polar frontal region as a region of dense abundance for
Calanoides acutus (Giesbrecht, 1902), Calanus australis (Brodsky, 1959),
Calanus propinquus (Brady, 1883), Clausocalanus spp., Ctenocalanus citer
and Rhincalanus gigas (Brady, 1883) accounting for about >62% of to-
tal abundance, whereas, the sub-tropical and sub-Antarctic fronts to be
dominated by Calocalanus spp., C. propinquus and Neocalanus tonsus.
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They further highlight the association of small copepods with higher
temperatures and vice versa and attribute this trend to the biophysical
demarcations of the ISSO fronts. Matsuno et al. (2020) while surveying
the Kerguelen Plateau in the ISSO, highlight the Chl-a and water masses
to be the key drivers of zooplankton distribution in the region. The cy-
clopoid O. similis, calanoids Metridia gerlachei (Giesbrecht, 1902),
Metridia lucens, Calanus propinquus, Calanus simillimus, Ctenocalanus
spp. were the most dominant copepods observed by them. However,
hardly any studies have concurrently estimated the standing stocks of
copepods in the Indian Sector of the SO (ISSO). Despite the high diver-
sity of copepod species (about 300, Kouwenberg et al., 2014), no ex-
plicit attempts explain the species-level C stock in the SO. A few studies
that partly address this question include Foxton (1956) who exclusively
measured standing stocks of the SO zooplankton; however, the study
was not extended up to the species level. Ward et al. (2005), reported
the phytoplankton and zooplankton production from South Georgia re-
stricting their C-biomass analysis to two calanoids, Rhincalanus gigas
and Calanoides acutus. Kerkar et al. (2020a) presented both, species and
community level copepod C stocks during a 48 h time-series experi-
ment in Prydz Bay in the SO. However, the study included observations
at a single time point and therefore was limited by spatial variability.

Feeding habits of copepods and fractions of herbivorous species is
another important aspect that needs to be considered in the carbon esti-
mation studies, given that the feeding habits of zooplankton are likely
to influence their carbon contents. For instance, Mayzaud et al. (2002),
have attempted to quantify the carbon intake of zooplankton through
grazing experiments in the ISSO. They observed a clear dominance of
large copepods such as Calanoides acutus, Calanus simillimus, Calanus
propinquus, Metridia gerlachei and Rhincalanus gigas and smaller cope-
pods such as Clausocalanus laticeps Ctenocalanus citer, Oithona spp., dur-
ing the study. They observed that small calanoids and young stages of
larger copepods contributed significantly to the grazing pressure. How-
ever, an energy loss exceeding the Chl-a ingestion was observed in sum-
mer, thereby indicating a presence of alternate non-chlorophyll food
source in the copepod diet. Swadling et al. (2010) in their study in the
South Western ISSO have highlighted the differential abundance than
the composition and describe Chl-a, ice cover to be the best correlated
environmental variables with mesozooplankton abundance. Swadling
et al. (2015), highlight the sparse knowledge of grazing rates of zoo-
plankton except for the Antarctic krill in the ISSO and have made an at-
tempt to carry out a detailed survey to establish robust feeding rates
through grazing experiments in the region. Calanoides acutus, Calanus
propinquus, Calanus simillimus and Rhincalanus gigas were identified to
be the dominant copepods during the study and diatoms were their key
dietary component accounting to 96% of the identifiable items in their
guts. Fifteen taxa of diatoms were commonly found in the gut contents
of copepods with three of them (Fragilariopsis kerguelensis, Thalassiosira
spp. and Trichotoxon reinboldii) common to all of the copepod species
encountered.

Yet another aspect to be examined is the contribution of pigmented
phytoplankton to the Particulate Organic Carbon (POC), to confirm if
the phytoplankton were the main source of C in the study region. Since
no explicit measurements in this regard were possible during the pre-
sent study, we built up the hypothesis from the previously published lit-
erature in the SO. For instance, Le Quere et al., (2015) report copepods
to be the major consumers of phytoplankton biomass in the SO during
austral summers. Pinkerton et al. (2020) have discussed the bottom-up
control and the dependence of zooplankton on the phytoplankton evi-
dent from the values of primary production and phytoplankton biomass
in the ISSO. Alvain et al. (2010) in their attempt to classify the phyto-
plankton contribution to the POC at the global scale through an empiri-
cal technique (PHYSAT) made use of pigmented phytoplankton as bio-
markers and identified the dominant phytoplankton groups to be di-
atoms, nanoeukaryotes, Synechococcus, Prochlorococcus and Phaeocystis.
They explain the significant dominance of these groups to the POC to be

>60% (through PHYSAT detection limits) and declare diatoms to be
the most dominant community type in the SO. The probabilities of phy-
toplankton as a main source of POC from the compiled literature have
been discussed further in the discussion section.

Estimation of the standing stocks of C and understanding their prob-
able sources is therefore of fundamental importance in every ecosystem
since it is the measure of sustainable organic flux available for con-
sumption and export (Mayzaud and Pakhomov, 2014). Community
characteristics and trait-based approaches are hence the best starting
points to improve the understanding of the biogeochemical dynamics of
the oceanic ecosystem (Steinberg and Landry, 2017). Considering this,
the present study aims to (i) characterize the copepod community
through C stocks, at the species and community level; (ii) provide a pre-
liminary link between the C stocks of the primary and secondary pro-
ducers that has been rarely attempted in the ISSO.

2. Materials & methods

2.1. Study area and sampling strategies

Sampling was carried out at five different locations in the study re-
gion (Fig. 1) during the 9th Indian Scientific Expedition to the Southern
Ocean (ISESO) onboard SA Agulhas I held in the austral summer 2017
(06-Jan–28-Feb-2017). The sampling locations covered the different
fronts, the STF (Sub-Tropical Front), SAF (Sub-Antarctic Front), PF (Po-
lar Front), and coastal Antarctic region between 40°S and 69.15°S.

2.2. Phytoplankton biomass and carbon standing stock

The seawater samples for estimation of Chl-a (a proxy for phyto-
plankton biomass) were collected using Niskin bottles of 10L capacity
mounted upon Conductivity-Temperature-Depth (CTD) carousel (Gen-
eral Oceanics Inc., USA). The Chl-a was estimated by filtering the sam-
ples through GF/F Whatman filters (47 mm) at a minimum suction
pressure and preserved at −20 °C until further analysis. The measure-
ments were carried out fluorometrically (10–AU, Turner Designs) fol-
lowing Strickland and Parsons (1972). The phytoplankton carbon
(Cphyto) values were derived from Chl-a (mg m−3) following the least
square method proposed by Legendre and Michaud (1999) for the eu-
photic zone. The equation used in the current study being: log
[POC] = 2.27 + 0.35 log [Chl].

Several studies in the past use the Carbon derived from Chl-a to in-
terpret the trophic ecological observations. However, the idea behind
using POC derived from Chl-a in the present study was adopted from
Legendre and Michaud (1999) that focuses on the derivation of Carbon
from phytoplankton in the euphotic zones of the oceans. Large data sets
of POC and Chl-a from a wide variety of coastal and oceanic environ-
ments have been tested (n = 510) with the Ordinary Least Square
method that yields the least possible error. They highlight the use of
such POC computed from Chl-a as an easy-to-determine in the field or
from remotely sensed platforms of ocean colour that can be used to pre-
dict the biogenic carbon available as food for zooplankton. Determina-
tion of Chl-a is easier and economic compared to the POC, therefore
making POC derived from Chl-a an effective alternative. The study has
examined euphotic zones for global oceans and has proposed general
equations between Chl-a and POC that can be adopted for future stud-
ies.

2.3. Secondary production and carbon standing stock

The zooplankton samples were collected by vertical hauls of a
200 μm mesh sized multiple plankton sampler (Hydro-Bios, Am Jägers-
berg, Germany) within the euphotic zone, roughly matching the sam-
pling depths for Chl-a collection. The copepod samples were collected
from the depth strata for each of the stations (0–40m for station 1,
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Fig. 1. Locations of sampling stations (closed circles) in the study site during ISESO-9. The solid circles represent the sampling locations. The background colours in-
dicate bathymetry. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

0–50m for station 2, 0–50m for station 3, 0–40m for station 4, 0–40m
for station) and the values for Chl-a from the corresponding depths
were integrated following the trapezoidal integration method for each
station. The samples were preserved in 5% buffered formaldehyde/sea-
water solution and stored at room temperature until further analysis.
The biomass of copepods was estimated from equal aliquots sub-
sampled using a Folsom splitter followed by the volumetric displace-
ment method (Harris et al., 2000). An aliquot from each of the samples
was counted under a stereo-zoom microscope (SZX16; Nikon, Japan) in
Bogorov's counting chamber. The copepods were identified up to
species level following the standard keys (http://copepods.obs-banyuls.
fr). The number of individual copepods in every sample was calculated
by counting them to obtain the standard abundance values, as individu-
als per 100 m−3 (ind.100 m–3).

The standing stock of zooplankton carbon (Czoo) was estimated by
measuring the prosomal length of every individual copepod following
Kerkar et al. (2020a). The carbon content was calculated as per the
equation: W = PLx x 10–y proposed by Uye (1982) and Liang et al.
(1996). The equation allows to calculate amount of C in μg (W) from
length of prosome (PL in μm) and regression coefficients Log C and Log
L specific to different species. This method allowed the preservation of
the analysed sample for further analysis, unlike the other techniques
that rule out the probability of re-usage of the sample once analysed
(Lehette and Hernández-León, 2009; Kerkar et al., 2020a).

2.4. Trophic efficiency of copepods

The trophic efficiency was calculated as biomass of copepods sup-
ported by the biomass of phytoplankton (Alcaraz et al., 1985; Calbet et
al., 1996). The quotient for trophic efficiency was calculated as
Czoo/Cphyto (Alcaraz et al., 1998).

3. Results

3.1. Phytoplankton biomass and copepod community structure in the study
region

The column Chl-a concentration (Fig. 2) ranged between 10.24 and
49.33 mgChl-a m−2. The lowest Chl-a concentration was observed at the
STF while, the highest was at 58ºS. The stations between 62 and 68ºS
had similar Chl-a concentration with a mean of 14.42 ± 1.8 (standard
deviation) mgChl-a m−2. The highest value of C standing stock of cope-
pods was at 58ºS and the least was at 68ºS. A strong correlation
(R2 = 0.96, n = 5, p < 0.001) was observed between C stock of the
two trophic levels.

The distribution of copepods exhibited clear latitudinal variations
(Fig. 2). The community comprised of thirteen different species (illus-
trative pictures of some dominant species have been presented in Fig. 3)
and was dominated by Rhincalanus gigas, Calanoides acutus, Calanus aus-
tralis, Calanus propinquus, Oncaea curvata (Giesbrecht, 1902), Cluso-
calanus laticeps (Brady, 1883), O. similis and O. frigida (Giesbrecht,
1902). Lesser abundant species included Metridia gerlacheii, Cteno-
calanus citer (Heron and Bowman, 1971) and Microsetella norvegica
(Boeck, 1865). With respect to their distribution, the calanoids Cluso-
calanus laticeps, Rhincalanus gigas, and the cyclopoid, Oithona similis
were ubiquitously distributed at every sampling location of the study
region. This was followed by the cyclopoid Oithona frigida which domi-
nated the numbers at all except at the station at 66ºS in the study re-
gion. All of the other species were abundantly found at atleast three of
the sampling locations during the study (see Fig. 4).

3.2. Carbon standing stock of copepods

3.2.1. Species-specific carbon content
The calanoids Rhincalanus gigas, Calanus acutus, Ctenocalanus citer,

Clusocalanus laticeps, Calanus simulimus and cyclopoids Oithona similis,
Oithona frigida were abundant in number at most of the stations. The
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Fig. 2. Phytoplankton biomass (Chl-a) and total standing stock of copepod biomass during the study (numbers of the stations broadly correspond to the increasing
latitudes, see Fig. 1).

Fig. 3. Representative copepod species encountered during the study: (a) Calanus propinquus (b) Calanus simulimus (c) Pleuromamma abdominalis and (d) Oithona sim-
ilis.

carbon biomass of calanoids and cyclopoids showed large variations as
a function of their body sizes. The contribution from harpacticoid and
poecilostomatoids was slightly higher than cyclopoids but much lesser
than calanoids. The C stock per individual organism was highest for the
largest calanoid Rhincalanus gigas which accounted 15.937 mg C. The
other calanoids C. australis, Calocalanus, C. propinquus and C. simulimus
contributed 6.269, 1.222, 0.904, and 0.431 mg C to the C biomass per

individual, respectively. Carbon biomass from the rest of the calanoids
ranged between 0.051 and 0.158 mg C. The cyclopoids O. similis and O.
frigida contributed 0.007 and 0.002 mg C, respectively; while the poe-
cilostomatoid O. curvata and harpacticoid M. norvegica contributed
0.158 and 0.024 mg C to the C biomass per individual.
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Fig. 4. a. Percent conrtibution of major copepod species at every sampling location species documented in the study region. (The colour codes for each species are
depicted in the figure legend). b. Percent trophic efficiency of the copepod community observed during the study (station numbers correspond to the increasing
latitudes, refer Fig. 1). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.2.2. Carbon standing stocks and trophic transfer efficiency of copepods
Standing stock of C from every species was calculated at every sam-

pling location (Fig. 3a) and further summed up to obtain a cumulative
C-biomass estimate at the community level. A total of 118.96 mg C was
recorded in the form of standing stock from the copepod community in
the study region. The highest C standing stock of 80.54 mg m−3 at Stn-2
and the least of 6.67 mg m−3 was observed at Stn-5 during the study.
The large calanoid, R. gigas contributed the maximum to the total C bio-
mass at all the stations, with the highest contribution of 94.28% being
at 68ºS, where the overall copepod production was the least (6.76 mgC
m−3). The second-largest contributor to the standing stock of C being
Calanus australis, with a percent range 10.87 at Stn 4 to 25 at Stn 2.

A clear variation in percent trophic efficiency (Fig. 3b) was observed
ranging between 31.5 (at 62ºS) and 66.6 (at 58ºS) during the study. The

highest trophic efficiency (66.58%) coincided with the station with the
highest number (nine) of copepod species and the highest Chl-a bio-
mass. This was followed by the station at 68 ºS having a Chl-a concen-
tration of 36.99 mg m−3. The rest of the stations were comparable con-
cerning the number of copepod species recorded, phytoplankton bio-
mass (column Chl-a ranging between 10.24 and 13.98 mg m−3), and a
percent trophic efficiency ranging between 39.51 and 43.33.

4. Discussion

The study aimed at obtaining a clearer picture of the amount of C
made available by phytoplankton to copepods and that transferred by
copepods to the next trophic level. An additional feature of the study
was to present lucid estimates of C standing stock right from the indi-
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vidual species to the community level of copepods. It therefore, gives a
fair idea of community and their contribution to the C standing stock. In
the forthcoming sections, we discuss the general structure of copepods
and their role in shaping the community from a C-based perspective,
followed by elucidating the basic link between the standing stocks of C
from phytoplankton, their link with copepod C stocks, and the energy
transfer estimates observed during the investigation.

4.1. Community composition and species-specific variations in C-stock

Copepods dominated the zooplankton community, comprising
about 80% of the total count of zooplankton similar to the observations
by Atkinson et al. (2012). The proxy for phytoplankton C stock (Chl-a
concentrations) in the current study (10.24–49.33 mgChl-a m−2) were
comparable to those reported by Kerkar et al. (2020b) in the previous
summer (18.82–35.95 mgChl-a m−2). The community structure of cope-
pods was similar to that reported by previously published studies
(Matsuno et al., 2020a,b; Ojima et al., 2015; Venkataramana et al.,
2020). The community structure of copepods in the present study was
also in good agreement with that documented by Cornils et al. (2018)
during their attempt to compile the data from 349 sampling locations
from the cruises to the SO between 1980 and 2005. No particular spa-
tial trend was observed in copepod biomass during the study. The
standing stock of C biomass at 68ºS in our current observation (16.92
mgC between sampling depths 0–30m) was higher than that reported in
our previous study which covered the column sampling between 0 and
200m (17.97 mgC, see Kerkar et al., 2020a). The C stock of the copepod
community during the study in reverse order of class level contribution
was cyclopoids > poecilostomatoids > harpacticoids > calanoids.
From the calanoid community, Rhincalanus gigas (15.937 mg C) re-
mained the topmost contributor to the C-standing stock, followed by
Calanus australis (6.269 mg C) and Calocalanus sp (1.222 mg C).
Though numerically abundant, cyclopoid C stocks were negligible com-
pared to the calanoids, which was on par with the reports from Elliott et
al. (2008) in McMurdo Sound and Kerkar et al. (2020a) in Prydz Bay.
Elliott et al. (2008) and Kerkar et al. (2020a), however did not report
the Microsetella norvegica and Microsetella norvegica, Oncaea curvata, re-
spectively observed in the current study. A frequently encountered
predatory calanoid (also observed in our previous studies in the SO),
Paraeuchaeta antarctica was not found in the current survey. This
species being a major contributor to the C stocks (31.12 mgC reported
by Kerkar et al., 2020a) would be a major modulator responsible for the
variability in species-specific C estimates observed in the current re-
sults. Neocalanus tonsus, another potential contributor to carbon flux as
reported by Bradford-Grieve et al. (2001) was not encountered in the
present study. The estimated contribution of N. tonsus was 1.7–9.3 g C
m−2 year−1.

Amongst the cyclopoids, the total standing stock of C contributed by
O. similis was around 5 times higher than that of O. frigida. This observa-
tion was well in agreement with Kerkar et al. (2020a) who reported the
C stock from O. similis to be higher than O. frigida, however the magni-
tude of C stock differences greatly varied between the two studies, as
they reported the C stock of the former species to be 20 times higher
than the latter. The current results also differed from that by Pond and
Ward (2011), who reported higher C stocks from O. frigida than O. sim-
ilis (4.5 lower than O. frigida) during an austral summer in the Ross Sea
to Scotia Sea sector of the SO. This is supported by the differences in
lengths of the prosome (that affect the carbon estimates) observed by
Pond and Ward (2011) where, O. frigida (700 μm) and O. similis
(500 μm) had smaller prosomes compared to our previous observations
(Kerkar et al., 2020a), O. frigida (924 μm) and O. similis (1085 μm). The
higher values of C can hence be the attributes of differences in body
sizes (Kerkar et al., 2020a). The smaller body sizes might be important
indicators of grazing pressure (Atkinson, 1991) or spatial heterogeneity
(Pakhomov et al., 1997).

4.2. The trophic efficiency

The ratio of Czoo/Cphyto serves as an estimate of the trophic efficiency
of an ecosystem and the average value of such estimated ratio can give
a fair idea of the type/extent of interactions and coupling between the
two community types. The average trophic efficiency (0.48) observed
in the present study was considerably higher than the previous reports
by Alcaraz et al. (1998) (trophic efficiency of 0.17) in the Bransfield
Strait in the austral summer 1994. The higher ratio indicates an explicit
utilization of primary producers and extensive grazing by copepods in
the study region (Calbet et al., 1996). The copepods therefore can be re-
garded to have high trophic efficiency. The higher ratio further indi-
cates the preference of copepods towards a very wide range of food
sizes which is a result of the ambient biophysical environmental condi-
tions prevailing in the region.

Given that the present study makes use of regression equations and
empirical formulae to derive the C values from both the communities
and does not involve any direct measurements of the sources of POC or
the feeding habits of the copepods are not clear. Pieces of evidence from
previous literature suggested phytoplankton to be the main source of
food for the SO copepods. For instance, Mayzaud et al. (2002) in their
explicit study in the ISSO have studied the copepod nutrition, carbon
intake through gut-pigment-derived ingestion rates and supported the
fact that copepods were the key grazers on the small phytoplankton
populations in the study region. Krell et al. (2005) have observed a
strong grazing pressure on the phytoplankton community from the de-
creasing POC concentrations corresponding to the high mesozooplank-
ton abundances. They report the phytoplankton community to be com-
prised of nanoflagellates and diatoms. Irion et al. (2021) from their
analysis through pigment vertical distribution indicated that phyto-
plankton (comprising prymnesiophytes, prasinophytes, small diatoms)
represented 41–61% of the total CO2 export and were efficiently grazed
by the copepod community in the SO. The dominant copepod species C.
acutus and C. propinquus are reported to be herbivorous and their C con-
tent could be therefore be linked directly with the phytoplankton com-
munity Schaafsma et al. (2018). The phytoplankton in general were
therefore assumed to be the main C source of copepods in the present
study. Though the present study assumes that phytoplankton were the
main source of POC (from the previously available literature in the
study region), the probability of copepods feeding upon non-
phytoplankton food sources cannot be negated. Some reports such as
Walsh et al. (2001) in their study to analyse the Carbon dynamics of the
SO phytoplankton community and their availability as food, have sug-
gested lesser contribution of detritus along with diatoms to POC in the
region. The high Czoo/Cphyto ratio therefore might be an indicator of the
alternate sources such as detritus or aggregates as food for copepods
during the study.

Our observations represent a comprehensive picture of Carbon bio-
mass estimates which can be a fair input to monitor carbon fluxes
through models at the regional scale. The species-level estimates are of
ecological significance and highlight a spatial heterogeneity of commu-
nity structure in the region. This is because, every food web has a
unique species composition and each species performs a unique role of
linking intraspecific connections, thereby strengthening the food web
and reducing energy losses from the food chain (Xiao et al., 2019). The
trophic efficiencies from the current study can be a start point to future
studies aiming at understanding the energy transfer, however, cannot
be used to draw any robust conclusions due to the lesser number of
sampling points and the indirect type of measurements used (since no
direct measurements of grazing or metabolic rates were carried out).
Mesocosm experiments to measure the metabolic activity or feeding-
grazing rates are recommended to obtain an improved understanding of
food web dynamics through C turnover within the trophic levels of the
SO. Such experiments would be extremely helpful in understanding the
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feeding habits of copepods particularly the herbivores, as the feeding
habits would significantly be affecting the carbon content.
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Q1
The existing oligotrophic conditions in the southwest tropical Indian Ocean (SWTIO)
is believed to be one of the causes for low phytoplankton productivity (PP) observed
in this area. Though many remote sensing based studies on PP have been carried
out in SWTIO, studies on in situ estimation of PP and its cause(s) of variability are
scarce. Thus, to understand the controlling environmental forcings on the variability
in phytoplankton biomass (chlorophyll-a; Chl-a), community structure and productivity,
time series (TS; @6 h intervals for 10 days; 1 station), plus point measurements (RT;
3 stations) were carried out in the SWTIO during the southwest monsoon (June) of
2014. Strong thermohaline stratification resulted in shallow (35–40 m) mixed layer (ML).
Subsurface Chl-a maximum (SCM) was observed to oscillate within 40–60 m with
majority of peaks at ∼50 m, and existed just beneath the ML depth. Light availability
during sampling period was highly conducive for algal growth; nutrient ratios indicated
N- and Si-limitation (N:P < 10; N:Si < 1 and SiO4 < 5 µM) suggesting unfavorable
conditions for diatoms and/or silicoflagellates growth within the ML. Furthermore, HPLC-
based pigments analysis confirmed dominance of nano-sized plankton (53%) followed
by pico-plankton (25%) and micro-plankton (22%). Column integrated production (IPP)
varied from 176 to 268 (241 ± 43 mgC m−2 d−1) and was relatively stable during
the observation period, except a low value (19.4 E m−2 d−1) on 11 June, which was
ascribed to the drastic dropdown in the daily incident PAR due to overcast sky. Vertical
profiles of PP and Chl-a resembled each other and maximum PP usually corresponded
with SCM depths. The Chl-a-specific PP (PB) was mostly higher within the ML and
showed no surface photoinhibition, due to the dominance of smaller phytoplankton (less
prone to pigment packaging effect) in the surface layer. Comparatively, higher PB within
the ML is indicative of phytoplankton healthiness during the sampling time, whereas low
PB below the SCM was due to light limitation. Highest integrated Chl-a (39 mg m−2)
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and IPP (328 mgC m−2 d−1) observed at RT-2 was clearly linked to low sea surface
height anomaly (SSHA), cyclonic disturbance, and associated positive Ekman suction.
Conversely, high SSHA and strong stratification conditions prevailed at TS, RT-4, and
RT-6 stations leading to comparatively lower IPP (176-268, 252, and 243 mgC m−2

d−1), respectively.

Keywords: chlorophyll maximum, tropical Indian Ocean, phytoplankton productivity, pigment signatures, time
series, upwelling

INTRODUCTION

Oceanic phytoplankton, being the base of marine food-web,
plays a crucial role in global biogeochemical cycles (Falkowski
et al., 1994), regulates the global climate (Sabine et al.,
2004), fisheries (Stock et al., 2017), and the condition and
variability of life in the oceans. Understanding alterations in
global ocean phytoplankton production (PP) is one of the
pressing issues in ocean biogeochemistry because it not only
provides vital insights to the bio−physical interactions of the
ecosystem (Naqvi et al., 2010) but also offer biophysical feedbacks
(Murtugudde et al., 1999). Through the process of PP significant
drawdown of atmospheric CO2 occurs which is subsequently
transported to the ocean interior through “biological pump”
(Longhurst and Harrison, 1989). Thus, it is essential to gain
clear perception of the cause(s) responsible for PP variability
in the oceanic environment. Basically, PP is a function of
four variables viz., photosynthetically active radiation (PAR),
nutrients, phytoplankton biomass (chlorophyll-a), and water
temperature (Behrenfeld and Falkowski, 1997b), and hence any
adverse changes in the above variables can have telling effect
on PP variability which would cascade through the entire food-
web in the region.

The southwest tropical Indian Ocean (SWTIO) situated
between 5◦S to 10◦S and 50◦E to 80◦E is one of the
major upwelling area in the Indian Ocean region due to
the presence of Seychelles–Chagos Thermocline Ridge (SCTR)
system characterized by a thermocline shallower than the
euphotic zone (Murtugudde and Busalacchi, 1999; Wiggert et al.,
2005). The SWTIO is influenced by the unique seasonally
reversing monsoon wind systems that act as the major physical
driver for the prevailing upwelling processes resulting in
significant variability in sea surface temperature (SST) in
different timescales, in comparison to the other regions of
Indian Ocean (Annamalai et al., 2003; Zhou et al., 2008;
Jung and Kirtman, 2016). Also, rising SST in this region can
enhance surface stratification inhibiting vertical mixing, thereby
dwindling supply of nutrients into the well-lit euphotic zone
where photosynthesis takes place (Behrenfeld et al., 2006; Roxy
et al., 2016). Fluctuations in the vertical mixing process also
influences the overall time span of light experienced by the
phytoplankton (McCreary et al., 1996) in the water column.
Moreover, the variability in bio-physical processes in SWTIO
region are mostly controlled by the strength and duration of
the monsoon winds and associated nutrient dynamics, and

the downward trend in biological production, if any, in these
upwelling systems has immense ramification on the marine food-
web and economic status of the fishing community of this region
(Roxy et al., 2016; Sreeush et al., 2018).

The SWTIO region is climatologically and biologically
important because of active upwelling processes and/or the
shallow thermocline, which is prone to the atmospheric forcing at
different time scales (Wiggert et al., 2006). The vertical turbulence
effectively exchanges heat with the thermocline, introducing
cooler thermocline waters to the surface. Nevertheless, SST
in the SWTIO is much warmer (annual mean is 28◦C) than
the surface waters from other upwelling tropical regions like
eastern equatorial Pacific Ocean and Atlantic Ocean (George
et al., 2013). In Northwest Indian Ocean (Arabian Sea) frequent
occurrence of phytoplankton blooms was reported (Prasanna
Kumar et al., 2001; Wiggert et al., 2005; Naqvi et al., 2010),
which was attributed to the strong monsoonal wind forcing
in this region that lead to year-round upwelling resultant
from coastal divergence of Ekman transport and from Ekman
suction (Murtugudde et al., 1996), replenishing nutrients in
the surface and supporting higher rates of PP (Wiggert et al.,
2005; McCreary et al., 2009; Resplandy et al., 2011). On the
other hand, the surface phytoplankton blooms observed in the
oligotrophic SCTR region is caused by nutrients entrainment
into the mixed layer (ML) and/or the dispersal of phytoplankton
from the deep chlorophyll maximum (DCM) layer to the surface
layer (Resplandy et al., 2009). Furthermore, Resplandy et al.
(2009) opined that SCTR region is typified by local Ekman
suction-induced Open Ocean upwelling, which sustains shallow
ML throughout the year, and hence responsive to atmospheric
forcing. Furthermore, studies have shown that the propagation
of internally generated Rossby waves modifies the depth of the
thermocline and thus influences the PP because the thermocline
is shallower than the euphotic zone in this region (Wiggert et al.,
2006, 2009).

George et al. (2013) studied the physical control of the
chlorophyll-a distribution during winter and summer monsoon
and opined that surface freshening controls the chlorophyll-a
by modulating static stability and ML depth. Ocean warming
induced an alarming decline of up to 20% in phytoplankton over
the past 60 years (Roxy et al., 2016), and impact of the Indian
Ocean Dipole (IOD) and El Niño Southern Oscillation (ENSO)
on significant interannual variation chlorophyll-a has been
reported (Dilmahamod et al., 2016) in this region. Resplandy
et al. (2009) have shown that interannual variability of the

Frontiers in Marine Science | www.frontiersin.org 2 June 2020 | Volume 7 | Article 515

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00515 June 25, 2020 Time: 21:33 # 3

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

Tripathy et al. Phytoplankton Productivity and Composition in Southwestern Indian Ocean

thermocline and its role modulating the response to Madden-
Julian Oscillation (MJO) controls the chlorophyll-a and export
flux of carbon. Further, recent study has shown that Ocean
Carbon-Cycle Model Intercomparison Project (OCMIP-II)–
based estimated CO2 flux and pCO2 underestimated the SCTR
variability portraying it as a CO2 sink region (Sreeush et al., 2018).
Studies carried out in the SCTR region either describe the role
of physical forcings in modulating the phytoplankton biomass
(chlorophyll-a) concentrations (George et al., 2013; Roxy et al.,
2016; Dilmahamod et al., 2016) and/or satellite or model-based
PP (Resplandy et al., 2009; Sreeush et al., 2018); however, none
of the studies have reported any in situ measured phytoplankton
C-uptake rates (PP), phytoplankton size class/community, and
phytoplankton physiological perspective vis-à-vis the physical
forcings prevailing in this oligotrophic region. Hence, this
study investigates the spatiotemporal variability in sea truth PP
and phytoplankton composition with respect to the prevailing
environmental forcings. To the best of our comprehension, this is
the first report of in situ measurements of PP and phytoplankton
size class/community from this area, which would enhance our
understanding of the existing bio−physical interactions and plug
our knowledge gaps.

MATERIALS AND METHODS

Study Area, Sampling Periodicity, and
Hydrography
Part of the study area (Figure 1) is located in the Seychelles-
Chagos Thermocline Ridge (SCTR, 5◦S–10◦S, 50◦E–80◦E) in the
southwest tropical Indian Ocean (SWTIO) as defined by Hermes

FIGURE 1 | Study area map showing the fourQ5 sampling

Q6

locations. The black
and pink dots indicate return track (RT) and time series (TS) stations; the black
and red rectangle denotes the southwest tropical Indian Ocean (SWTIO) and
equatorial Indian Ocean (EIO) region, respectively. Background colors indicate
the bathymetry derived from ETOPO data.

and Reason (2008) and part in the equatorial Indian Ocean
(EIO) region. Year-round occurrence of upwelling phenomena
is one of the salient features of SCTR region (Woodberry et al.,
1989; McCreary et al., 1993), nevertheless oligotrophic conditions
prevails in this area. Existence of Ekman suction driven upwelling
(Spencer et al., 2005) and shallow thermocline signifies this
region’s importance in the perspective of biological productivity.
Due to shallow thermocline the influence of physical forcings
on phytoplankton bloom/productivity in this region is clearly
discernible (Wiggert et al., 2006, 2009; Resplandy et al., 2009;
George et al., 2013).

Sampling was conducted onboard ORV-Sagar Nidhi at four
stations in the SWTIO during the monsoon season (June 9–23)
of 2014. Time series (TS) observations (6-hourly interval over
10 days) were conducted at 08◦S and 67◦E; on the return track
(RT) three discrete stations (RT-2 at 5.58oS and 69.75oE, RT-4
at 1.90oS and 73.88oE, and RT-6 at 1.73oS and 77.97oE) were
also sampled (Table 1) for assessing same sets of parameters as
carried out for TS station. Based on the geographical locations,
the TS and RT-2 stations were considered as SCTR stations,
whereas RT-4 and RT-6 were considered as the stations located
in the EIO region.

The conductivity-temperature-depth (CTD) profiling
were conducted using Sea-Bird (SBE-9plus, United States)
instrumentation mounted on a Sea-Bird carousel, and the
measured vertical profiles were used to determine the water mass
properties of the study area. The CTD casts were performed at
6-hourly intervals at the TS station. Salinity measured by the
CTD were calibrated against the values obtained from onboard
Salinometer (Guildline 8400A). Sea surface temperature (SST)
was recorded using a bucket thermometer (Theodor Friedrichs
& Co.) with an accuracy of ± 0.2◦C. Mixed layer depth (MLD)
was determined based on a density (σt) change of 0.05 kg m−3 at
depth compared to near-surface. Water sampling from standard
depths (0, 10, 20, 30, 50, 75, 100, 120, 150, and 200 m) were
carried out by 5 L Niskin bottles (General Oceanics) attached to
the carousel sampler.

Phytoplankton Pigments, Light, and
Nutrients
Concentration of phytoplankton biomass (Chl-a; mg m−3)
was estimated by filtering 3 L of water samples onto 47 mm
GF/F filters (Whatman R©) under dim light and low suction
pressure (<0.1 kPa). The filters were kept frozen at −80◦C
till further analysis. Quantification of the pigments was carried
out fluorometrically (10-AU, Turner Designs, United States)
following overnight extraction of the GF/F filters in 10 ml of AR
grade 90% acetone in dark and cool condition (Strickland and
Parsons, 1972). Chl-a values at discrete depths were integrated
to obtain column Chl-a (Chlint; mg m−2). Furthermore, 3 L of
surface water samples at time series (TS) stations were filtered
through 2 and 10 µm isopore-membrane filters (47 mm, Merck
Millipore) and assayed fluorometrically (as described above) to
estimate size-fractionated Chl-a contribution by smaller and
larger phytoplankton size-classes. Due to logistical limitations
we restricted the size-fractionation exercise to the above two

Frontiers in Marine Science | www.frontiersin.org 3 June 2020 | Volume 7 | Article 515

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00515 June 25, 2020 Time: 21:33 # 4

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

Tripathy et al. Phytoplankton Productivity and Composition in Southwestern Indian Ocean

TA
B

LE
1

|P
rim

ar
y

pr
od

uc
tiv

ity
an

d
as

so
ci

at
ed

va
ria

bl
es

at
sa

m
pl

in
g

st
at

io
n:

se
a

su
rfa

ce
te

m
pe

ra
tu

re
(S

S
T)

,m
ix

ed
la

ye
r

de
pt

h
(M

LD
),

eu
ph

ot
ic

de
pt

h
(Z

eu
),

Ve
rt

ic
al

lig
ht

at
te

nu
at

io
n

co
ef

fic
ie

nt
(k

d
),

m
ea

n
ph

ot
os

yn
th

et
ic

al
ly

ac
tiv

e
ra

di
at

io
n

(P
A

R
)l

ev
el

in
th

e
m

ix
ed

la
ye

r
(E

M
L
),

da
ily

su
rfa

ce
PA

R
,s

ur
fa

ce
ch

lo
ro

ph
yl

l-a
(C

hl
0
),

co
lu

m
n-

in
te

gr
at

ed
ch

lo
ro

ph
yl

l-a
(C

hl
in

t),
su

rfa
ce

pr
im

ar
y

pr
od

uc
tiv

ity
(P

P
0
),

co
lu

m
n-

in
te

gr
at

ed
P

P
(IP

P
),

su
rfa

ce
C

hl
-a

-s
pe

ci
fic

P
P

(P
B

),
an

d
m

ax
im

um
P

B
in

th
e

w
at

er
co

lu
m

n
(P

B
op

t,
in

pa
re

nt
he

si
s)

.

S
ta

ti
o

n
ID

S
am

p
lin

g
D

at
e

La
ti

tu
d

e
(◦

S
)

Lo
ng

it
ud

e
(◦

E
)

S
S

T
(◦

C
)

M
LD (m

)
Z

eu
(m

)
k d

(m
−

1
)

E
M

L
(E

m
−

2

d
−

1
)

PA
R

(E
m

−
2

d
−

1
)

C
hl

0

(m
g

m
−

3
)

C
hl

in
t

(m
g

m
−

2
)

P
P

0
(m

g
C

m
−

3
d

−
1
)

IP
P

(m
g

C
m

−
2

d
−

1
)

P
B

(P
B

o
p

t)
(m

g
C

(m
g

C
hl

a)
−

1
d

−
1
)

TS
-6

Ju
ne

09
,

20
14

8
67

27
.9

35
80

0.
06

5
15

.8
42

.4
0.

17
30

.2
2.

39
26

8.
8

13
.5

(1
5.

0)

TS
-1

4
Ju

ne
11

,
20

14
8

67
28

.0
35

80
0.

07
0

6.
7

19
.4

0.
26

37
.9

1.
82

17
6.

8
6.

8
(8

.7
)

TS
-2

2
Ju

ne
13

,
20

14
8

67
28

.2
35

80
0.

05
1

18
.4

42
.0

0.
19

32
.6

2.
19

26
5.

0
11

.1
(1

3.
2)

TS
-3

0
Ju

ne
15

,
20

14
8

67
28

.4
35

80
0.

06
1

16
.6

42
.5

0.
18

22
.7

2.
09

25
3.

2
11

.6
(1

6.
79

)

R
T-

2
Ju

ne
19

,
20

14
5.

58
69

.7
5

29
.0

42
70

0.
06

8
16

.0
46

.5
0.

22
39

.4
3.

14
32

8.
1

14
.3

(1
7.

8)

R
T-

4
Ju

ne
21

,
20

14
1.

90
73

.8
8

29
.7

38
80

0.
06

2
19

.5
51

.0
0.

10
28

.3
1.

84
25

2.
9

17
.8

(1
7.

8)

R
T-

6
Ju

ne
23

,
20

14
1.

73
77

.9
7

29
.9

55
90

0.
04

4
19

.5
52

.0
0.

16
35

.1
1.

98
24

3.
1

11
.7

(1
1.

7)

size classes to approximate the% contribution by small (<2–
10 µm) and large (>10 µm) phytoplankton. The above size-
fractionation would not account for the picoplankton, and
may not give appropriate estimation of the largest fraction
(microplankton > 20 µm).

For phytoplankton pigments, 4 L of waters samples were
filtered onto 25 mm GF/F filters and the filters were stored
at −80◦C till further analysis. Pigments analysis was also
carried out by high-performance liquid chromatography
(HPLC, Agilent Technologies) by means of XDB C8 column.
Pigments separation was done by a binary solvent (solvent
A-70/30: methanol/0.5M ammonium acetate; solvent B-
100% methanol) gradient according to Kurian et al. (2012).
Commercially available standards procured from DHI Inc.
(Denmark) were used for the identification and quantification
of pigments. In general, HPLC allows determining a suite
of pigments (usually up to 15). In this study we identified
seven pigments (i.e., Fucoxanthin, Peridinin, Alloxanthin, 19’-
Hexanoyloxyfucoxanthin [19’HF], 19’-Butanoyloxyfucoxanthin
[19’BF], Zeaxanthin, and TChl-b [Chl-b + divinyl chlorophyll-
b]) as markers or diagnostic pigments (DP) of phytoplankton
taxa as described in Uitz et al. (2006) to construct the “pigment
indices” with objective to quantify phytoplankton taxonomic
composition (%) with minimum number of pigments. The DP
represents the sum of all the seven DP concentrations. Size-
fractionated contributions of phytoplankton (fmicro [>20 µm],
f nano [2–20 µm], f pico [<2 µm]) were calculated using following
equations:

fmicro% =

100 × (1.41 [fucoxanthin] + 1.41[peridinin])/6DP (1)

fnano% = 100 × (0.60[alloxanthin]

+ 0.35[19′BF] + 1.27[19′HF])/6DP (2)

fpico% = 100

× (0.86[zeaxanthin]+ 1.01[TChlb])/6DP (3)

Photosynthetically active radiation (PAR, 400–700 nm) at sea
surface (E0, µE m−2 s−1) was measured using a scalar irradiance
sensor attached to the automatic weather station (AWS) mounted
on the ship. The instantaneous values were integrated over the
day length (dawn to dusk) to quantify daily incoming PAR (DPAR;
E m−2 d−1). Subsurface (Ez) PAR intensity were measured by
a sensor (QSP-2200, Biospherical Inc.) attached to the CTD
carousel, and the diffuse attenuation coefficient for downwelling
PAR (kd) was calculated according to Kirk (1994) as follows:

kd =
ln (E0)− ln (Ez)

z
(4)

The euphotic depth, Zeu (physical depth receiving 1% of E0), was
calculated as:

Zeu =
1

kd
× ln (100) (5)
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by substituting kd in the Beer-Lambert equation (Kirk, 1994).
Mean light levels in the mixed layer (EML) at different stations
were calculated as: EML = DPAR[1-exp(-kd.z)]/kd.z (Boyd et al.,
2007; Cheah et al., 2013), where z is the depth of the mixed
layer. Water samples collected in pre-cleaned polypropylene
bottles used for estimating concentrations of the inorganic
macronutrients (NO3, SiO4, and PO4) were determined onboard
by a continuous flow autoanalyser (SKALAR Inc.).

Primary Productivity Measurements
Apart from the three discrete stations, primary productivity (PP)
was also quantified every alternative day between 9 and 17 June
2014 at the time series station (Table 1). Water samples (3 L)
were collected from five discrete depths corresponding to 100,
50, 25, 10, and 1% of surface irradiance. Samples were sieved
through a 200 µm plankton mesh to exclude zooplankton grazers.
After adding 1 ml of 14C [NaH14CO3] in each sample (5 µCi
per 250 ml of seawater in Nalgene bottles), the samples (in
duplicates) were incubated in an on-deck incubation tank for 12 h
(dawn to dusk) following standard simulated in situ incubation
technique (UNESCO-JGOFS, 1994). To achieve the most realistic
condition with regard to light quality and temperature during the
incubations, the incubation tank temperature was maintained by
continuously circulating surface seawater through the incubation
tank. One bottle was immediately filtered for a time zero control
(initial value), whereas two light and one dark bottle from each
depth were incubated using appropriate density filters packets to
compensate for light intensity (50, 25, 10, and 1%) for respective
depths. Incubation was terminated by filtration of samples onto
pre-combusted 25 mm GF/F filters (Whatman R©), followed by
exposing them to concentrated HCl fumes to remove excess
inorganic carbon. The filters were placed in scintillation vials and
stored at −20◦C until further analysis at shore laboratory. The
activity was counted on a liquid scintillation counter (Packard
2500 TR) after adding 10 ml of scintillation cocktail (Lohrenz
et al., 1992). Disintegrations per minute (dpm) were converted
into daily PP (mgC m−3 d−1) at discrete depths (UNESCO-
JGOFS, 1994) and the euphotic zone-integrated PP (IPP; mg
C m−2 d−1) was estimated by trapezoidal integration. Chl-a-
specific PP, (PB; mgC [mgChl-a] −1 d−1) was calculated by
normalizing PP with corresponding Chl-a. The optimum value
of PB in the water column was considered as PB

opt.
The link between PB and corresponding PAR in the water

column (hereafter, PAR-PB relationship) was established by
curve-fitting. Here, the PAR-PB relationship does not represent
the true photosynthesis-irradiance (P-E) response of the same
phytoplankton assemblages; rather, it symbolizes the association
between the PB and the corresponding PAR at discrete depths
as described by Sakshaug et al. (1997). For curve fitting, P-E
model (Webb et al., 1974) containing only two photosynthetic
parameters was used, which can be described by the following
equation:

PB = PBopt
[
1− exp (−E/Emax)

]
(6)

where PB, PB
opt, Emax are Chl a-normalized PP (mgC [mgChl-a]

−1 d−1), Chl a-normalized optimal PP (mgC [mgChl-a] −1 d−1)
in the water column, irradiance value at the point of inflection

between light-limited and light-saturated phases (µE m−2 d−1),
respectively. Since no photoinhibition was apparent, the above
model was chosen for the dataset.

Primary Production Model
The vertically generalized production model (VGPM) proposed
by Behrenfeld and Falkowski (1997a) was employed to estimate
IPP from the satellite measured variables. This is a depth-
integrated model, which relates sea surface Chl-a concentration
(Chl0) to Zeu-integrated primary productivity (IPP) and can be
expressed as:

IPP = 0.66125× PBopt ×
[

E0

(E0 + 4.1)

]
× Zeu × Chl0 × DL

(7)
where IPP, PB

opt, E0, Zeu, Chl0, and DL are Zeu-integrated
daily PP (mgC m−2 d−1), Chl-a-normalized maximum PP
in the vertical profile (mgC [mgChl-a] −1 h−1), PAR at sea
surface (E m−2 d−1), depth (m) of the euphotic zone estimated
from Chl0 according to Morel and Berthon (1989), sea surface
Chl-a (mg m−3), and day-length (h) calculated as proposed
by Kirk (1994), respectively. The light-dependent function
[E0/(E0 + 4.1)] describes the relative change in the quantum
efficiency of depth-integrated PP as a function of E0; whereas as
0.66125 is a combined scaling factor for Chl-a concentration at
discrete depth, and relative vertical distribution of C-fixation as
a function of optical depth (Behrenfeld and Falkowski, 1997a).
The PB

opt, a photo-adaptive parameter necessary to convert the
estimated biomass into photosynthetic rate, can be expressed
as a 7th order polynomial function of SST as described in
Behrenfeld and Falkowski (1997a). Sea surface variables (i.e., SST,
Chl0, and E0) were derived from Moderate Resolution Imaging
Spectroradiometer (MODIS) and used as input for the VGPM to
measure satellite estimates of IPP in the study area.

Satellite-Based Observations
Weekly average level-3 chlorophyll was derived from MODIS-
Aqua for May and June 2014, whereas daily surface winds
were derived from the Advanced Scatterometer (ASCAT).
Daily SST was derived from Advanced Very High Resolution
Radiometer (AVHRR) and daily sea surface height anomaly
(SSHA) information was obtained from the Copernicus Marine
Environment Monitoring Service (CMEMS) for the study period.
Ekman suction velocity (We) was calculated using the equation:

We = Curl(τ/ρf ) (8)

where τ, ρ, and f is the surface wind stress, density of the seawater,
and Coriolis parameter, respectively.

RESULTS

Hydrographic Variations Observed From
CTD Profiling
At time series (TS) station the sea surface temperature (SST)
ranged from 27.9–28.40C (Table 1), whereas vertical variation
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of temperature laid between 12.0–28.17 (19.52 ± 5.260C) with
minimal variations in the upper 35–40 m compared to the
deeper layers, and depicted a shallow thermocline (Figure 2A).
Depth profile variation of salinity ranged from 34.38–35.31
(34.96 ± 0.20). Compared to temperature, variation of salinity
was more prominent in the upper layer (Figure 2B). Occurrence
of low saline and warm water mass formed a stratified surface
layer and restricted the mixed layer depth (MLD) to 35–40 m
as evidenced from the vertical profiles of sigma-t (Figure 2C)
which varied between 21.97–27.42 (25.18 ± 1.77 kg m−3-1000).
Fluorescence profiles indicated clear subsurface Chl-a maximum
(SCM) oscillating within 40–60 m with majority of peaks at
∼50 m, and existed just beneath the MLD (Figure 2D). The depth
of the euphotic zone (Zeu) was ∼80 m (Table 1) and did not
vary over the study period. Zeu was deeper than MLD resulting
in moderately high Zeu-MLD values (>35 m), implying that light
availability during the sampling period was extremely favorable
for algal growth within the ML (Sakshaug and Holm-Hansen,
1986; Westwood et al., 2011).

The return track (RT) stations witnessed higher SST compared
to TS stations, which varied from 29.0–29.90C. Likewise, the
vertical variation of temperature was also high, ranging between
12.8 and 29.8 (21.27 ± 5.99 0C). Temperature profile of RT-
2 was different (cooler) compared to the other two stations
(Figure 2E), whereas RT-6 depicted deeper MLD, probably due to
the intrusion of low-saline warm water from north EIO region as
evidenced by lower salinity values at RT-6 (Figure 2F). However,
relatively higher salinity was observed at RT stations with vertical
profile varying from 34.69–35.55 (35.19 ± 0.20). Decease in
water density, deepening of MLD, SCM (Figure 2H), and Zeu
(Table 1) was observed toward the EIO region. Similar to TS
station, the MLD was always shallower than the depth of SCM
and Zeu signifying favorable light environment for phytoplankton
production within the MLD (Westwood et al., 2011). There was
a significant positive relationship between SCM and MLD for
entire study region (r = 0.69, n = 43, p < 0.001).

Phytoplankton Biomass, Nutrients, and
PAR
Vertical profiles of different parameters concurrently collected
along with the PP measurements (on 9, 11, 13, and 15 June)
are only discussed here. At TS station, surface Chl-a (Chl0)
showed minimal variation ranging from 0.17 to 0.26 mg m−3

(Table 1); whereas vertical variation was more pronounced
(Figure 3A) with concentrations ranging from not detectable
quantity (ND) to 0.54 (0.23 ± 0.15 mg m−3). Disparity in SCM
depths was noticed for different days, which varied between
40−60 m as corroborating the Chl-a fluorescence data obtained
from CTD. The column (up to 120 m)-integrated Chl-a (Chlint)
was moderately low and varied between 22.7 and 37.9 mg m−2

(Table 1). Concentrations of macronutrients, i.e., nitrate (NO3),
phosphate (PO4), and silicic acid or silicate (SiO4) were nearly
stable and low in the mixed layer (ML), showing gradual increase
with depth (Figures 3B–D). NO3 was almost ND in the ML,
indicating its limitation. However, all nutrient concentrations
below the ML were higher than surface waters suggesting that

FIGURE 2 | Vertical profiles of hydrographic parameters at TS (A–D) and RT
(E–H) stations measured by CTD profiling. The solid line in time series profiles
indicates mean value, whereas the dotted profiles denotes all the casts
performed. Legends for RT stations are given in respective figures.

NO3 and/or Si-limitation for diatoms/silicoflagellates were lesser
at deeper depth. In general, the nutrient ratios were lower
than the classical Redfield ratio (N:P:Si = 16:1:16) throughout
the water column, where the mean N:P, N:Si, and Si:P ratios
were 3.74 (±3.86), 0.41 (±0.41), and 6.93 (±3.49), respectively,
indicating N-limited conditions (N:P <10 and N:Si <1; Levasseur
and Therriault, 1987; Paul et al., 2008), and higher SiO4
concentrations relative to NO3 at TS station. Furthermore, data
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FIGURE 3 | Depth profiles of phytoplankton biomass (only for the locations
where primary productivity was measured), and nutrients for TS (A–D) and RT
(E–H) stations. Scatter plots of panels (I) chlorophyll a and (J)
photosynthetically active radiation measured by in situ and satellite remote
sensing methods. Legends for TS and RT stations are given in respective
figures. The dotted diagonal line indicates 1:1 relationship.

suggests that SiO4 (<5 µM) was highly limited for diatoms
and/or silicoflagellates growth (Westwood et al., 2011) and
for other phytoplankton groups, whereas NO3 was limiting,
especially in the ML. Nevertheless, Si:P ratio was <3 throughout
the water column showing Si-enrichment (Harrison et al., 1977)
especially below the MLD. Water column PAR varied from 0–
1899 (11.45 ± 60.46 µE m−2 s−1). Daily integrated surface PAR
(DPAR) was high (∼42 E m−2 d−1) during the sampling period;
however, low DPAR (∼19.4 E m−2 d−1) observed on 11 June
(Table 1) was ascribed to the prevailing overcast sky condition.

Similar to TS station, Chl0 variation was insignificant at
RT stations (Table 1) and showed distinct vertical variation
ranging from ND to 0.54 (0.25 ± 0.18 mg m−3). Compared
to TS station, SCM was located at deeper depths (Figure 3E)
coinciding with CTD-based fluorescence measurements. The
Chlint was slightly higher and laid between 28.3 and 39.4 mg
m−2 (Table 1). Correlation between Chl0 and Chlint was weak
and insignificant (r = 0.4, p > 0.05) for the entire study
area (figure now shown) emphasizing that sub-surface Chl-a
has more contribution toward magnitude of Chlint. Nutrients
concentrations (Figure 3F–H) and ratios were virtually identical
to TS station indicating depletion of NO3 and SiO4 in the ML,
and enrichment of N and Si below the MLD. Intensity of DPAR
varied between 46.5 and 52.0 E m−2 d−1 (Table 1) and was higher
for the stations depending on its proximity to the equator. The
vertical light attenuation coefficient (kd) varied from 0.051–0.070
(avg. 0.061 m−1) and 0.044–0.068 (avg. 0.058 m−1) at TS and
RT stations, respectively (Table 1). No correlation between kd
and Chlint was observed. Light climate, i.e., the mean PAR levels
available to the phytoplankton in the ML (EML), varied from 6.7–
18.4 and 16.0–19.8 E m−2 d−1 at TS and RT stations, respectively
(Table 1). Variation in DPAR and EML between different sampling
stations were insignificant (p > 0.05), and EML corresponded to
36–45% of the DPAR in the study area.

Comparison of Chl0 obtained from satellite and in situ
measurements (Figure 3I) resulted in underestimation by
satellite and showed a moderate (r = 0.49, n = 7), insignificant
(p < 0.07) correlation. Conversely, the observed DPAR values
were significantly correlated (r = 0.94, n = 7, p < 0.001) with its
satellite-based counterparts (Figure 3J).

Phytoplankton Pigments Signatures
Fluorometrically measured size-fractionation of surface Chl-a
data at TS station (Figure 4A) revealed dominant contribution
from smaller (flagellates, nano- and pico-sized) phytoplankton
(0.2−10 µm) representing 55–93% (avg. 72%) of the total Chl-a,
which ranged from 0.18 to 0.26 mg m−3. Since Chl-a size-
fraction data was unavailable, the% contribution of smaller and
larger phytoplankton to the total Chl-a could not be quantified
for RT stations. Through,HPLC-based analyses we could
segregate different photosynthetically active marker pigments
for diatoms (fucoxanthin) and dinoflagellates (peridinin), both
signifying micro-plankton (large cells); prymnesiophytes (19’HF)
and chrysophytes (19’BF) representing nano-plankton (small
cells); and synechococcus (zeaxanthin) and prochlorococcus
(divinyl chlorophyll-a and divinyl chlorophyll-b), both
characterizing pico-plankton (small cells). Size-fractioned
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analysis of phytoplankton pigments showed an average of
22%, 53%, 25% contributions by micro-plankton (fmicro),
nano-plankton (f nano), and pico-plankton (f pico), respectively,
indicating dominance of nano-sized plankton in the TS stations
almost throughout the study period (Figure 4B). Though the
micro-plankton% remained stable during the TS measurements,
a sharp decline in nano-plankton was observed on the 8th
day (16 June) that coincided with increase in pico-plankton
community in the surface layer. Size-fractionated contributions
and vertical distribution pattern of plankton in the water column
were similar to surface layer (see Supplementary Material).

Primary Production Variability
Measured PP in near-surface waters were low (∼2 mgC m−3

d−1) and at discrete depths ranged from 5.83 mgC m−3 d−1

in subsurface waters, down to 0.56 mgC m−3 d−1 at the Zeu
(Figure 5A). Column integrated production (IPP) varied from
176–268 (241 ± 43 mgC m−2 d−1) and was relatively stable
during the observation period, except with low value for TS-
14 (Table 1), which was ascribed to the drastic dropdown in
the available DPAR on that particular day due to overcast sky.
Higher PP rates in the subsurface layers were directly related to
higher Chl-a concentrations (Figure 3A). Vertical profiles of PP
followed the distribution pattern of Chl-a within and below the
ML and usually showed maximum values corresponding to SCM
depths (∼10% of surface PAR). The assimilation number or Chl
a-specific PP (PB) varied from 1.6–16.7 (9.7 ± 4.1 mgC [mgChl-
a] −1 d−1), and was mostly higher within the ML (Figure 5B)
showing minimal/no surface photoinhibition (Figure 5C), which
is indicative of probable dominance of smaller cells (Bricaud
et al., 1995; Westwood et al., 2007Q14 ) in the surface layer.
Comparatively, higher PB within the ML indicated that cells
within this layer were healthy during the sampling time. Low PB

below the SCM depth could be due to light limitation.
Analogous to TS station, the PP at surface layer of the RT

stations (Figure 5D) were low and at discrete depths it ranged
from 0.09–7.52 (2.9 ± 1.9 mgC m−3 d−1). Average IPP was
relatively higher (274 mgC m−2 d−1) than the TS stations.
Like TS station, vertical profiles of PP rates resembled the
distribution pattern of Chl-a, where the depths of maximum
PP were observed below the MLD nearly coinciding with the
SCM depths. The PB (Figure 5E) varied from 0.25–17.8 mgC
(mgChl-a−1 d−1) with higher average (11.4 ± 6.7) compared to
TS stations. PAR-PB relationship indicated minimal/no surface
photoinhibition (Figure 5F). Unlike TS station, surface PB

maximum was observed at RT-4 and RT-6, whereas subsurface
PB maximum, within the ML, was observed at RT-2. No surface
photoinhibition and higher PB in the surface and ML indicates
probable preponderance of smaller phytoplankton communities
(Bricaud et al., 1995; Westwood et al., 2007). Chl-a at discrete
depths yielded in a significant positive and negative linear
relationship (see Supplementary Material) with PP (r2 = 0.19,
n = 36, p < 0.05) and PB (r2 = 0.18, n = 36, p < 0.05),
respectively. Inverse relationship between PB and Chl-a implied
decreasing photosynthetic efficiency with increasing biomass
in the study area.

FIGURE 4 | Size-fractionated contribution (%) of phytoplankton community
structure measured by panels (A) fluorometric and (B) HPLC-based pigment
analysis in the surface layer of the TS station.

Comparison of measured and model (VGPM)-based IPP
showed insignificant, weak correlation (R2 = 0.24, n = 6) for the
entire study area (Figure 6), yet, a close look at the data suggests
that the measured and model-based IPP were strongly correlated
for the RT stations (3 data points close to 1:1 line), conversely the
calculated IPP underestimated (2.6 to 3 times) the measured IPP
in TS stations. This underestimation could solely be linked to the
difference in satellite-derived and measured Chl0 concentrations
that were fairly matching for the RT stations, whereas reasonably
incongruous for the TS stations. Nevertheless, the results showed
that a global model VGPM with its original parameterization can
be used for precise estimation of IPP in this region. Since IPP on
14 June 2014 could not be calculated, that data has been removed
from comparison.

To further understand the observed variability in IPP,
relationship measured between IPP, and surface variables (those
are embedded in the VGPM model) were investigated. Among
the sea surface variables, DPAR showed a moderately linear
(r2 = 0.45, n = 7) but insignificant (p > 0.05) relationship with
measured IPP (Figure 7A). Furthermore, there was no clear
relationship between measured IPP and SST (Figure 7B) and
Chl0 (Figure 7C). The only significant correlation (r2 = 0.73,
n = 7, p< 0.05) observed was between IPP and PB

opt (Figure 7D).
The PB

opt, which is a key parameter in satellite-based modeling of
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FIGURE 5 | Vertical profiles of primary productivity, chlorophyll a-normalized primary productivity, and daily PAR-PB relationship in the water column for TS (A–C) and
RT (D–F) stations.
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IPP ranged from 8.72 (TS-14) to 17.81 (RT-2) mgC (mgChl-a) −1

d−1 accounting for 73% of variance in the measured IPP.

DISCUSSION

Factors Governing Phytoplankton
Community Composition and
Production: Implication on Export Flux
and Transfer Efficiency
Phytoplankton are enormously dissimilar in terms of their
taxonomy, morphology, and size spanning over 10 orders of
magnitude in cell volume (Margalef, 1978; Cullen et al., 2002).
Ambient physicochemical factors (i.e., temperature, nutrient, and
light availability) are often decisive for regulating growth of a
particular phytoplankton species and its relative contributions
to community structure (Reynolds and Reynolds, 1985). Thus,
phytoplankton community structure can be regarded as an
integral response of ambient environmental factors (Claustre
et al., 2005). Phytoplankton forms the base of the oceanic food-
web and performs a pivotal role in biogeochemical processes
(especially influencing the efficiency of the carbon [C] export
to the deep ocean through “biological pump”), which is an
important component of global ocean C-sequestration and
modulation of atmospheric CO2.

During this study, shallow thermocline was observed with
minimal thermohaline variations in the upper 35–40 m
(Figure 2). Occurrence of low saline and warm water mass
formed a stratified surface layer restricting MLD to 35–40 m. The
stratification, with its determinant influence on upward nutrients
fluxes, restricted the vertical mixing and prevented supply
of nutrients from deeper layers resulting in macronutrients
depletion in the MLD (Figure 3). The vertical position of
the maximum Chl-a fluorescence (SCM) was located near or
below the nitracline (vertical gradient of nitrate availability)
in both TS and RT stations (Figures 2, 3) possibly reflecting
phytoplankton adaptive strategies. Extremely high Zeu-MLD
values (>35 m) indicated that light availability within the ML
was highly favorable for growth of phytoplankton (Westwood
et al., 2011) during the observation period. The N:P:Si ratios
were lower than Redfield values indicating NO3 and SiO4-limited
conditions (N:P < 10 and N:Si < 1; Levasseur and Therriault,
1987; Paul et al., 2008) for diatoms and/or silicoflagellates growth
(Westwood et al., 2011) in the ML throughout the sampling
region. Nevertheless, Si:P ratio was <3 throughout the water
column showing Si-enrichment (Harrison et al., 1977) especially
below the MLD. The nutrient-limited conditions were well
reflected in the Chl a size-fractionation and phytoplankton
pigment signatures data, which have clearly shown that the study
area was dominated (55–93%) by smaller phytoplankton (0.2–
10 µm) and the contribution of nano-plankton was highest
(53%) followed by pico (25%)- and micro-plankton (22%). The
most abundant pigments at TS location were 19′HF, which is
used as markers for prymnesiophytes (Phaeocystis sp.) (Jeffrey
et al., 1997). The next most dominant pigment was alloxanthin
(indicating cryptophytes). Fucoxanthin (indicating diatoms)

FIGURE 6 | Linear relationship between in situ and satellite-derived primary
productivity measurements (r2 = 0.24, n = 6, p > 0.05). The dotted line
indicates 1:1 relationship. Data points close to (away from) the 1:1 line belong
to RT (TS) stations, respectively.

percentage was comparatively high in the first 8 days but was
less/absent during the 9th and 10th days, which witnessed rise
in TChl-b and 19′BF concentrations indicative of dominance of
pico-plankton (Seeyave et al., 2007). This kind of shift/succession
in phytoplankton community structure could be ascribed to
the vertical stratification-induced nutrient-stress prevailing in
this region, as reported in other tropical and temperate marine
ecosystems (Margalef, 1978; Cullen et al., 2002). In other words,
the vertical stratification can also determine the intensity and
phytoplankton communities of the SCM. Furthermore, the
difference between Zeu and nitracline depth can therefore be a
useful indicator of phytoplankton communities inhabiting at the
SCM depth (Ardyna et al., 2011).

In general, small phytoplankton predominates in stable
oligotrophic (open ocean) environments, while larger cells
dominate in variable eutrophic (coastal and upwelling)
environments (Chisholm, 1992), and their cell size has been
shown to regulate the export efficiency of organic matter in the
water column (Dunne et al., 2005; Guidi et al., 2009; Mouw et al.,
2016). Dominance of smaller plankton in the phytoplankton
community of the study area implies that the SWTIO region
would experience lower carbon transfer efficiency and high
export flux efficiency since the portion exported by small cells
is generally less refractory, thus, sinks slower, resulting in lower
transfer efficiency. Conversely, larger cells are more vulnerable
of being associated with ballasting materials and thus leads to
greater transfer efficiency (Klaas and Archer, 2002; Armstrong
et al., 2009; Mouw et al., 2016). Previous study shows that the
magnitude and export efficacy of carbon flux are dependent on
the size of the phytoplankton cells prevailing in the ecosystem
(Mouw et al., 2016). As a whole, the carbon export variability
in a system is not only regulated by the phytoplankton cell
size but also by zooplankton grazing and other components
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FIGURE 7 | Linear relationships between measured IPP and (A) surface PAR (r2 = 0.41, p < 0.05), (B) SST, (C) Chl0, and (D) PB
opt (r2 = 0.73, p < 0.05). Trend line

for figure b and c are not shown due to absence of any clear trend.

(particle aggregation and feces production) of the food-web
(Siegel et al., 2014).

Increase in Chl-a concentration is usually associated with an
increase in intracellular pigment concentration or cell quantity
rather than in cell number leading to decrease in phytoplankton
light absorption efficiency (due to intracellular overlapping of
the chloroplasts) is popularly known as “package effect” (Bricaud
et al., 1995). Thus, the observed decrease in Chl-a-specific PP
(PB) in the surface layer is hypothesized to be caused by the
onset of “package effect” (Bricaud et al., 1995), which is obvious
in large (>10 µm) or micro-phytoplankton (diatoms) compared
to small size (nano or pico) plankton. We observed minimal
or no decrease in the PAR-PB relationship (Figures 5C,F) in
the surface layer at TS (Figure 5C) and RT (Figure 5F), which
is indicative of absence of photoinhibition in the study area.
Tripathy et al. (2010, 2014) have reported package-effect induced
decrease in PP in eutrophic coastal waters of temperate and
polar regions, and attributed this to dominance of large-sized
phytoplankton. However, low nutrients availability in the ML
have shown that the conditions were supportive for the growth
of smaller phytoplankton (flagellates, nano- and pico-sized) that
can efficiently utilize the low concentrations of nutrients due to
their high surface to volume ratio. This canonical hypothesis
was supported by the HPLC-based DP analysis corroborating the

dominance of nano-sized plankton in the surface as well as in
the water column.

Ocean warming-induced decline in the spatial coverage and
temporal occurrence of micro-plankton has been observed due
to significantly reduced nutrients in the ML in the major
biogeochemical provinces of the world ocean (Rousseaux and
Gregg, 2015). Recent study pointed out an astounding decrease
(up to 20%) in phytoplankton in western tropical Indian Ocean
region over the past 60 years (Roxy et al., 2016) caused by
warming-induced enhanced ocean stratification that restrains
mixing of nutrients from subsurface layers. Gao et al. (2012)
have shown that increased CO2 and light exposure have
adverse impacts on the growth of marine phytoplankton causing
extensive reduction in oceanic PP and a shift in community
structure away from diatoms that are mainly accountable for
sustaining higher trophic levels and export of carbon in the
ocean. If spatiotemporal dominance of small cells continues,
this may result in less but efficient export of materials leading
to reduced POC transfer to the deep ocean. This has possible
cascading implications for both atmospheric drawdown of CO2
and C-sequestration in the deep ocean. Yet, there are some small
diatoms (such as Minidiscus) that can reach the ocean bottom
at high sinking rates, hence challenging the classical binary
vision of pico- and nanoplanktonic cells supporting the microbial

Frontiers in Marine Science | www.frontiersin.org 11 June 2020 | Volume 7 | Article 515

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00515 June 25, 2020 Time: 21:33 # 12

1255

1256

1257

1258

1259

1260

1261

1262

1263

1264

1265

1266

1267

1268

1269

1270

1271

1272

1273

1274

1275

1276

1277

1278

1279

1280

1281

1282

1283

1284

1285

1286

1287

1288

1289

1290

1291

1292

1293

1294

1295

1296

1297

1298

1299

1300

1301

1302

1303

1304

1305

1306

1307

1308

1309

1310

1311

1312

1313

1314

1315

1316

1317

1318

1319

1320

1321

1322

1323

1324

1325

1326

1327

1328

1329

1330

1331

1332

1333

1334

1335

1336

1337

1338

1339

1340

1341

1342

1343

1344

1345

1346

1347

1348

1349

1350

1351

1352

1353

1354

1355

1356

1357

1358

1359

1360

1361

1362

1363

1364

1365

1366

1367

1368

Tripathy et al. Phytoplankton Productivity and Composition in Southwestern Indian Ocean

loop, while micro-plankton sustain secondary trophic levels and
carbon export (Leblanc et al., 2018) in the ocean.

Comparison of Measured and Modeled
Primary Production: Implications of PB

opt
on IPP Variability
The major inaccuracy in VGPM-based estimates of IPP are
associated with estimations of PB

opt, which is a key variable in
PP modeling, yet is inadequately explained, and its predictability
requires further refinement (Behrenfeld and Falkowski, 1997b;
Kameda and Ishizaka, 2005; Siswanto et al., 2006; Hyde et al.,
2008; Tripathy et al., 2012). Satellite-based estimates of PB

opt can
be derived by establishing predictive relationships between PB

opt
and one or more environmental variables (e.g., temperature,
light, Chl-a), which can be measured by satellites (Behrenfeld
et al., 2002). The following section elucidates the importance of
PB

opt in modeling primary production in the studied region.
Our results showed that VGPM, a global model with its

original parameterization, could be used for precise estimation of
IPP in the RT stations (3 data points close to 1:1 line); however,
the modeled IPP underestimated (2.6 to 3 times) measured
IPP at TS stations (Figure 6). This underestimation could be
attributed to the difference in satellite-derived and measured Chl0
concentrations that were fairly matching for the RT stations,
whereas reasonably incongruous for the TS stations. It has been
shown that, next to PB

opt, the Chl0 has significant contribution
toward the errors associated with VGPM-based IPP estimates
(Behrenfeld and Falkowski, 1997b). Analysis of measured IPP
vs. in situ variables (those are embedded in the VGPM model)
indicated that only in situ PB

opt was significantly correlated
(r2 = 0.73, n = 7, p < 0.05) with IPP (Figure 7D) accounting for
73% of variance in measured IPP. Thus, it is presumed that the
discrepancies in measured and modeled IPP at TS stations could
be due to errors in estimating PB

opt.
In this study, no distinct relationships were observed between

the in situ PB
opt and SST, PAR, and/or Chl-a; thus, a PB

opt
model using the above oceanographic variables was not feasible
in SWTIO region. Also, due to small in situ dataset (n = 7),
fitting any kind of relationship function between PB

opt and other
oceanographic variables was not realistic. Previously attempts
to construct SST-dependent PB

opt models (Behrenfeld and
Falkowski, 1997b; Gong and Liu, 2003; Kameda and Ishizaka,
2005; Siswanto et al., 2006) have shown varying shapes for the
PB

opt function. Our results depicted that the derivation of PB
opt

by adopting the above model formulations was not effective
(Figure 8) in this region. The observed PB

opt and SST relationship
of this study resembles the observations at Cariaco station,
southeastern Caribbean Sea (Muller-Karger et al., 2004) and in
the East China Sea (Siswanto et al., 2006), where consistent
increase in PB

opt was noticed even at SST as high as 29oC.
Our data show that the PB

opt increased with increasing SST
until 29◦C and then decreased, which is not in line with
the global seventh-order polynomial PB

opt model (Behrenfeld
and Falkowski, 1997b), as well as SST and Chl0 dependent
PB

opt model (Kameda and Ishizaka, 2005). Both models showed
decline in PB

opt with increasing SST (Figure 8), and opined that

FIGURE 8 | Relationships between measured PB
opt and SST. Circles, stars,

diamonds, triangles, and squares indicate PB
opt variations based on datasets

of this study, models of Behrenfeld and Falkowski (1997) Q15, Gong and Liu
(2003); Kameda and Ishizaka (2005), Siswanto et al. (2006), respectively.

persistent nutrient limitation in the strongly stratified high SST
regions lead to decline in PB

opt at higher SST. Such discrepancy
could possibly be accountable for the ineffectiveness of VGPM to
capture measured IPP variance at TS station.

Temperature exclusively was unable to explain the variation
in PB

opt, because PB
opt variation was plausibly influenced

by the cumulative effects of nutrient concentrations, total
biomass, light history, day-length, phytoplankton composition,
and size that are independent of temperature (Cote and
Platt, 1983; Behrenfeld and Falkowski, 1997b). Thus, a single-
factor, statistical PB

opt model may not capture the physiological
adjustments by phytoplankton with respect to the surrounding
growth conditions (Behrenfeld and Falkowski, 1997b), and
warrant development of a mechanistic model (e.g., Kameda and
Ishizaka, 2005). Constant PB

opt values have been used to estimate
IPP elsewhere (Dierssen et al., 2000; Hyde et al., 2008) when
reliable derivation of PB

opt using environmental variables failed.
Developing a PB

opt model was out of scope of this study and
hence not attempted because of the small dataset.

The other likely justification for the poor performance of
VGPM at TS station is that the optical property of this study
region may not be resembling the domain (i.e., Chl a is the
major determinant of the water optical properties) in which
VGPM was formulated. Absence of correlation between kd and
Chlint implied that the study area was optically complex, where
constituents other than Chl a (such as suspended sediments,
chromophoric dissolved organic matter) could be playing a main
role in determining light attenuation in the water column. Alas,
due to lack of data on other optically active constituents we
could not verify this. The observed kd values (Table 1) were
similar for both TS and RT stations indicating identical optical
properties. Thus, observed discrepancies between measured and
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FIGURE 9 | (A) spatial distribution of sea surface height anomaly (SSHA) overlaid on geostrophic wind vectors (top right panel corresponds to RT-2, black dots
denote the station locations), (B) average Ekman suction velocity at RT-2 region (6S:5S and 69E:70E) during May–June 2014 showing peak on 6 June, and
(C) MODIS-Aqua derived weekly average level-3 chlorophyll images (black dots symbolizes station locations) indicating high chlorophyll-a patch at RT-2.

modeled IPP at TS and RT stations could only be attributed to the
differences in satellite-derived and in situ Chl0.

Physical Forcings Associated With the
Observed High Productivity at RT-2
Throughout the year, the SCTR experiences upwelling due to
the upward Ekman suction (Murtugudde et al., 1996; Spencer
et al., 2005). Previously it was shown that the interannual
variability of the thermohaline stratification in the SCTR region

is primarily caused by the equatorial zonal wind anomalies
caused by the Indian Ocean Dipole (IOD). The IOD induces a
strong Ekman suction south of the equator including the eastern
and central Indian Ocean, which subsequently move westward
under the influence of planetary wave dynamics (Masumoto
and Meyers, 1998), thereby modulating the biogeochemistry of
the SCTR region.

During the study period highest Chlint (39.4 mg m−2) and
IPP (328.1 mgC m−2 d−1) was observed at RT-2. To investigate
the possible role of physical forcings on the observed high
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FIGURE 10 | (A) Sea surface temperature (SST) variability during the observation period, and (B) surface wind pattern during 4 and 6 June. Black dots signify station
locations.

phytoplankton biomass and productivity at RT-2, we analyzed
sea surface height anomaly (SSHA) coupled with geostrophic
currents during the sampling period. Interestingly, the SSHA
plots highlighted that the observed high Chl-a region was well
inside negative SSHA regions (Figure 9A, top right panel) as
observed elsewhere (Sabu et al., 2014). Previous study (George
et al., 2013) correlated the negative (in SCTR region) and
positive (near the equator and south of the SCTR region)
SSHA to shallower and deeper thermocline, respectively. The
observed negative SSHA could be linked to the Ekman suction
velocity calculated for the study area, which showed a surge
on 6 June signaling possible upwelling during this period
(Figure 9B). The elevated Ekman suction velocity could have
upwelled nutrient-rich waters thereby enhancing phytoplankton
growth. It is well documented that strong Ekman suction
deepens the surface ML considerably and Chl peaks when
SSHA decreases in SCTR region (Resplandy et al., 2009).
MODIS-Aqua-derived Chl-a images (Figure 9C) confirmed
presence of high Chl patch near to RT-2 well before the
observation date (28 May to 9 June), which persisted till 26
June. Since the intensity and spatial extension of the Chl
increased in the last week of June, the high Chl observed

in our study had originated from this high Chl patch.
Furthermore, the high surface Chl might have resulted not
only from the entrainment of subsurface Chl but also from the
influx of nutrients and phytoplankton production in the ML
(Resplandy et al., 2009).

Moreover, analysis of SST images indicated that RT-4 and RT-
6 were in higher SST region than TS and RT-2 (Figure 10A),
and SST in the RT-2 was colder on 9 June than on 19
June, indicating upwelling signatures. So the cooler water on
9 June was triggered by the high Ekman suction velocity
just 3 days before, corroborating that the SCTR region is
significantly influenced by Ekman-suction-induced upwelling,
driven by the northward decrease of the southeast trade wind
(Vialard et al., 2008). Analysis of surface wind data for this
period indicated that the high Ekman suction/low SSHA in
the RT-2 region was due to the occurrence/passage of a high
wind event on 6 June (Figure 10B) that’s enhanced Ekman
suction and favored entrainment of nutrients to the surface
layer, in consequence enhancing phytoplankton growth and
photosynthetic activity. Thus, the high Chlint and IPP at RT-2
on 19 June was due to occurrence of an upwelling event before
our observation. Previous report (Spencer et al., 2005) shows
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that the annual mean upwelling in the SWTIO is associated
with wind driven Ekman suction. Our result is consistent
with the findings of George et al. (2013), who have revealed
Ekman suction-induced variability in MLD and increase in
surface Chl by entrainment of nutrients from deeper layers in
the SCTR region.

Unlike RT-4 and RT-6, we observed subsurface PB
opt for

RT-2 station (Figure 5F), which indicates that the reduced
phytoplankton photosynthetic efficiency in the surface layer was
probably due to the light-shock the plankton experienced when
they were transported from deeper to shallower regions. Earlier
study documents that vertical displacements of phytoplankton,
due to mixing, force phytoplankton to experience fast alterations
in underwater light intensity (Shibata et al., 2010Q16 ), which exposes
the phytoplankton cells to higher PAR, causing damages to the
photosynthetic apparatus and photoinhibitory decrease in the
photosynthetic efficiency (Falkowski et al., 1994). The PAR-PB

relationship showed mild photoinhibition (Figure 5F) at RT-2,
which could be attributed to the less pigment packaging due
to dominance of nano-plankton during the sampling period.
Similar observations (Tripathy et al., 2014) were also reported in
the offshore waters of Southern Ocean where nutrient-limitation
induced predominance of smaller plankton existed.

SUMMARY AND CONCLUSION

To our knowledge, this is the first in situ measurement-
based study describing the factors modulating phytoplankton
productivity and composition in the SCTR region. Our study not
only confirmed some of the earlier reports about variability in
phytoplankton biomass but also provides firsthand information
about the in situ variability in phytoplankton pigment signatures
and carbon-uptake efficiency. Some of the conclusions drawn
from this study are summarized below.

The SCTR region is usually oligotrophic in nature in the
month of June. Strong thermohaline stratification resulted
in shallow (35–40 m) mixed layer (ML). Subsurface Chl-a
maximum (SCM) was a prominent feature and observed to
oscillate 40–60 m with majority of peaks at 50 m, and existed
just beneath the ML depth. Light availability during the sampling
period was highly conducive for algal growth, whereas nutrient
ratios indicated N- and Si-limitation suggesting unfavorable
conditions for diatoms and/or silicoflagellates growth within
the ML. Moreover, dominance of nano-sized plankton (53%)
followed by pico-plankton (25%) and micro-plankton (22%)
could be confirmed by HPLC-based pigments analysis. Drastic
dropdown in daily incident light due to overcast sky can severely
influence the IPP even though other supporting parameters
remain unchanged. In the vertical profiles maximum PP usually
coexisted to SCM depths. The Chl-a-specific PP (PB) was higher
within the ML and showed no surface photoinhibition, due to
the dominance of smaller phytoplankton, which are less prone
to pigment packaging effect in the surface layer. Comparatively,
higher PB within the ML is indicative of phytoplankton
healthiness during the sampling time, whereas low PB below the
SCM was due to light limitation. The highest column integrated

phytoplankton biomass (Chlint) and productivity (IPP) observed
at RT-2 could be clearly linked to low sea surface height
anomaly (SSHA); cyclonic disturbances and associated positive
Ekman suction velocity occurred before our observation period.
Conversely, high SSHA and strong stratification conditions
prevailed at other stations (TS, RT-4, and RT-6) leading to
comparatively low Chlint and IPP. Though dominance of smaller
phytoplankton were observed in the study area, future work
focusing on grouping of phytoplankton into functional types
will have more interest to the biogeochemical community
because they are relevant indicators of ecosystem dynamics
and functioning vis-à-vis climate change, and may provide vital
information about potential impacts on the efficiency of oceanic
carbon sequestration which controls global climate change.
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Abstract. Iodine chemistry has noteworthy impacts on the
oxidising capacity of the marine boundary layer (MBL)
through the depletion of ozone (O3) and changes to HOx

(OH/HO2) and NOx (NO/NO2) ratios. Hitherto, studies
have shown that the reaction of atmospheric O3 with surface
seawater iodide (I−) contributes to the flux of iodine species
into the MBL mainly as hypoiodous acid (HOI) and molecu-
lar iodine (I2). Here, we present the first concomitant obser-
vations of iodine oxide (IO), O3 in the gas phase, and sea sur-
face iodide concentrations. The results from three field cam-
paigns in the Indian Ocean and the Southern Ocean during
2015–2017 are used to compute reactive iodine fluxes in the
MBL. Observations of atmospheric IO by multi-axis differ-
ential optical absorption spectroscopy (MAX-DOAS) show
active iodine chemistry in this environment, with IO values
up to 1 pptv (parts per trillion by volume) below latitudes
of 40◦ S. In order to compute the sea-to-air iodine flux sup-
porting this chemistry, we compare previously established
global sea surface iodide parameterisations with new region-
specific parameterisations based on the new iodide obser-
vations. This study shows that regional changes in salinity
and sea surface temperature play a role in surface seawater

iodide estimation. Sea–air fluxes of HOI and I2, calculated
from the atmospheric ozone and seawater iodide concentra-
tions (observed and predicted), failed to adequately explain
the detected IO in this region. This discrepancy highlights the
need to measure direct fluxes of inorganic and organic iodine
species in the marine environment. Amongst other poten-
tial drivers of reactive iodine chemistry investigated, chloro-
phyll a showed a significant correlation with atmospheric IO
(R = 0.7 above the 99 % significance level) to the north of
the polar front. This correlation might be indicative of a bio-
genic control on iodine sources in this region.

1 Introduction

Iodine chemistry in the troposphere has gained interest over
the last 4 decades after it was first discovered to cause de-
pletion of tropospheric ozone (O3) (Chameides and Davis,
1980; Jenkin et al., 1985) and cause changes to the atmo-
spheric oxidation capacity (Davis et al., 1996; Read et al.,
2008). Iodine studies in the remote open ocean are important
considering its role in tropospheric ozone destruction (Allan
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et al., 2000), the formation of potential cloud condensation
nuclei, and impact on cloud radiative properties (McFiggans,
2005; O’Dowd et al., 2002). However, iodine chemistry in
the remote open ocean is still not completely understood,
with uncertainties remaining around the sources and impacts
of atmospheric iodine (Saiz-Lopez et al., 2012; Simpson et
al., 2015).

Recent studies of atmospheric iodine chemistry have fo-
cused on the detection of iodine oxide (IO) in the ma-
rine boundary layer (MBL) as a fingerprint for active io-
dine chemistry. IO itself may also participate in particle
nucleation if present at high concentrations (Saiz-Lopez et
al., 2006). Iodine-containing precursor compounds undergo
photo-dissociation to produce iodine atoms (I), which rapidly
react with ambient ozone, forming IO (Chameides and Davis,
1980). Until recently, fluxes of volatile organic iodine (e.g.
CH3I, CH2ICl, CH2I2) compounds including those originat-
ing from marine algae (Saiz-Lopez and Plane, 2004) were
considered to be the primary source of iodine in the marine
atmosphere (Carpenter, 2003; Vogt et al., 1999). However,
the biogenic sources of atmospheric iodine could not account
for the levels of IO detected in the tropical MBL (Mahajan
et al., 2010b; Read et al., 2008). Currently, inorganic iodine
emissions are considered to be the dominant sources con-
tributing to the open-ocean boundary layer iodine (Carpenter
et al., 2013). A recent study by Koenig et al. (2020) con-
cluded that inorganic iodine sources play a major role in
comparison to the organic iodine sources in contributing to
the upper troposphere iodine budget. Laboratory investiga-
tions revealed that at the ocean surface, iodide (I−) dissolved
in the seawater reacts with the deposited gas-phase ozone to
release hypoiodous acid (HOI) and molecular iodine (I2) via
the following reactions (Carpenter et al., 2013; Gálvez et al.,
2016; MacDonald et al., 2014):

I−+O3→ IOOO−, (R1a)
IOOO−→ IO−+O2, (R1b)
IO−+H+�HOI, (R1c)

H++HOI+ I−�I2+H2O. (R1)

The reaction of sea surface iodide (SSI) with ozone in
Reaction (R1) is considered a major contributor (600–
1000 Tg yr−1; Ganzeveld et al., 2009) to the loss of ozone
at the surface ocean, contributing between 20 % (Garland
et al., 1980) and 100 % (Chang et al., 2004) of the oceanic
ozone dry deposition velocity. Reactions (R1) and (R2) re-
sult in the release of reactive iodine (HOI and I2) to the at-
mosphere, where they quickly photolyse to yield I atoms,
which react with ozone in the gas phase to form IO (Carpen-
ter, 2003; Saiz-Lopez et al., 2012). Carpenter et al. (2013)
showed that the Reactions (R1) and (R2) could account for
about 75 % of the IO levels detected over the tropical Atlantic
Ocean. Further studies have shown that including these reac-
tions and the resulting fluxes of HOI and I2 in atmospheric

chemistry models has results in good agreement between ob-
served and modelled iodine levels over the Atlantic and the
Pacific Ocean but not for the Indian and Southern Ocean. For
example, the sea–air flux of HOI and I2 could explain the
observed levels of molecular iodine and IO at Cape Verde
(Lawler et al., 2014), and observed IO levels over the east-
ern Pacific were in reasonable agreement with those mod-
elled from estimated I2 and HOI fluxes (MacDonald et al.,
2014). In contrast, the inorganic iodine fluxes estimated for
the Indian Ocean and Indian sector of the Southern Ocean
marine boundary layer could not fully explain the observed
IO concentrations (Mahajan et al., 2019a, b). Similarly, in the
Pacific observations of IO and halocarbons have shown that
the contribution of combined iodocarbon fluxes to IO is be-
tween 30 % and 80 %, assuming an inorganic iodine lifetime
of between 1 and 3 d (Hepach et al., 2016).

Predicted global emissions of iodine compounds show a
large sensitivity (∼ 50 %) to the SSI field used (Saiz-Lopez et
al., 2014; Sherwen et al., 2016a, c); an improved and accurate
system for simulating SSI concentration is imperative. Exist-
ing global parameterisations discussed in this study follow
three different methods for SSI estimation. The first is a lin-
ear regression approach against biogeochemical and oceano-
graphic variables (Chance et al., 2014); the second uses an
exponential relationship with sea surface temperature as a
proxy for SSI (MacDonald et al., 2014), and the third is a
recent machine-learning-based model (Sherwen et al., 2019)
that predicts monthly global SSI fields for the present day.
Where such approaches are based on large-scale relation-
ships, they may not properly capture smaller-scale regional
differences in SSI (as observed for Chance et al., 2014; Mac-
Donald et al., 2014) or underestimate the surface iodide con-
centration (in the case of Sherwen et al., 2019). Furthermore,
there are large differences in predicted iodide concentrations
between these parameterisations in some regions (refer to
Sect. 3.2). Thus, estimation of seawater iodide based on the
existing parameterisations may not always be sufficiently ac-
curate.

At present, there is a paucity of measurements of SSI, and
remote sensing techniques cannot detect iodine species in
seawater (Chance et al., 2014; Sherwen et al., 2019). In par-
ticular, regions of the Indian Ocean and the Southern Ocean
have been under-sampled in terms of iodine observations in
the atmosphere and ocean (Chance et al., 2014; Mahajan
et al., 2019a, b). It is important to remember that the most
widely used parameterisation (MacDonald et al., 2014) is
built on a limited observational dataset from the Atlantic and
Pacific Ocean completely excluding the Indian Ocean and
Southern Ocean. As they have not been tested in the Indian
Ocean, they may not be suitable for accurate estimation of
SSI in the distinct and highly variable salinity and tempera-
ture regimes of the Indian Ocean region. The parameterisa-
tions presented in Chance et al. (2014) are based on a larger
dataset including Southern Ocean observations but still only
make use of two data points in the Indian Ocean. Further-
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more, the Sherwen et al. (2019) parameterisation uses the
updated dataset including the new Indian Ocean SSI obser-
vations used in this study. Compounding the lack of Indian
Ocean SSI observations is the fact that parts, in particular
the Arabian Sea and the Bay of Bengal, do not follow the
same seasonal trends in salinity (D’Addezio et al., 2015) and
sea surface temperature (Dinesh Kumar et al., 2016) as each
other on the same latitudinal band, and hence the currently
used global iodide parameterisations in models, i.e. Mac-
Donald et al. (2014), may not be appropriate for these ar-
eas. Here we use new SSI observations made as part of this
study (described in full in Chance et al., 2020, and included
in Chance et al., 2019) to test whether the existing parame-
terisations can be directly applied to the Indian Ocean and if
regionally specific parameterisations are more accurate com-
pared to the former.

Although several measurements of IO have been reported
around the globe, including in the open ocean (Alicke et
al., 1999; Allan et al., 2000; Frieß et al., 2001; Großmann
et al., 2013; Mahajan et al., 2009, 2010a, b; Prados-Roman
et al., 2015), the remote open ocean still remains under-
sampled. The two documented observations of IO in the In-
dian Ocean and the Indian sector (January–February 2015
and December 2015) of the Southern Ocean were interpreted
using parameterisations to estimate the SSI concentrations in
combination with observed ozone concentrations to subse-
quently calculate the resulting inorganic iodine fluxes. This
approach suggested that the observed atmospheric IO may
not be well correlated with the inorganic fluxes and that
biogenic fluxes could play an important role (Mahajan et
al., 2019a, b). Here, we present measurements of IO in the
MBL of the Indian Ocean and the Southern Ocean during
the 9th Indian Southern Ocean Expedition (ISOE-9) con-
ducted in January–February 2017, alongside the first simulta-
neous SSI observations along the cruise track (Chance et al.,
2019). The iodide observations were used to compute the in-
organic iodine fluxes to compare with IO observations along
the cruise tracks. Further, observed SSI concentrations are
used to compute region-specific parameterisations for SSI
concentrations, following the approaches taken by Chance
et al. (2014) and MacDonald et al. (2014). The iodide con-
centrations obtained with these region-specific modified pa-
rameterisations are compared to the iodide estimates using
their original counterparts and the global machine-learning-
based prediction of SSI concentration (Sherwen et al., 2019).
The resulting estimated reactive iodine fluxes (HOI and I2)
are then used to see if the inorganic fluxes can explain the IO
loading in the atmospheric MBL.

2 Measurement techniques and methodology

The 9th Indian Southern Ocean Expedition (ISOE-9) was
conducted from January to February 2017 in the South-
ern Ocean and the Indian Ocean sector of the Southern

Ocean. The expedition started from Port Louis, Mauritius,
and spanned the remote open-ocean area to the coast of
Antarctica. Observations of IO, SSI, and O3 were made
along the cruise track during ISOE-9. For further analy-
sis we also include IO observations from the 2nd Interna-
tional Indian Ocean Expedition (IIOE-2) and the 8th Indian
Southern Ocean Expedition (ISOE-8) conducted in the In-
dian and Southern Ocean region during austral summer of
2015 (Mahajan et al., 2019a, b). We also include SSI ob-
servations in the northern Indian Ocean from two expedi-
tions, namely the Sagar Kanya-333 cruise (SK-333) and the
Bay of Bengal Boundary Layer Experiment (BoBBLE) con-
ducted during June–July and September 2016, respectively
(Chance et al., 2020). Table 1 shows the details of the expe-
ditions, including the locations, dates of the expeditions, and
the meridional transect for each expedition. Figure 1a shows
a map with the cruise tracks for the five expeditions. Fig-
ure 1b shows the seawater iodide sampling locations during
the ISOE-9, SK-333, and BoBBLE expeditions. The track of
the ship during ISOE-9, along with the air mass back tra-
jectories arriving at noon each day, is given in the Supple-
ment in Fig. S1. The HYbrid Single-Particle Lagrangian In-
tegrated Trajectory (HYSPLIT) model (Rolph et al., 2017;
Stein et al., 2015) was used to calculate the back trajecto-
ries. Similar back-trajectory plots and full cruise tracks for
ISOE-8 and IIOE-2 are given in Mahajan et al. (2019a, b).
During the three expeditions, meteorological parameters of
the ocean and atmosphere were measured using an on-board
automatic weather station (WeatherPak®-2000 v3), which is
specially built for shipboard observations and manual obser-
vation techniques. The WeatherPak system was installed in
the front of the ship, with the sensors approximately 10 m
from the sea surface. The weather system is equipped with
a GPS system for measuring the true wind speed and direc-
tion along with the apparent data. The SST and salinity were
measured manually through bucket sampling.

2.1 Sea surface iodide (SSI)

In this section, we focus on developing a region-specific pa-
rameterisation for SSI estimation by adapting previously es-
tablished methods. The SSI concentrations obtained from the
original and newly developed region-specific parameterisa-
tion as well as SSI model predictions are used for a compar-
ison study and to calculate the inorganic iodine emissions.

2.1.1 Observed SSI in the Indian Ocean and the
Southern Ocean

Historically, few observations of SSI are available for the In-
dian Ocean basin, with reports of only three data points in
the open ocean from the Arabian Sea sector of the Indian
Ocean (Farrenkopf and Luther, 2002). Two of these values
are coastal, and they lack supporting sea surface tempera-
ture and salinity data; thus, they have been excluded from
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Table 1. Details of the three expeditions contributing to the IO and seawater iodide dataset in this study. Expeditions are listed in chronological
order from 2015 to 2017.

Expedition Research
vessel

Duration Location Meridional
transect

Observations

8th Indian Southern Ocean
Expedition (ISOE-8)

Sagar
Nidhi,
India

7 January 2015 to
22 February 2015

Indian Ocean from
Chennai, India, to
Port Louis, Mauritius

13◦ N to 56◦ S IO, O3

2nd International Indian
Ocean Expedition
(IIOE-2)

Sagar
Nidhi,
India

4 to 22 December
2015

Indian Ocean from
Goa, India, to Port
Louis, Mauritius

15◦ N to 20◦ S IO, O3

Bay of Bengal Boundary
Layer Experiment (BoBBLE)

RV
Sindhu
Sadhana

23 June 2016 to
24 July 2016

Southern Bay of
Bengal

8 to 10◦ N Seawater
samples for I−

Sagar Kanya-333 (SK-333) Sagar
Kanya,
India

5 to 20 September
2016

Southern Arabian
Sea and southern
Bay of Bengal

1.6◦ N to 4◦ S Seawater
samples for I−

9th Indian Southern Ocean
Expedition (ISOE-9)

S.A.
Agulhas,
South
Africa

6 January 2017 to
26 February 2017

Indian and Southern
Ocean from Port
Louis, Mauritius, to
Antarctica

20 to 70◦ S IO, O3, I−

Figure 1. Map of the Indian Ocean and the Southern Ocean (a) with cruise tracks for campaigns conducted during the austral summer
of 2014–2016. Green circles indicate the cruise track for ISOE-8, red circles show the cruise track for IIOE-2, and blue circles indicate
the cruise track for ISOE-9. Magenta and cyan circles indicate sample locations for the BoBBLE and SK-333 expeditions, respectively.
(b) Boxes represent 129 seawater iodide sampling locations from three expeditions following the colour code in (a).

this study. However, recent work has led to a large increase
in the number of SSI observations available for the Indian
Ocean and Southern Ocean (Indian Ocean sector) (Chance
et al., 2020). Specifically, 111 new observations were made
during the 2016 ISOE-9 and 18 during the SK-333 and BoB-
BLE. During the ISOE-9, SSI measurements in seawater

were made concomitant with observations of O3 and IO in
the gas phase for the first time. Observations of SSI made
during this expedition used the cathodic stripping voltam-
metry method with a hanging mercury drop electrode as a
working electrode (Campos, 1997; Luther et al., 1988). The
errors reported on the concentrations reflect the standard de-
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Table 2. List of existing global (italicised reference column) and new region-specific (regular font in reference column) parameterisations for
sea surface iodide concentration indicating data location and number of data points used to formulate each equation. Here [iodide] represents
the sea surface iodide concentration (nM), and sea surface temperature is SST (in degrees Celsius for Eqs. (1) to (3) and in Kelvin for Eqs. 4 to
5). The nitrate concentration

([
NO−3

])
is given in micromoles (µM), the mixed layer depth is MLDpt in metres, the subscript “pt” indicates

potential temperature implying a temperature change of 0.5 ◦C from the ocean surface (Monterey and Levitus, 1997), and salinity is in
practical salinity units (PSU). Further details on individual parameters and the choice of Eq. (1) over others proposed in Chance et al. (2014)
are discussed in the Supplement. R2∗ represents the initial coefficient of determination (COD) while deriving each parameterisation, and R2

represents the COD from correlation analysis of the calculated iodide with observations in this study (ISOE-9, SK-333, BoBBLE).

Eq. no. Database location Reference Parametric equation ([iodide]; nM) Data points R2∗ R2

Eq. (1) Majorly Atlantic
and Pacific Ocean

Chance et
al. (2014)

[iodide]= 0.28(±0.002)×SST2

+1.7(±0.2)×|latitude|+ 0.9(±0.4)×[
NO−3

]
− 0.02(±0.002)×MLDpt+

7(±2)× salinity− 309(±75)

n= 673 0.676 0.758

Eq. (2) Indian and
Southern Ocean

This study [iodide]= 0.36(±0.04)×SST2
−

2.7(±0.5)×|latitude|+0.28(±0.57)×[
NO−3

]
+ 0.64(±0.17)×MLDpt−

5.4(±3.82)× salinity+ 22(±137)

n= 128 0.794 0.794a

Eq. (3) Southern Ocean This study [iodide]= 0.25(±0.017)×SST2
−

0.6(±0.4)× |latitude| + 2.2(±0.4)×[
NO−3

]
− 5.5(±3.3)× salinity+

212(±123)

n= 110 0.859 0.859a

Eq. (3a) Indian Ocean This study [iodide]= 4.56(±6.45)× |latitude|−
23.7(±31)× salinity+ 944(±1096)

n= 18 0.325 NA

Eq. (4) Atlantic, central,
and western Pa-
cific
Ocean

MacDonald
et al. (2014)

[iodide] = 1.46× 1015
× exp

(
−9134

SST

)
n=∼ 88 0.71 0.739

Eq. (5) Indian and
Southern Ocean

This study [iodide] = 3.6× 107
× exp

(
−3763

SST

)
n= 129 0.702 0.697a

Eq. (6) Atlantic, Pacific,
Indian, and
Southern Ocean

Sherwen et
al. (2019)

Machine-learning-based regression
approach

n= 1293 NA 0.842

a Higher R2 values for the modified parameterisations reflect the fact that they have been derived using the same observational data as they are tested on.

viation of the repeat scans and the standard error on the in-
tercept and slope of the calibration. The seawater samples
were collected during the ISOE-9 at a 3–6 h interval between
23 and 70◦ S. Seawater samples from the SK-333 cruise and
BoBBLE were analysed following the same technique for
surface iodide concentrations. Iodide data from SK-333 and
BoBBLE contributed to 18 additional data points between
10◦ N and 4◦ S, making a total of 129 new locations (ex-
cluding coastal and extremely high values above 400 nM; see
Chance et al., 2020, for details) for observed SSI in the Indian
Ocean and Southern Ocean region. This is a major sample
size compared to the global 2014 database (n= 925) across
all the global oceans (Chance et al., 2014), and these data
points contribute substantially to the recently updated iodide
dataset (Chance et al., 2019) (n= 1342). From here onwards,

the iodide concentrations obtained from sampling observa-
tions will be referred to as measured SSI as opposed to mod-
elled SSI to differentiate between the observed iodide con-
centrations and those calculated using the parameterisations.
All available observations made in the Indian Ocean basin
as presented in Chance et al. (2019) have been included for
the development of the region-specific parameterisation pre-
sented in this work. Further details about the measurement
technique and the observations used can be found in Chance
et al. (2020).

2.1.2 Iodide parameterisations

Due to the sparsity of SSI measurements, different em-
pirical parameterisations have been proposed to estimate
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Figure 2. Arrhenius form plot of sea surface iodide concentrations
against SST from all available seawater iodide field observations
in the Indian Ocean and Southern Ocean. The red line represents a
linear fit; the shaded region in dark red (inner) indicates the 95 %
confidence bands, and the shaded area in light red (outer) indicates
the 95 % prediction bands.

SSI concentrations. Parameters like SST and salinity (only
for SK-333 and BoBBLE; R2

= 0.3, P = 0.018) show a
positive correlation with SSI concentrations. However, a
global parameterisation scheme may not capture the speci-
ficities of these required for regional studies. The north-
ern Indian Ocean has markedly different sea surface salin-
ity (D’Addezio et al., 2015) and SST (Dinesh Kumar et al.,
2016) in its two basins, the Arabian Sea and the Bay of Ben-
gal, that share the same latitude bands separated by the In-
dian subcontinental land mass. These basins experience the
biannually reversing monsoonal winds, which greatly influ-
ence their SST and salinity structure. Strong winds in the
Arabian Sea associated with the summer monsoon dissipate
heat via overturning and turbulent mixing, whereas weaker
winds in the Bay of Bengal imply high SST due to the for-
mation of a stable and shallow surface mixed layer (Shenoi,
2002). The Arabian Sea exhibits much higher salinity com-
pared to the Bay of Bengal due to greater evaporation and
lower river runoff (Rao and Sivakumar, 2003). As mentioned
earlier, the current global SSI parameterisations are based al-
most entirely on observations from the Atlantic, Pacific, and
Southern Ocean and have not been tested in the Indian Ocean
region.

Here, we aim to create region-specific parameterisations
for the Indian and Southern Ocean and conduct a compari-
son between these and the existing global parameterisations,
further discussed in Sect. 4.2. The existing (Eqs. 1, 4, and
6) global and the new region-specific parameterisations are
listed in Table 2. Below we briefly describe the modified pa-
rameterisations. Details about the original parameterisations

can be found in their respective publications (Chance et al.,
2014; MacDonald et al., 2014; Sherwen et al., 2019).

a. Linear regression analysis was performed on each pa-
rameter, namely SST, mixed layer depth (MLD), lati-
tude, sea surface nitrate concentration (as it has been
suggested that iodate could be reduced by nitrate-based
enzymes; Chance et al., 2014), and salinity, against
the measured SSI concentrations from the ISOE-9, SK-
333, and BoBBLE campaigns, similar to the Chance et
al. (2014) technique but using in situ SST and salinity
observations instead of climatological values. More de-
tails on the approach taken can be found in the Supple-
ment. The combination with the largest R2 and a uni-
form distribution of residuals from the statistically sig-
nificant dependent variables, as detailed in Table S1, re-
sulted in Eq. (2) in Table 2. Equation (2) thus represents
a region-specific (the Indian Ocean and Southern Ocean
region abbreviated as Ind. O.+Sou. O. in the figures)
variant of the Chance et al. (2014) parameterisation for
the estimation of SSI concentrations. Similarly, keeping
in mind the difference in the SST and salinity for the
Indian Ocean and Southern Ocean, another parameteri-
sation was derived only for the Southern Ocean region
using the ISOE-9 iodide observations and for the Indian
Ocean using the SK-333 and BoBBLE iodide observa-
tions, respectively. The parameterisation for the South-
ern Ocean region using ISOE-9 iodide observations is
given in Table 2 as Eq. (3). A similar Indian Ocean pa-
rameterisation is formulated and listed in the last row
of Table 2 as Eq. (3a). However, this parameterisation
is not valid, and it is omitted from analysis in this text
due to statistical insignificance inferred from an anal-
ysis of variance (ANOVA) test using StatPlus statisti-
cal analysis software. In this method, the F ratio from
ANOVA analysis is compared with the critical F value
from the standard f -distribution table (at 0.05 signifi-
cance level) to confirm the statistical robustness. Results
of the ANOVA test on the datasets for Eqs. (2), (3), and
(3a) are discussed in the Supplement.

b. A second method for the estimation of SSI concentra-
tion was proposed by MacDonald et al. (2014) that uses
the correlation between sea surface iodide and SST. At
present, this is the most commonly used parameterisa-
tion in global models (Sherwen et al., 2016c, b, a; Stone
et al., 2018). Similar to MacDonald et al. (2014) (Table
2, Eq. 4), we derived an Arrhenius-type, region-specific
expression using iodide and SST data from ISOE-9, SK-
333, and BoBBLE. Figure 2 shows the typical linear de-
pendence of ln[I−] for observed SSI in the Indian Ocean
and Southern Ocean, with SST−1, which resulted in the
Arrhenius form expression given as Eq. (5) in Table 2.

Figure 3 shows the iodide concentrations for the three
campaigns, ISOE-8, IIOE-2 and ISOE-9, calculated using
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Figure 3. Latitudinal averages of calculated sea surface iodide (SSI)
concentrations for each campaign using (a) existing and (b) new
parameterisation tools and observations from ISOE-9, SK-333, and
BoBBLE. Filled markers represent combined SSI from ISOE-8 and
ISOE-9; unfilled markers represent SSI from the IIOE-2 campaign.

Eqs. (1) to (5), the measured iodide concentrations from
ISOE-9, SK-333, and BoBBLE, and the global iodide model
predictions obtained from Sherwen et al. (2019) (Table 2).
From here on, region-specific parameterisations developed
for SSI concentrations are referred to as the modified ver-
sions of the original parameterisations; Eqs. (2) and (3)
are called the modified Chance et al. (2014) parameterisa-
tion for the Indian Ocean and Southern Ocean region and
only the Southern Ocean region, respectively. Equation (5)
is called the modified MacDonald et al. (2014) parameterisa-
tion. The machine-learning-based model proposed in Sher-
wen et al. (2019) is referred to as the “SSI model”.

2.2 Ozone

Surface ozone was monitored using a US EPA approved
nondispersive photometric UV analyser (Ecotech EC9810B)
installed on the ship during the expeditions to detect surface
ozone values at a 1 min temporal resolution. A Teflon tube
∼ 4 m long fixed towards the front of the ship acted as an
inlet for the analyser. The analyser is equipped with a selec-
tive ozone scrubber, which was alternatively switched in and
out of the measuring stream. The analyser has a lower de-

tection limit of 0.5 ppbv and a precision of 1 ppbv. A 5 µm
polytetrafluoroethylene (PTFE) filter membrane installed in
the sample inlet tube was changed regularly. Zero and span
calibrations were done every alternate day to ensure accurate
O3 measurements. The ozone data collected were cleaned
to remove the data points under the influence of the ship’s
smokestack by referring to the measured apparent wind di-
rection on the ship. Apparent wind approaching the ship from
0 to 90◦ or 27 to 360◦ (front hemisphere of the ship) was con-
sidered free from smokestack emission influence; 0 or 360◦

represents the bow of the ship. Ozone data recorded when
the ship was stationary showed major smokestack emission
influence and were excluded.

2.3 Estimation of inorganic iodine fluxes

In order to estimate the contribution of inorganic iodine
chemistry to active iodine chemistry in the atmosphere, the
atmospheric fluxes for the main product species, I2 and HOI,
need to be calculated, since direct flux measurements of I2
and HOI have not been done anywhere in the world to date.
While there are reported observations of marine I2 emis-
sions, they are few in number and mostly from coastal re-
gions (Atkinson et al., 2012; Huang et al., 2010; Saiz-Lopez
et al., 2006) with one observation in the open ocean (Lawler
et al., 2014), although these are all observations of atmo-
spheric concentrations and not fluxes. As observed SSI is not
available for all cruises, we used the following scenarios for
SSI to estimate the inorganic iodine fluxes:

a. using measured SSI from observations of sea surface
iodide from ISOE-9, SK-333, and BoBBLE;

b. using calculated SSI from

1. the Chance et al. (2014) parameterisation in Eq. (1),

2. the modified Chance et al. (2014) parameterisa-
tion for the Indian Ocean and Southern Ocean (Ind.
O.+Sou. O.) in Eq. (2),

3. the modified Chance et al. (2014) parameterisation
for the Southern Ocean (Sou. O.) in Eq. (3),

4. the MacDonald et al. (2014) parameterisation using
SST in Eq. (4),

5. the modified MacDonald et al. (2014) parameteri-
sation in Eq. (5), and

6. a machine-learning-based model prediction (Sher-
wen et al., 2019) in Eq. (6).

Ozone was measured on all three cruises (ISOE-9, IIOE-2,
and ISOE-8). The fluxes for HOI and I2 were then calculated
for all the above scenarios except for the observations from
SK-333 and BoBBLE as IO observations were not taken dur-
ing these cruises. The following algorithm was used for esti-
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mating iodine fluxes (Carpenter et al., 2013):

fluxI2 =
[
O3(g)

]
×[I−(aq)]

1.3
× ( 1.74× 109

− 6.54

× 108
× ln (ws) ) , (1)

fluxHOI =
[
O3(g)

]
×

4.15× 105
×

√[
I−(aq)

]
ws

−
20.6
ws
− 2.36× 104

×

√[
I−(aq)

], (2)

where the fluxes are in nanomoles per square metre
per day (nmol m−2 d−1), [O3] is in nanomoles per mole
(nmol mol−1) (ppbv), [I−] in moles per cubic decimetre
(mol dm−3), and the wind speed (WS) is in metres per second
(m s−1). Carpenter et al. (2013) did not consider the effect of
temperature in the interfacial layer of the sea surface model
on activation energies for the Reaction (R1) (i.e. assumed
the temperature dependence for k (I−+O3) to be zero). Al-
though I2 and HOI fluxes are expected to increase with the
temperature of the interfacial layer, I2 production has a neg-
ative activation energy, as noted by MacDonald et al. (2014).
In Carpenter et al. (2013) (specific to the tropical Atlantic), a
seawater temperature of 15 ◦C and air temperature of 20 ◦C
were used to calculate Henry’s law constants, diffusion con-
stants, and mass transfer velocities. Again assuming the tem-
perature dependence of k(I−+O3) to be zero but including
the temperature dependence of Henry’s law constants, diffu-
sion constants, and mass transfer velocities, the same inter-
facial layer model predicted effective activation energies for
I2 and HOI emissions of −2 and 25 kJ mol−1 (MacDonald
et al. (2014). Using these activation energies, MacDonald et
al. (2014) calculated differences in I2 and HOI fluxes of 3 %
and 31 %–41 %, respectively, at SSTs of 10 and 30 ◦C com-
pared to the room-temperature parameterisations presented
in Carpenter et al. (2013). Experimentally derived activa-
tion energies for I2 and HOI emissions were −7± 18 and
17± 50 kJ mol−1 (MacDonald et al., 2014). As HOI repre-
sents the larger iodine flux, the higher relative uncertainty
in the activation energy should be kept in mind when calcu-
lating temperature-dependent emissions. It should be noted
that a recent study suggested that the activation energies from
MacDonald et al. (2014) are better summarised as approxi-
mately zero (e.g. Moreno and Baeza-Romero, 2019) as the
overall temperature dependence remains unresolved.

HOI and I2 fluxes are also influenced by the wind speed
as seen from Eqs. (7) and (8), and the modelled iodine fluxes
(HOI and I2) are highest for high [O3], high [I−], and low
wind speed. This is explained by the assumption that wind
shear drives mixing of the interfacial layer to bulk seawa-
ter, reducing the efflux of HOI and I2 into the atmosphere
(Carpenter et al., 2013). Negative fluxes are obtained from
Eqs. (7) and (8) for both HOI and I2 when the wind speed is
higher than 14 m s−1, which is not physically possible, and
therefore the model output is limited to wind speeds below
14 m s−1 (Mahajan et al., 2019a). Iodine fluxes calculated

from Eqs. (7) and (8) using SSI concentrations from the sce-
narios (a) and (b: 1–6) are shown in Fig. 4c and d.

2.4 Iodine oxide

2.4.1 Observations

Ship-based measurements of IO were made using the multi-
axis differential optical absorption spectroscopy (MAX-
DOAS) technique (Hönninger et al., 2004; Platt and Stutz,
2008). The MAX-DOAS device was installed at the bow of
the ship with a direct line of sight towards the front of the ship
to avoid the ship’s plume in the detection path of the tele-
scope. The MAX-DOAS device was programmed to capture
scattered sunlight spectra every 1 s at set elevation angles of
0, 1, 2, 3, 5, 7, 20, 40, and 90◦ during daylight hours. Mercury
line calibration offset and dark current spectra were recorded
after sunset each day. Elevation angles outside a range of
±0.2◦ from the set value were eliminated from the 30 min
averaged spectra for increased accuracy. Figure S2 shows
the resultant IO and O4 differential slant column densities
(DSCDs) for the ISOE-9 campaign; similar plots are avail-
able for ISOE-8 (Mahajan et al., 2019a) and IIOE-2 (Maha-
jan et al., 2019b). The QDOAS software (Danckaert et al.,
2017) was used for DOAS retrieval of IO from the spectra
using the optical density fitting analysis method. The spec-
tra were fitted with a third-order polynomial using a fitting
interval of 415 to 440 nm with cross sections of NO2 (Van-
daele et al., 1998), O3 (Bogumil et al., 2003), O4 (Thalman
and Volkamer, 2013), H2O (Rothman et al., 2013), two ring
spectra, first as recommended by Chance and Spurr (1997)
and second following Wagner et al. (2009), and a liquid water
spectrum for seawater (Pope and Fry, 1997). To remove the
influence of stratospheric absorption a spectrum correspond-
ing to 90◦ (zenith) from each scan was used as a reference
for the analysis. The raw spectra were analysed to obtain dif-
ferential slant column densities (DSCDs), and values with
a root mean square error (RMSE) greater than 10−3 were
eliminated. Similarly, DOAS retrieval of O4 in the 350 to
386 nm spectral window was performed, and DSCDs were
obtained. The optical density fits for IO and O4 from ISOE-9
are shown in Fig. S3. The IO DSCDs were then converted
to volume mixing ratios using the O4 slant columns follow-
ing the previously used “O4 method” (Mahajan et al., 2012;
Prados-Roman et al., 2015; Sinreich et al., 2010; Wagner et
al., 2004). Further details on the instrument, retrieval pro-
cedure, and conversion into mixing ratios can be found in
previous works (Mahajan et al., 2019a, b).

2.4.2 Modelled atmospheric IO

We use outputs from two global models for a compar-
ison with the observations conducted during the three
cruises. The first model is the GEOS-Chem chemical
transport model (version 10-01, 4× 5◦ horizontal resolu-
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Figure 4. Daily averaged atmospheric and oceanic parameters combined from the ISOE-8, IIOE-2, and ISOE-9 field campaigns. Data marked
with “ISOE” represent combined data from ISOE-8 and ISOE-9. Unfilled markers and dotted lines show values for IIOE-2. (a) IO above
the detection limit from ISOE-8, ISOE-9. and IIOE-2. (b) Surface IO values from the GEOS-Chem and CAM-Chem models. Panels (c) and
(d) comprise HOI and I2 fluxes estimated from Eqs. (7) and (6), respectively. Fluxes are colour-coded for different sea surface iodide (SSI)
datasets used for their estimation. Black, blue, red, and green correspond to fluxes calculated using SSI estimation from Eqs. (1) to (5); purple
represents the use of model SSI predictions (Sherwen et al., 2019), and filled circles in dark blue correspond to measured SSI from ISOE-9
for each observation. (e) Chlorophyll a observations from ISOE-8 and ISOE-9 (blue circles) as well as satellite data for all campaigns (red
circles). (f) Ozone mixing ratios from campaigns ISOE and IIOE-2. The dashed line marks the polar front at 47◦ S. Observational plots for
ISOE-8 and IIOE-2 were adapted from Mahajan et al. (2019a, b). The vertical dashed line through the figure indicates the PF (polar front).

tion, http://www.geos-chem.org, last access: 1 April 2019),
which includes detailed HOx–NOx–VOC–ozone–halogen–
aerosol (VOC: volatile organic carbon) tropospheric chem-
istry (Sherwen et al., 2016c, 2017) and is driven by of-
fline meteorology from the NASA Global Modelling and
Assimilation Office (http://gmao.gsfc.nasa.gov, last access:
5 April 2019) forward processing product (GEOS-FP).

The second model is the 3D chemistry–climate model
CAM-Chem version 4 (Community Atmospheric Model
with Chemistry) https://www2.acom.ucar.edu/gcm/
cam-chem, last access: 8 April 2019), which is included in
the CESM framework (Community Earth System Model,
CAM-Chem, version 4.0). The model includes a state-of-
the-art halogen chemistry scheme (chlorine, bromine, and

iodine) (Saiz-Lopez and Fernandez, 2016). The current
configuration includes an explicit scheme for organic and
inorganic iodine emissions and photochemistry. These
halogen sources comprise the photochemical breakdown
of five very short-lived bromocarbons (CHBr3, CH2Br2,
CH2BrCl, CHBrCl2, and CHBr2Cl) naturally emitted by
phytoplankton from the oceans (Ordóñez et al., 2012). The
model was run in specified dynamic mode (Ordóñez et al.,
2012), with a spatial resolution of 1.9◦ latitude by 2.5◦

longitude and 26 vertical levels from the surface to up to
40 km.

Both models include biotic emissions of four iodocarbons
(CH3I, CH2ICl, CH2IBr, and CH2I2) as described by Or-
dóñez et al. (2012) and abiotic oceanic sources of HOI and
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I2 based on the Carpenter et al. (2013) and MacDonald et
al. (2014) laboratory studies of the oxidation of aqueous io-
dide by atmospheric ozone at the ocean surface. Both models
here use the MacDonald parameterisation expression (Eq. 4;
MacDonald et al., 2014) discussed in Sect. 2.1.2 to pre-
dict surface iodide used for calculating iodine emissions and
the organo-halogen emissions from Ordóñez et al. (2012).
IO surface concentrations for the three campaigns (IIOE-2,
ISOE-8, and ISOE-9) were extracted from the model runs
and used for comparison. Currently, these two global mod-
els include reactive iodine chemistry (along with TOMCAT,
which includes the tropospheric iodine chemistry; Hossaini
et al., 2016).

3 Results

3.1 Ozone, meteorological, and oceanic parameters

The latitudinal distributions of hourly average values of U10
wind speed (WS), O3, SST, and salinity from all the cam-
paigns are shown in Fig. 5. Winds arriving at the ship, shown
in Fig. 5a, remained low for most of the duration of all
three expeditions, with wind speed ranging from 1 m s−1 to
stronger winds of 24 m s−1 on a few days. Even stronger
winds (above 30 m s−1) were observed during ISOE-9 in the
region between 64 and 65◦ S, with the highest wind speed
of 32 m s−1 at 66◦ S on the night of 8 February 2017. Ozone
mixing ratios (Fig. 5b) during all three expeditions showed
a similar trend, exhibiting a large reduction in values in the
open-ocean environment compared to coastal environments.
The back trajectories (Supplement) show that for most of the
expeditions, air masses arriving at the cruise location were
from the open-ocean environment and did not have any an-
thropogenic influence for the last 5 d. This is reflected in the
O3 values, which range between 8 and 20 ppbv in the open
ocean but were between 30 and 50 ppbv near the coastal
regions, where the air mass back trajectories confirm an-
thropogenic origins. Close to the Indian Subcontinent ozone
levels peaked at about 50 ppbv during ISOE-8. They also
showed a distinct diurnal variation, with higher ozone values
during the daytime due to photochemical production. How-
ever, in the open-ocean environment, ozone mixing ratios did
not show this diurnal variation, and indeed values of ozone
dropped during daytime, indicating photochemical destruc-
tion during both ISOE-8 and ISOE-9 (Fig. 5b).

As already noted, SST is widely used to predict SSI (Eqs. 4
and 5). Combined SST data (Fig. 5c) reveal a steady de-
crease in sea surface temperature from 15 to 68◦ S for all the
campaigns. During January 2015 (ISOE-8) seawater north
of 6◦ N displays slightly lower SST (∼ 3 ◦C) compared to
that in December 2015 (IIOE-2). Salinity is also an impor-
tant parameter for the prediction of SSI (higher coefficient in
Eqs. 1, 2, and 3). The Southern Ocean region explored during
ISOE-8 and ISOE-9 reveals similar salinity values (Fig. 5d)

for the austral summer months of 2015 and 2016 (January–
February). The salinity data show relatively lower values for
ISOE-8 compared to those for IIOE-2 for the region 15◦ N
to 20◦ S. Despite the inter-annual differences in the north-
ern Indian Ocean region, salinity values of ∼ 35 PSU over-
lap for IIOE-2 and ISOE-8 in a small window of 7◦ N to the
Equator. Below the Equator, the salinity values for IIOE-2 in-
crease, while for ISOE-8 salinity remains lower than 35 PSU
until 20◦ S. Seawater between 20 and 44◦ S has a nearly con-
stant salinity of 35 PSU, which decreases to∼ 33.5 PSU after
44◦ S and remains the same until 65◦ S after which the salin-
ity begins to drop to 31.5 PSU near 67◦ S close to Antarctica.

3.2 Sea surface iodide concentration

Latitudinal averages of SSI concentrations estimated from
seven scenarios (listed in Sect. 2.3) are shown in Fig. 3. SSI
estimates from the IIOE-2 campaign are marked separately
to differentiate them from the ISOE estimates for the Indian
Ocean region. There is a clear difference in the estimated SSI
in different scenarios. All the estimates and the model follow
a similar pattern, showing elevated levels in the tropics com-
pared to the higher latitudes. SSI estimates from parameteri-
sations (Eqs. 1, 3, 4, and 5) show nearly constant values for
SSI from 15◦ N to 25◦ S, after which a steady decline is noted
until 70◦ S. Thus, the parameterisations based on Eqs. 1, 3, 4,
and 5 do not capture the decreasing trend observed for iodide
around the Equator. Equation (2), which was derived specifi-
cally for the Indian Ocean and Southern Ocean region, better
captures this trend and also shows a better match to the mea-
sured SSI from SK-333 and BoBBLE in the Indian Ocean.
Equation (6) also predicts lower concentrations around the
Equator than in the northern Indian Ocean. SSI concentra-
tions estimated using the Chance et al. (2014) parameterisa-
tion (Eq. 1) show a small increase in iodide concentrations
south of 47◦ S (polar front), which is not observed in the
other parameterisations, but there is some suggestion of an
increase in the observations. Equation (1) also resulted in a
large difference (∼ 50 nM) of SSI estimates north of 10◦ N
between the IIOE-2 and ISOE-8 cruises, while this difference
was lower for the other parameterisations. This difference be-
tween the SSI estimates for the IIOE-2 and ISOE-8 cruises is
due to the large difference in salinity values for this region
(Sect. 4.1). SSI estimates using Eq. (2) show good agree-
ment with the model prediction of Sherwen et al. (2019), both
indicating a decrease in SSI concentrations near the Equa-
tor during the IIOE-2 and ISOE-8 expeditions. Some high
SSI concentrations (up to ∼ 250 nM) were observed around
10◦ N; these were best replicated by Eq. (3). The highest SSI
concentrations estimated using Eq. (3) were 244 nM at 7◦ N
during IIOE-2 and 242 nM at 12◦ S during ISOE-8. At the
Equator, Eq. (2) performs better in predicting the SSI con-
centrations, with a difference of ∼ 75 nM compared to the
observations. SSI estimates from Eq. (4), i.e. the MacDonald
et al. (2014) parameterisation, were lower than the measured
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Figure 5. Latitudinal plot of hourly averaged field measurements of wind speed, ozone mixing ratios, SST, and salinity (salinity data for
IIOE-2 are monthly climatological means from the World Ocean Atlas as described in the Supplement) from the ISOE-8, IIOE-2, and ISOE-9
campaigns. Data markers in red are for the IIOE-2 campaign; those in blue are for ISOE-8, and markers in black are from ISOE-9 for all the
panels. Observational plots for ISOE-8 and IIOE-2 were adapted from Mahajan et al. (2019a, b).

iodide concentrations and all other parameterisation, includ-
ing the model (Eq. 7) predictions. Overall, all modified pa-
rameterisations (Eqs. 2, 3, and 5) estimate higher SSI com-
pared to the original parameterisation (Eqs. 1 and 4), with
the exception of the region south of 20◦ S, where Eq. (3) pre-
dicts lower SSI than Eq. (1). The modified MacDonald pa-
rameterisation (Eq. 5) estimated iodide concentrations to be
greater by 50 nM for the entire dataset in comparison to the
existing MacDonald parameterisation given by Eq. (4). For
Eq. (5), the uncertainty in the iodide concentration from the
95 % prediction band is ∼ 15 % of the predicted value.

3.3 Iodine fluxes

Figure 4 shows the latitudinal variation in IO mixing ratios,
inorganic iodine emissions (HOI and I2), chl a, and ozone
mixing ratios for the entire dataset comprising the three cam-

paigns. All the panels in Fig. 4 are plots of daily averaged
values during each expedition, except for the HOI and I2
fluxes; these are latitudinal averages from each campaign.
Emissions calculated using the measured SSI concentrations
(represented by filled spheres in Fig. 4c, d) from ISOE-9 cor-
respond to the data points of the measured SSI concentra-
tion. Oceanic inorganic iodine emission fluxes of HOI and
I2 were estimated using the Carpenter et al. (2013) param-
eterisation given in Eqs. (7) and (8) limited to wind speeds
below 14 m s−1. Thus, the fluxes estimated from the mea-
sured SSI concentrations were reduced to 56 points (out of
111 measured SSI data points). The seven different datasets
of iodide concentrations (listed in Sect. 2.3) have been used
for the estimation of HOI and I2 fluxes. For the entire dataset,
the highest fluxes were obtained when using the SSI con-
centrations from the modified Chance et al. (2014) parame-
terisation (Eq. 3) derived from measured SSI in the South-
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ern Ocean region, i.e. during ISOE-9. The second highest
fluxes were estimated using SSI from Eq. (2), obtained from
measured SSI in the Indian Ocean and Southern Ocean.
Comparatively lower iodine emissions were estimated us-
ing SSI concentration from the MacDonald et al. (2014) pa-
rameterisation (Eq. 4). The estimated inorganic iodine fluxes
in the Southern Ocean region (30◦ S and below) are much
lower compared to the Indian Ocean (Fig. 5), driven by the
higher estimated SSI in the latter. Maximum inorganic emis-
sions are predicted in the tropical region, specifically north
of the Equator. HOI is the dominant reactive iodine pre-
cursor species for the entire dataset, with calculated flux
values 20 times higher than those for I2. Emissions esti-
mated using SSI from Eq. (3) resulted in a peak HOI flux
of 1.5× 109 molec. cm−2 s−1 at 9◦ N during ISOE-8. The
lowest HOI flux of 1.7× 106 molec. cm−2 s−1 was obtained
at 61◦ S during ISOE-9. For the same latitudes (9◦ N and
61◦ S), a maximum I2 flux of 7.0× 107 molec. cm−2 s−1 and
a minimum of 1.3×105 molec. cm−2 s−1 were estimated, re-
spectively. Flux estimates from Eq. (2) are slightly lower,
with a maximum HOI flux of 1.3× 109 and a minimum of
5.8× 105 molec. cm−2 s−1 as well as a maximum I2 flux of
5.2× 107 with a minimum of 8.3× 104 molec. cm−2 s−1 at
the same latitudes. The estimated HOI and I2 emissions are
notably lower (by ∼ 50 %) during IIOE-2 to the north of
5◦ S compared to emissions from ISOE-8. Between 5 and
20◦ S, the emissions from IIOE-2 and ISOE-8 are similar.
Fluxes estimated using measured SSI concentrations for the
ISOE-9 campaign (20 to 70◦ S) show no strong latitudinal
trend for both HOI and I2 emissions. The maximum calcu-
lated HOI flux was 5.8× 108 molec. cm−2 s−1 at 68◦ S and
the minimum was 1.1× 107 molec. cm−2 s−1 at 33◦ S. Sim-
ilarly, I2 fluxes estimated from measured SSI concentrations
peaked at 1.5× 107 molec. cm−2 s−1 at 32◦ S with a mini-
mum of 3.5×105 molec. cm−2 s−1 at 67◦ S. Inorganic iodine
emissions estimated using model predictions for SSI concen-
trations from Sherwen et al. (2019) match the fluxes esti-
mated using the iodide parameterisation tools. Despite the
differences in SSI concentrations from existing and region-
specific parameterisations, all result in similar values for io-
dine fluxes. The fluxes were calculated using the hourly wind
speeds for the results to be comparable with model outputs
as described below. This would result in a loss of high-
temporal-resolution emission variability, but considering the
frequency of the iodide and IO observations, computing the
fluxes at a higher resolution will not give any extra informa-
tion.

3.4 Iodine oxide

3.4.1 Observations

IO was detected above the instrument detection limit (2.1–
3.5× 1013 molec. cm−2, i.e. 0.4–0.7 pptv) in all three cam-
paigns. The expeditions covered a track from the Indian

Ocean to the Antarctic coast in the Southern Ocean and
showed lower IO DSCDs in the tropics compared to the
Southern Ocean, with a peak of about 3× 1013 molec. cm−2

at 40◦ S. Figure 4a shows daily averaged IO mixing ratios for
all three cruises combined. IO mixing ratios of up to 1 pptv
were observed in the region 50–55◦ S, and slightly higher
values of IO mixing ratios were observed in the region below
65◦ S close to the Antarctic coast. North of the polar front
region, the maximum IO average mixing ratio of ∼ 1 pptv
was observed at 40◦ S. The highest values of IO were ob-
served close to the Antarctic coast, with up to 1.5 pptv mea-
sured during ISOE-9, and similar values are reported for the
ISOE-8 expedition south of the polar front (Mahajan et al.,
2019a). The IO mixing ratios in the Southern Ocean region
for ISOE-9 ranged between 0.1 and a maximum of 1.57 pptv
(±0.37 pptv) observed on 18 February 2017 at 50◦ S on a
clear-sky day. This maximum value was observed only on 1 d
and was preceded by foggy and misty days, later followed by
several overcast days evidencing the role of photochemistry
in IO production from its precursor gases.

3.4.2 Modelled IO

Based on the current understanding of iodine chemistry, re-
gional and global models consider inorganic fluxes of iodine
(HOI and I2) to be major contributors of iodine in the ma-
rine boundary layer. It is important to verify if the models
using the existing parameterisation for these source gases
can replicate observations of IO in the region of study. Thus,
we have included model IO output from GEOS-Chem and
CAM-Chem, both of which use the SST-based MacDonald
et al. (2014) parameterisation for SSI (Fig. 4b). The surface
IO output from GEOS-Chem predicts the highest levels of
IO up to 1.7 pptv to the north of the Equator at 11◦ N for the
time period of the IIOE-2 campaign. For the same latitudes,
the model suggests lower IO levels of less than 0.5 pptv dur-
ing the ISOE-8 campaign. Conversely, south of the Equator
to 10◦ S, the model predicts higher IO levels during ISOE-8
and lower IO values during IIOE-2, in agreement with the ob-
servations. Below 10◦ S, IO predictions for both campaigns
match well until 20◦ S, which was the latitudinal limit for the
IIOE-2 campaign. To the south of 20◦ S, modelled IO lev-
els remained below 1 pptv and exhibited a decreasing trend
to the south of the polar front, in disagreement with IO ob-
servations. At locations between 40 and 43◦ S, GEOS-Chem
underestimates the observed IO levels by 50 %. These loca-
tions are close to the Kerguelen Islands, and high IO val-
ues were observed here only during ISOE-8. These locations
have been omitted in the correlation study between modelled
and observed IO as they could be impacted by coastal or up-
welling emissions, which are not well prescribed in the mod-
els.

The CAM-Chem IO surface output suggests consistently
higher levels of IO during IIOE-2 compared to ISOE-8 for
the same latitudinal band (Fig. 4b). Contrary to the observa-
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tions, the CAM-Chem model suggests that IO levels during
IIOE-2 are up to 1 pptv higher than the ISOE-8 campaign
near 7◦ S latitude. The model also shows elevated IO levels
of 2.7 pptv at 7.9◦ N during the IIOE-2 campaign, which does
not match the observations during IIOE-2 or ISOE-8 for that
region. IO levels below 1.5 pptv (11◦ N to 20◦ S) are indi-
cated for the ISOE-8 campaign. In addition, the region be-
tween 0 and 1.5◦ S has similar IO levels for the IIOE-2 and
ISOE-8 campaigns. The model predicts lower IO levels for
the southern Indian Ocean and the Southern Ocean (less than
1 pptv), with decreasing IO to the south of the polar front.
However, at 43◦ S, the model suggests higher IO (2.4 pptv)
during ISOE-9, which matches the increase in observed IO
for that region during the ISOE-8 expedition, with this re-
gion being close to the Kerguelen Islands. Both models show
consistently higher absolute concentrations overall compared
to the observations north of the polar front.

4 Discussion

4.1 Seawater iodide

To improve the estimation of SSI in the study region, pre-
viously established parameterisations (Eqs. 1 and 4) were
modified to obtain a region-specific parameterisation for SSI
concentrations. SSI estimated using these modified param-
eterisations was less sensitive to seasonal salinity and SST
changes for the northern Indian Ocean basin compared to the
existing parameterisation (Fig. 3). Figure 6 shows the cor-
relations of all the calculated SSI concentrations with the
observations. The SSI estimates from Eqs. (1) to (6) corre-
late positively (significantly) with the measured SSI concen-
trations (observations) from ISOE-9 (Fig. 6). Out of the six
parameterisation tools compared in this study, as expected,
SSI from Eq. (2), i.e. the modified Chance equations for the
Indian Ocean and Southern Ocean, showed the best corre-
lation with the measured SSI because it was created using
datasets from these campaigns (Fig. 6 and Table 2). Although
the region-specific parameterisations were expected to match
the observations they are based on, there was a notable dif-
ference between predictions and observations when this ap-
proach was applied only to Indian Ocean SSI measurements
from SK-333 and BoBBLE (R2

= 0.5 for Indian Ocean pa-
rameterisation; analysis not shown). This could be attributed
to the lack of SSI measurements in this region (n= 18), and
it highlights the fact that there may be not only seasonally but
also regionally varying complexities in SSI which should be
considered when estimating SSI. All parameterisation meth-
ods used for SSI estimations show that SSI concentrations are
directly proportional to seawater salinity (listed in Sect. 2.3).
It is evident from Figs. 5d and 3a that to the north of the
Equator, the parameterisations (Eqs. 1 to 5) show lower SSI
concentrations in regions with lower salinity (up to 5◦ N dur-
ing ISOE-8 – filled symbols Fig. 3) and higher SSI concen-

trations in regions with comparatively higher salinity (dur-
ing IIOE-2 – unfilled symbols Fig. 3). Only the modelled
SSI concentrations using Eq. (6) (Fig. 3a, data in purple) re-
veal an inversely proportional relationship for salinity and
SSI concentration in this region. The Sherwen et al. (2019)
parameterisation (Eq. 6) produces lower SSI concentrations
in high-salinity Arabian Sea waters during IIOE-2 (Fig. 3a)
north of 5◦ N compared to the low-salinity Bay of Bengal
waters during ISOE-8, which contradicts all the other param-
eterisations (Eqs. 1 to 5). Further, the SSI concentrations ob-
tained from Sherwen et al. (2019) reverse their trend to the
south of 6◦ N, with higher concentrations during IIOE-2 and
lower during ISOE-8. It should be noted that only a few ob-
servations of SSI exist in this region to confirm this trend.
Further discussion on the relationship between salinity and
other biogeochemical variables with SSI concentrations at a
global and regional scale can be found elsewhere (Chance et
al., 2014, 2019).

SSI estimates considering only SST as a proxy for io-
dide concentration (Eq. 4) reveal positive correlations with
measured SSI concentration (R = 0.86, P < 0.001, n= 129;
Fig. 6d). The modified MacDonald parameterisation (Eq. 5)
also correlates positively with the measured SSI concentra-
tion but has a slightly lower coefficient of correlation (R =
0.83, P < 0.001, n= 129; Fig. 6e). When using the SST as a
proxy for SSI, a large intercept was obtained for the SSI val-
ues, evidencing the discrepancy in absolute value between
this parameterisation and the observations. Equation (5) re-
sulted in a lower intercept, approximately half of that for
Eq. (4), and a lower absolute slope value of | − 3763± 218|
compared to the |−9134±613| of Eq. (4) given in MacDon-
ald et al. (2014). The lower absolute slope value for Eq. (5)
implies that the SSI concentrations for this region were less
sensitive to the changes in SST compared to those in Eq. (4).

Despite the lower R value, the SSI estimates from Eq. (5)
in Fig. 3 are closer to the measured SSI concentration than
the estimates from Eqs. (2) and (3) for the region from 25
to 70◦ S. However, north of 25◦ S, the SSI estimates from
Eqs. (3) and (5) differ by ∼ 40 %. Both SST-based param-
eterisations (Eqs. 4 and 5) did not show the observed lat-
itudinal variation in the SSI concentrations near the Equa-
tor. Linear regression of SSI with SST for only the Indian
Ocean region revealed that there was no correlation between
the two (R2

= 0.07, P = 0.3, n= 18). The SSI in this region
only showed dependence on the salinity and latitude; corre-
lations with the other parameters were not significant. This
highlights the fact that SST may not be a very good proxy
for SSI in the Indian Ocean, especially near the Equator.
This is explored further in Chance et al. (2020). The original
Chance et al. (2014) parameterisation displays higher sensi-
tivity to seasonal salinity changes compared to the existing
and modified parameterisation in the Indian Ocean region
(Sect. 3.3). However, this method predicted an increasing
iodide concentration to the south of the polar front (47◦ S),
which is not supported by observations in this region (Fig. 3).

https://doi.org/10.5194/acp-20-12093-2020 Atmos. Chem. Phys., 20, 12093–12114, 2020



12106 S. Inamdar et al.: Estimation of reactive inorganic iodine fluxes

Figure 6. Linear fit analysis of estimated sea surface iodide (SSI) concentrations (y axis) from parameterisation methods in Eqs. (1) to (5)
and model prediction (Sherwen et al., 2019) against measured SSI concentration (x axis) from ISOE-9, SK-333, and BoBBLE. (c) SSI values
are compared only with ISOE-9 observations for the Southern Ocean parameterisation. R represents the Pearson’s correlation coefficient,
and N is the size of the dataset. The dashed blue line represents the identity (1 : 1) line.

In conclusion, considering the correlation with the measured
SSI concentration and dependence on seawater salinity, the
region-specific modified Chance parameterisation (Eq. 2) is a
suitable method to estimate SSI concentration for the Indian
Ocean and Southern Ocean region. The modelled SSI esti-
mates by Sherwen et al. (2019) capture the SSI trend close
to the Equator better than other existing schemes, but it fails
to replicate higher SSI observations at locations 8◦ N, 40◦ S
and to the south of 65◦ S close to the Antarctic coast (Fig. 3).

4.2 Atmospheric iodine

Combined IO observations from IIOE-2, ISOE-8, and ISOE-
9 (Fig. 4a) show that the Indian Ocean region has compar-
atively less IO in its MBL than the Southern Ocean region.
IO remained below 1 pptv up to 40◦ S and reached a maxi-
mum IO of 1.6 pptv south of the polar front. Modelled sur-
face IO output from GEOS-Chem and CAM-Chem using
the MacDonald et al. (2014) parameterisation (Fig. 4b) does
not match the observations of IO, although they generally
show good agreement with each other. The models show
similar spatial patterns across the entire dataset, except for
two periods of very high IO levels predicted by CAM-Chem

(Fig. 4b). As well as structural differences between CAM-
Chem and GEOS-Chem, there are many halogen-specific dif-
ferences in rate constants, heterogeneous parameters, cross
sections, and photolysis of species (e.g. higher iodine ox-
ides) which could explain differences in predicted gas-phase
IO. Considering the generally lower wind speeds and higher
ozone concentrations seen in IIOE-2 versus SOE-8 and SOE-
9, the calculated fluxes are higher and therefore more sensi-
tive to assumptions, such as minimum wind speeds provided
to the Carpenter et al. (2013) parameterisation. GEOS-Chem
uses a minimum wind speed of 5 m s−1; however, CAM-
Chem uses a minimum wind speed of 3 m s−1, and hence
fluxes calculated using the surface winds in these models are
expected to be slightly different.

Both models suggest higher than observed IO levels in the
Indian Ocean region but underpredict IO for the Southern
Ocean region. The highest detected IO levels, both in the
Southern Ocean and in a narrow band around 43◦ S, were
not reflected in the model predictions. We note that these oc-
curred in regions of elevated chl a values (Fig. 4e) close to
the Kerguelen Islands. Mahajan et al. (2019a) also reported
positive correlations for IO with chl a for the Indian Ocean
region above the polar front for a subset of the dataset (ISOE-
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8). Calculated fluxes of HOI and I2 (Fig. 4c and d) fail to
directly explain trends in the detected IO levels for the en-
tire dataset, regardless of the method used to estimate SSI.
Maximum levels of HOI and I2 predicted to the north of 5◦ N
correspond to rather low levels of IO (< 0.5 pptv) in this re-
gion. However, this has been attributed to NOx titration of IO
(Mahajan et al., 2019b). The models, however, do not capture
this iodine titration by NOx as seen in the observations, even
though the reactions of IO with NOx are included (Ordóñez
et al., 2012). Similarly, for the region south of the polar front,
the calculated iodine fluxes remain low in the region of the
maximum detected IO concentrations during the ISOE-8 and
ISOE-9 campaigns. Iodine fluxes estimated for the Indian
Ocean region (15 to 5◦ N) during IIOE-2 and ISOE-8 show
large differences, with much higher values during ISOE-8.
However, the modelled IO is in fact higher for IIOE-2 than
during ISOE-8 (5–15◦ N). Considering that the models do
not reflect the fluxes, this indicates that either photochemistry
or dynamical dilution of the fluxes led to this difference in the
model. Additionally, the elevated levels of IO predicted in the
models suggest that CAM-Chem and GEOS-Chem overesti-
mate the impact of iodine chemistry in the northern Indian
Ocean.

In Fig. 7, correlations of iodine fluxes estimated using
the measured SSI concentrations (Eq. 2) show that fluxes
of HOI correlate positively with tropospheric ozone (R =
0.56, P < 0.001) and negatively to wind speed (R =−0.62,
P < 0.001), and I2 fluxes correlate positively with SSI con-
centration (R = 0.56, P = P < 0.001) and ozone (R = 0.59,
P < 0.001) and negatively with wind speed (R =−0.4, P <

0.001). This indicates that there is a positive correlation of
I2 with SSI, the dominant inorganic iodine flux (i.e. HOI
does not show a significant correlation with the SSI concen-
tration), although the flux equation includes an iodide term
(Eq. 8). We analysed the correlation of daily averaged ob-
served IO during the three campaigns with daily averaged
values of oceanic parameters (SST, chl a, salinity, SSI con-
centration), meteorological parameters (wind speed, ozone),
and calculated inorganic iodine fluxes. We divided the com-
bined dataset from three campaigns into two regional subsets
for the north (Fig. 8a) and south (Fig. 8b) of the polar front
(47◦ S). The correlation for SSI concentrations is included
for all seven methods for SSI estimation listed in Sect. 2.3.
The fluxes of HOI and I2 obtained using the seven different
datasets for SSI are included and listed in Fig. 8 in the same
order as the SSI concentration (labelled 1 to 7). IO model
output from GEOS-Chem (labelled 8) and CAM-Chem (la-
belled 9) is included for the correlation analysis, along with
chl a data from observations during ISOE-8 and ISOE-9 and
a satellite dataset obtained from MODIS Aqua (Oceancolor,
NASA-GSFC, 2017).

For the entire dataset (Fig. 8c), only wind speed shows
a statistically significant, positive correlation with observed
IO above the 99 % confidence limit (R = 0.4, P < 0.001,
n= 115). A similar positive correlation with wind speed was

found in the subset of data south of the polar front (Fig. 8b)
(R = 0.49, P = 0.01, n= 48), with observations north of the
polar front showing a weaker positive correlation (R = 0.27,
P = 0.08, n= 67). Mahajan et al. (2012) showed that no cor-
relation existed between IO and wind speed over the eastern
Pacific Ocean, contrary to the results in this study. Current
estimation methods for iodine emissions have a negative de-
pendence on wind speed (Eqs. 7 and 8). A positive correla-
tion of IO with wind speed could suggest that increased ver-
tical mixing enables the emission of HOI, I2, and/or other io-
dine gases, thus enhancing IO production in the MBL. How-
ever, the interfacial model still overpredicts IO concentra-
tions at low wind speeds due to overprediction of HOI and
I2 emissions (MacDonald et al., 2014). The apparently con-
tradictory results from different studies call for more obser-
vations of IO in the MBL over a range of wind speeds.

Salinity and SST show a weak negative correlation with
atmospheric IO for the entire dataset and for the north of
the polar front region. This indicates that even if the phys-
ical parameters are significant for the initial parameterisa-
tion for SSI and inorganic flux estimation, there is no di-
rect and significant correlation of these parameters with at-
mospheric IO. However, south of the polar front, SST corre-
lates positively above the 99 % limit (R = 0.52, P = 0.01,
n= 48) and salinity correlates positively above the 95 %
limit (R = 0.44, P = 0.03, n= 48). Ozone correlates neg-
atively with IO above the 95 % limit (R =−0.4, P = 0.046,
n= 47), which could indicate catalytic destruction of tro-
pospheric ozone through atmospheric iodine cycling in the
south of the polar front. This highlights the fact that although
these physical parameters may be required for iodine fluxes,
IO levels may only be weakly related to them.

The calculated SSI concentrations and the HOI and I2
fluxes calculated using these SSIs all show a significant neg-
ative correlation with the observed IO concentrations above
the 95 % confidence limit for the entire dataset (except for
the HOI flux estimated from the MacDonald et al., 2014, pa-
rameterisation, which shows no significant correlation). The
positive correlation of the observed IO with wind speed is a
potential driver for the negative correlation of observed IO
with the calculated HOI and I2 fluxes, which decrease with
wind speed.

Measured iodide levels (labelled 4) and the I2 and HOI
fluxes calculated from them (also labelled 4) show no corre-
lation with the observed IO levels across the entire dataset,
although iodide shows a significant positive correlation (R =
0.55, P = 0.04, n= 32) for IO measured south of the po-
lar front. Mahajan et al. (2019a) pointed out that SST nega-
tively correlated with IO for the ISOE-8 campaign, contra-
dicting the previous results for observations in the Pacific
Ocean (Großmann et al., 2013; Mahajan et al., 2012). Here,
SST shows a significant positive correlation with observed
IO (R = 0.52, P = 0.006, n= 48) south of the polar front
above the 99 % confidence limit, but there is no correlation
north of the polar front and only a weak negative correla-
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Figure 7. Linear fit of daily average sea surface iodide (SSI) concentration, wind speed, and ozone mixing ratio (y axis) against the calculated
I2 and HOI flux (x axis) for the entire campaign. HOI and I2 are calculated with SSI estimated using the modified Chance parameterisation
for the Indian Ocean and Southern Ocean in Eq. (2).

tion using the combined dataset from the three campaigns
(R =−0.18, P = 0.13, n= 119).

Despite the above-mentioned point regarding the increase
in observed IO levels in regions of elevated chl a, there
is only a weak and negative correlation of IO with chl a

(from both observations and satellite data) south of the po-
lar front. However, there is a strong positive relationship
north of the polar front (R = 0.696, P = 2.3× 10−4, n=

29). In fact, for the region north of the polar front, chl a

shows a significant positive correlation with observed IO
above the 99 % confidence limit (P < 0.001). The GEOS-
Chem and CAM-Chem output also shows a significant posi-
tive correlation (Fig. 8), which may result from the depen-
dency of organic iodine species on oceanic chl a in both
GEOS-Chem and CAM-Chem. Figure 8 shows a large dif-
ference in correlation values for chl a data obtained from
observations and a satellite (MODIS Aqua, NASA, GSFC;
https://oceancolor.gsfc.nasa.gov, last access: 12 May 2019;
extracted for the same locations as the in situ data). In situ,
observed chl a showed an improved correlation with IO com-
pared to that with satellite chl a. Figure 9 shows linear fits
for chl a from in situ observations and the satellite against

IO for the entire dataset and the subset for north of the polar
front. For the entire dataset, the correlation of chl a with IO
from both observations and satellite data is not significant.
Chl a from in situ observations positively correlates with IO
(R = 0.15, P = 0.32), while chl a from satellite data cor-
relates negatively (R =−0.13, P = 0.26). Correlations of
chl a with IO improve north of the polar front for chl a from
observations (R = 0.696, P = 0.0002), but chl a from satel-
lite data shows a statistically insignificant correlation with
IO (R = 0.08, P = 0.57). The discrepancies in chl a from
observations and satellite data will make it difficult to iden-
tify links between the organic parameter and atmospheric IO
and expand this to a global scale. It should be noted that one
study in the Pacific has shown that the contribution of com-
bined biogenic iodocarbon fluxes to IO does not explain the
observed IO (Hepach et al., 2016).

Despite the observed negative relationship of IO with wind
speed noted above, note that the GEOS-Chem IO model
output (which is dependent on the calculated HOI and I2
fluxes) shows a significant positive correlation with ob-
served IO above the 99 % confidence limit for data south
(R = 0.78, P = P < 0.001, n= 48) and north (R = 0.69,
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Figure 8. The Pearson’s correlation coefficient of observed iodine monoxide (IO) with oceanic and atmospheric parameters combined for
the ISOE-8, IIOE-2, and ISOE-9 campaigns. Correlations are performed for daily averages of IO and corresponding parameters listed on the
x axis. The black squares represent the Pearson’s correlation coefficients (R), the diamonds (blue) mark the 99 % confidence limit, and the
circles (red) correspond to the 95 % confidence limits in all the panels. Panel (a) includes data from all campaigns to the north of the polar
front (PF) (n= 72), panel (b) represents combined data for the south of the polar front (n= 48), and panel (c) includes the entire dataset
from three campaigns (n= 120).

P = P < 0.001, n= 68) of the polar front, although there is
no correlation across the entire dataset. Note that the model
underestimates IO values by 1 pptv south of the polar front
and generally overestimates IO by ∼ 1.5 pptv north of the
polar front (Fig. 4). A linear fit for observed IO against mod-
elled IO for north and south of the polar front (Fig. 10) shows
a significant positive correlation of GEOS-Chem output with
observed IO but with very different slopes north of the po-
lar front (where the models overestimate IO) and south of
the polar front (where the models underestimate IO). Hence,
even though the correlations are good in the individual re-
gions, the model does not accurately reproduce the observed
absolute concentrations.

5 Conclusions

In this study, region-specific parameterisation tools were de-
vised for sea surface iodide (SSI) estimation following pre-

vious SSI estimation methods from Chance et al. (2014) and
MacDonald et al. (2014). New observations of SSI from
ISOE-9, SK-333, and BoBBLE (Indian and the Southern
Ocean) were used to create region-specific SSI parameteri-
sations. An average difference of up to 40 % in SSI concen-
tration was observed among the existing parameterisations
(Eqs. 1, 4, and 6), and the difference was 21 % for the region-
specific ones (Eqs. 2, 3, and 5). Comparison of estimated SSI
concentrations from various parameterisations with observed
SSI and sensitivity to seasonal salinity changes showed that
the modified Chance parameterisation (Eq. 2) was most suit-
able relative to the SST-based parameterisation (Eq. 5) for
SSI estimation in the Indian Ocean and Southern Ocean
region. Since the existing global parameterisation schemes
(Eqs. 1 and 3) fail to match measured SSI in this region,
there is a need to conduct more observations of SSI in the
Indian Ocean and Southern Ocean region to fully under-
stand and estimate the impact of seasonally varying, region-
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Figure 9. Linear fit of daily averaged field observations of chloro-
phyll a (red circles) and chlorophyll a satellite data (blue circles)
(y axis) against observed iodine monoxide (IO) (x axis) from the
ISOE-8, IIOE-2, and ISOE-9 campaigns. The top panels include
chlorophyll a for the entire dataset; the bottom panels include data
to the north of the polar front.

specific parameters (like salinity, reversing winds patterns)
influencing the seawater iodide concentration in this region.
Alternatively, a region-specific parameterisation scheme may
be included in the global models for better representation of
seawater iodine chemistry in the Indian and Southern Ocean
region. Modelled estimates from Sherwen et al. (2019) also
captured SSI well, although some high concentrations in the
northern Indian Ocean region were not captured. SSI estima-
tion from SST alone underpredicts SSI for the Indian Ocean
and is therefore not considered to be suitable for SSI esti-
mation in the Indian Ocean region. Although improving SSI
concentration in models for the Indian Ocean and Southern
Ocean region may improve the estimation of seawater iodine
chemistry, it does not translate to estimating the atmospheric
iodine chemistry in this region. An accurate estimation of in-
organic iodine fluxes (HOI and I2) is hence necessary to ex-
plain observed levels of IO in the remote open-ocean marine
boundary layer. However, these first concomitant observa-
tions of SSI and IO show that the inorganic fluxes estimated
in this study fail to explain detected IO levels for the entire
dataset. No significant correlation was seen between the SSI
from different parameterisation techniques or estimated inor-
ganic iodine fluxes with observed IO levels. Fluxes estimated
using iodide from different parameterisation and measured

Figure 10. Linear fit of daily averages of modelled surface io-
dine monoxide (IO) output (y axis) from GEOS-Chem (filled blue
squares) and CAM-Chem (unfilled red diamonds) against observed
IO (x axis) for the ISOE-8, IIOE-2, and ISOE-9 campaigns. Panel
(a) includes linear fits of both GEOS-Chem and CAM-Chem for
IO detected to the north of the polar front, and panel (b) shows the
same for the region south of the polar front. Two data points in (a) at
41 and 43◦ S are removed due to large differences between obser-
vations and modelled values.

iodide did not show large variation in values and followed a
similar latitudinal trend. This is indicative of the inorganic
iodine flux parameterisation not being highly sensitive to the
SSI parameterisation. Predicted inorganic iodine fluxes did
not explain iodine chemistry, as indicated by IO levels, in
the atmosphere above the Indian and Southern Ocean (In-
dian Ocean sector). Chl a shows a positive correlation with
IO for the north of the polar front region, suggesting that bio-
logically emitted species could also play a role in addition to
ozone- and iodide-derived inorganic emissions of HOI and
I2. Finally, model predictions of IO underestimate IO lev-
els for the Southern Ocean region but overestimate IO in the
Indian Ocean. Models greatly underestimate IO in regions
with a higher chl a concentration, which could be indicative
of organic species playing a role (close to the Kerguelen Is-
lands; refer to Sect. 3.4.2). This study suggests that the fluxes
of iodine in the MBL are more complex than considered at
present and further studies are necessary in order to parame-
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terise accurate inorganic and organic fluxes that can be used
in models. Using seawater iodide measurements and calcu-
lations from different parameterisations did not alter the in-
organic iodide flux estimate greatly. Direct observations of
HOI and I2, alongside volatile organic iodine measurements
in the MBL, are necessary in order to reduce the uncertainty
in the impacts of iodine chemistry.
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