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Chapter 1

Introduction

The Indian Ocean (1O) is the third largest ocean and holds almost 20% percent of the water
on the earth’s surface. We divide the IO into two parts; the region north of 10°S (North
Indian Ocean (NIO)), which is our region of interest and South of 10°S (South Indian Ocean
(SIO)). The spatial domain of the NIO mostly covers the tropical region (Figure 1.1). It is
bounded by the Asian continent in the north and east and by Africa in the west. The NIO
can be divided into three different regions by their distinctive features: Equatorial Indian
Ocean (EIO), the Arabian Sea (AS) and the Bay of Bengal (BoB).

The first comprehensive international Indian Ocean expedition (IIOE) were conducted
between 1959-1965. IIOE was a collaborative research project by countries surrounding the
Indian Ocean and around the world. This expedition change forever the face of Indian Ocean
oceanography. There are many publication using IIOE data which was measured north of
40°S. For example, Rochford (1964) identified water masses in the IO and studied salinity
distribution in the AS, Warren et al. (1966) studied water masses of the Somali current region
during summer monsoon, Wyrtki (1971) produced a hydrographic atlas of the Indian Ocean.
After IIOE, there was several observational programs conducted in the IO. These included
the summer monsoon experiments such as Indo-Soviet Monsoon experiment (ISMEX-73),
the MONSOON-77 and MONEX-73, ISMEX-73 meteorological and oceanographic data
over AS, BoB, EIO and SIO.
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3

All these above hydrographic surveys were useful to map a rough picture of NIO cir-
culation, but not sufficient to map seasonal pattern of the boundary currents along the east
and west coasts of India. In order to map the seasonal circulation of the NIO, Cutler and
Swallow (1984) and Mariano et al. (1995) used coarse resolution current observations based
on ship drifts. The seasonal and surface circulation depicted in these are confirmed by hy-
drographic surveys by the CSIR-National Institute of Oceanography between 1987-1994
during spring intermonsoon, summer and winter monsoon periods along both coasts of In-

dia (Shetye et al., 1990, 1991b,c, 1993, 1996).

The circulation in the NIO is dominated by seasonally reversing monsoon winds (Heller-
man and Rosenstein, 1983; Hastenrath and Greischar, 1986), makes it unique. Also, unlike
the other major oceans, the northern boundary of the NIO does not connect to the Arc-
tic Ocean. The EIO is dominated by strong semiannual eastward wind bursts during spring
(March~April) and fall (October~November) intermonsoon periods. In the AS, strong winds
due to summer monsoon blow among Somali and Oman coasts give rise to strong upwelling
(Wyrtki, 1971; Leetma, 1972, 1973; Hurburt and Thompson, 1976; Schott et al., 1990). The
norther part of the AS is also well known for its excess of evaporation over precipitation
and yields a comparatively saltier near—surface water masses than the other regions of the
NIO (Wyrtki, 1971). The BoB is fresher due to large amount of river runoff and excess of
precipitation over evaporation. Also, high sea surface temperature (SST) in the BoB lcads
to formation of more low pressure systems over BoB compared to AS (Krishnamurti, 1971,
Mboley and Shukla, 1989). Due to close proximity at the EIO, the circulation in both BoB
and AS effected by the equatorial winds via remotely forced planetary waves (Yu ct al.
1991; Potemra et al., 1991; McCreary et al., 1993; Shankar et al.. 1996; McCreary ct al .
1996). Due to interconnections among EIO, AS and BoB, they form a single dynanucal

system, known as NIO.

In 1980s, additional tools such as expendable bathythermograph (XBT). surface dnfters
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Introduction

. . Position | ADCP|Water ] Samplin,
m‘g‘(‘)ﬁ TMy‘;';““g Tongitde |Latitude| Depth |Depth intensal f)’:: g’;’c

(E) CN) [(m) [(m) {{minutes)
Paradip Siope |88.500 [18.998 [400 12500 |60 23-04-09]21-03-13
Gopalpur Shelf  [85.600 [19400 [120 [130 |i5 13-05-10[19-03-T1
-do- Slope  |85.430° [18.850 |340 [1020 |60 01-05-09[10-10-12
Kakinada Shelf  [82.170 |16.300 |95 120 [15 13-05-10[27-03-11
-do- Slope [82.980 |16.837 {330 (1031 (60 20-04-09]13-05-10
-do- Slope 82500 |16.400 |320 |1000 |60 11-05-10115.03-13
Ramayapatnam [Shelf 180336  |15.000 [92 100 |30 19-04-097 3804 1)
-do- Slope [80.550 [14.997 [310 |1013 |60 19-04-09]08-05-10)
Cuddalore Shelf [80.100 |12.010 [140 (150 |15 01-05-10[24-03-11
-do- Slope |80.205 |12.016 (320 [1080 [60 01-05-10[12-03-13

Table 1.1: Details of ADCP moorings. All ADCPs were upward-looking. 75 kHz RDI ADCPs
were deployed on the slope and 300 kHz RDI ADCPs on the shelf. Some changes were made in
the location owing to logistics (for example, restricted areas) and to facilitate comparison with the
HF (high-frequency) radars being deployed by the National Institute of Ocean Technology (N1OT).
This need to ensure an overlap with the HF radars led to a shift in the ADCPs at Kakinada (from -
16.8°N to ~ 16.4°N)

in earlier model studies of NIO circulation.

Thesis is organized as follows. Details of theoretical and observational studies related
to EICC from the literature are presented in Chapter 2. Due to availability of the ADCP
data at hourly interval, we can estimate observed inertial period, which will be near the
high frequency end of the spectrum described in this thesis (intraseasonal). Currents in the
inertial frequency band are known as near-Inertial current (NICs) which are discussed in
Chapter 3. We have defined seasonal cycle to cover the 100400 day band and intrascasonal
variability is split into two parts: 30-90 day known as MJO (Madden-Julian Oscillations
(Madden and Julian, 1971, 1972, 1993; Han et al., 2001a; Vialard et al., 2009)) and is the
more conventional intraseasonal band. The other band is 4-25 day, which represents the
high-frequency part of the intraseasonal spectrum. Detailed analysis of observed scasonal,
intraseasonal and high frequency variability are discussed in Chapter 4. In order to vahdate
freely available ocean-current data products with these direct measurements of the EICC,
we have used three popular data products and the validation results are described in Chapter

5. Chapter 6 is devoted to numerical simulation of the EICC.



Chapter 2

Observational and Theoretical

Background

Details of observational and theoretical studies related to EICC are discussed here. This
discussion is limited to studies prior to the ADCP observations and includes ship drifts,
hydrography, Lagrangian drifters, altimeter sea level and few short term direct current mea-

surement measurement off the east coast of India.

2.1 Climatological seasonal cycle

The monthly climatology of ship drifts (Mariano et al., 1995) shows that, poleward of 10°N,
the EICC flows poleward (upwelling favourable) during February—August; it flows equator-
ward during October-December, with the direction in January and September changing
along the coast (Figure 2.1a,b). Equatorward of 10°N, the EICC is mostly equatorward over
the entire year; this difference in the EICC direction across 10°N (McCreary et al., 1993;
Shankar et al., 1996) appears to be consistent in the ship-drift data sets (Cutler and Swal-
low, 1984; Rao et al., 1991; Mariano et al., 1995). The data from Lagrangian drifers (Shenoi

et al., 1999) are inconclusive owing to the gaps in data coverage, but a weekly climatology
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2.1 Climatological seasonal cycle 9

using hydrographic data. On the basis of a hydrographic survey along 13°N, Shcherbinin
et al. (1979) showed the presence of a WBC (western boundary current) between 81°E and
82°E. While the existence of this WBC along the rest of the coast was confirmed using
satellite measurements of sea surface temperature (SST) (Legeckis, 1987), a comprehen-
sive description of the EICC was made possible through a series of hydrographic surveys
(Shetye et al., 1991c, 1993, 1996). These data showed that though the EICC off the Indian
east coast (i. e., poleward of 10°N) flows poleward during February—August, there is a dif-
ference between the pre-monsoon and summer-monsoon poleward flows. During February—
May, the only time during the year when the circulation in the basin resembles that of the
major ocean basins, the poleward EICC appears in hydrographic data as the WBC of a sea-
sonal, sub-tropical gyre in the BoB (Shetye et al., 1993). The hydrographic data suggest
that though the poleward EICC throughout February—August is accompanied by coastal up-
welling, the poleward flow during February-May extends to greater depths than during the
summer-monsoon months of June—August, when the poleward EICC is shallow (~ 70 m
deep) (Shetye et al., 1991¢c). The EICC transport over the top 1000 m during the sum-
mer monsoon, when the local winds are strong (Shetye et al., 1991c¢), is also much weaker
(~ 1 Sv = 10% m3s™!) than the transport of 5-10 Sv during March-April, when the local
winds are much weaker (Shetye et al., 1993). A list of the transport estimates available for
the EICC is given in Table 2.1 and shows that the transport of the eéuatorward EICC during
October-December (Shetye et al., 1996) is comparable to that of the poleward EICC during

February—May.

These hydrographic data also suggest the presence of an undercurrent (Shetye et al,,
1991c¢, 1993, 1996) and recirculations or eddies associated with the EICC (Shetye et al.,
1991¢, 1993, 1996; Sanilkumar et al., 1997; Ali et al., 1998; Gopalan et al., 2000; Babu
et al., 2003), but the resolution of the hydrographic data in time and space, particularly in

the horizontal, make it difficult to interpret the signatures (Shetye et al., 1991c, 1993).
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pumping over the BoB, they showed that the winds over the EIO and the winds along the
eastern boundary of the BoB (called “remote alongshore winds” by McCreary et al. (1996))
also contribute to forcing the observed EICC. All four mechanisms were noted to be im-
portant, with their relative contributions changing with time (McCreary et al., 1996). An
analysis using an OGCM by Vinayachandran et al. (1996) led to similar results. These
model simulations show that the reversal in current direction north of ~ 18°N during the
summer monsoon and off the east coast of Sri Lanka over most of the year is due to the
variation in the amplitude of these forcing mechanisms during the year. For example, the
equatorial winds, the remote alongshore winds in the eastern BoB (EBoB), and interior £k-
man pumping force an equatorward EICC and it is only south of ~ 18°N that the poleward
EICC forced by the local alongshore winds is able to overcome this equatorward current

during the summer monsoon (McCreary et al., 1996).

In all these models, the mechanisms for communicating the signal from the source, or
forcing, region to remote locations were three long, baroclinic waves: the equatorial Rossby
wave, the equatorial Kelvin wave, and the coastal Kelvin wave. The refiection of the cqua-
torial Kelvin wave at the eastern boundary off Sumatra generates an infinity ol meridional
modes associated with the equatorial Rossby wave (Moore, 1968), but only the low-order
modes have a real wavenumber and therefore constitute propagating Rossby modes. The
high-order modes have an imaginary componnent in the zonal wavenumber, leading to
evanescent waves that decay westward. Moore (1968) showed that these evanescent waves
are identical to a B-plane coastal Kelvin wave poleward of the critical latitude. allowing cn-
ergy to be carried away from the equatorial waveguide. Equatorward of the critical latitude,
which occurs poleward of, or close to, the northern boundary of the BoB for the tirst baro-
clinic mode at the annual and semi-annual periods, the Rossby wave propagates into the
interior of the BoB, allowing the equatorial winds to influence the seasonal cycle of circula-

tion throughout the BoB. The Rossby wave propagates westward across the BoB. affecting
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the EICC (Potemra et al., 1991; Yu et al., 1991; McCreary et al., 1993, 1996; Clarke and
Liu, 1994; Vinayachandran et al., 1999); similar Rossby waves can be triggerred in the BoB -
by Ekman pumping (or wind curl) as well (Shetye and Shenoi, 1988; Shetye et al., 1993;
Shankar et al., 1996; McCreary et al., 1993, 1996; Vinayachandran and Yamagata, 1998).
The winds local to the east coast of India (and Sri Lanka) and the remote alongshore winds
trigger coastal Kelvin waves (McCreary et al., 1993, 1996; Shankar et al., 1996), which
propagate with the coast on their right in the northern hemisphere. Furthermore, the huge
freshwater inflow into the BoB from rivers and rainfall implies a role for freshwater fluxes
in forcing the seasonal geostrophic circulation in the WBoB (Sprintall and Tomczak, 1992;
Shetye et al., 1993, 1996; Shankar, 1998, 2000; Shankar and Shetye, 1999, 2001; Han et al.,
2001c; Han and McCreary, 2002; Han and Webster, 2002; Vinayachandran et al., 2002;
Vinayachandran and Kurian, 2007; Wu et al., 2007).

The distance between the southern tip of Sri Lanka and the EIO (~ 6°) exceeds the sum
of the length scales for the gravest vertical (baroclinic) mode for the equatorial wave guide
(~ 3°) and the coastal wave guide south of the island (~ 2.5°), permitting the passage of
coastal Kelvin waves from the east to the west coast of India (Shankar et al., 2002), thereby
affecting the WICC and linking the dynamics of the eastern Arabian Sea to that of the BoB
and the EIO (McCreary et al., 1993; Shankar and Shetye, 1997; Bruce et al., 1994, 1998;
Schott and McCreary, 2001; Shankar et al., 2002).

2.3 Satellite altimetry

The problem of space-time aliasing of the time-dependent circulation of the BoB in hydro-
graphic data was ameliorated by satellite altimetry, which provides a quasi-synoptic view
of the basin-scale circulation, permitting an analysis of the relationship between the EICC
and the circulation in the rest of the BoB (Ali et al., 1998; Eigenheer and Quadfasel, 2000;
Gopalan et al., 2000; Shankar et al., 2002; Gangopadhyay et al., 2013). The altimeter data
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2.5 Summary

In summary, the observations from the hydrography and ship-drift provide a climatological
and seasonal perspective of the EICC. Using altimeter data, intraseasonal variability of the
EICC can be measured. However, the altimeter data, cannot resolve satisfactorily periods
shorter than a fortnight and are also restricted to providing estimates of the surface current.
Direct current measurements were very few and also with short time duration, precluded
any description of the intraseasonal or seasonal EICC.

A detailed description of the current measurements using long—term ADCPs off the east
India of India and performance of an OGCM in simulating these observations are discussed

in the later chapters of this thesis.



Chapter 3

Near-Inertial currents

In this chapter, we describe the EICC at near-Inertial periods, which are near the high fre-
quency end of the intraseasonal part of the spectrum. Along with estimation of observed
inertial periods (which may vary compared to theory (Kundu, 1976)), we have also ana-
lyzed seasonal and interannual variability of the near—Inertial currents. Here, we have used
both shelf and slope ADCPs because the short duration of the continental shelf data (<

~one year) are also sufficient for describing inertial-current variability.

3.1 Introduction

Near-Inertial currents (NICs) are commonly observed in the ocean (Webster, 1968; Fu,
1981). They are generated by bursts in the wind, the generation being most efficient if
the wind blows for half the local inertial period (Pollard, 1970; Jarosz et al., 2007). The cur-
rent accelerates downwind, but turns clockwise (anticlockwise) in the northern (southern)
hemisphere owing to the earth’s rotation (Vandenbrouck et al., 2000). This difference in the
clockwise and anticlockwise parts of the spectra shows a peak only in the vicinity of the
inertial frequency f (Fu, 1981). The dominance of the clockwise part of the spectrum over

the anticlockwise part starts at sub-Inertial periods, reaches a maximum near f, and decays
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3.2 Data

We have used all nine upward-looking ADCPs moorings on the continental shelf and slope
along east coast of India (Figure 1.2, Table 1.1). On the slope, the bottom mounted ADCPs
were located at a depth of ~ 300400 m from the surface, implying a loss of data in the top
30-40 m; these slope moorings were deployed in a water-column depth of ~ 1100 m. On
the shelf, the ADCPs were deployed just off the ocean bottom at a water-column depth of
~ 100 m.

The slope (shelf) ADCPs had a frequency of 75 kHz (300 kHz) and recorded data at
an interval of one hour (15 or 30 minutes). The accuracy of the velocity measurement
was better than 1.8 cm s~!. Data gaps in depth and time were filled using the method of
Kutsuwada and McPhaden (2002). The tidal component of the current was removed using
the Tidal Analysis Software Kit (TASK-2000) (Bell et al., 1998). A one-month control file
was used to eliminate the tidal components with period less than a month. The de-tided
currents were rotated by minimizing the cross-shore component below 100-150 m using a
least-square approach; above this depth, the cross-shore component was often strong and
could not be used to decompose the velocity field. Details of angle of rotation are given in

Table 3.1.

The sign convention used is that the upwelling-favorable current is positive; the posi-
tive current is therefore poleward at Cuddalore, Kakinada, and Gopalpur and eastward at
Paradip. In the description that follows, we use the terms spring, summer monsoon, and
winter to refer to the periods February-April, June-August, and October-December, re-
spectively. This distinction is based on the earlier literature and supported by the ADCP

data; January, May, and September represent the transition between these seasons.
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Mooring Mooring | Angle of
Location Type rotation (°)
Paradip Slope 90
Gopalpur Shelf 54

-do- Slope 56
Kakinada Shelf 45

-do- Slope 42
Ramyapatnam | Shelf 27

-do- Slope 24
Cuddalore Shelf 27

-do- Slope 30

Table 3.1: Angle of rotation at ADCPs observed locations. This angle is based on clockwise rotation
of the meridional velocity.

3.3 NICs on the continental shelf and slope

We used the wavelet transform approach to obtain the spectra. Clockwise and anticlock-
wise components of the rotary spectra were calculated using the method of Paul and Miller
(1996), and the wavelet transform of the velocity was converted as the sum of clockwise
and anticlockwise components in time-frequency space. This analysis was applied to ver-
tical averages of the current; the average was computed over a depth range of 40-250 m
(20-80 m) on the slope (shelf).

At the northern hemisphere, inertial current rotate clockwise. So, as expected, the clock-
wise spectrum dominated over the anticlockwise spectrum in the neighborhood of the iner-
tial frequency on the slope (Figure 3.1), indicating the existence of NICs.

On the shelf, the difference between the clockwise and anticlockwise spectra was much
smaller (Figure 3.1), indicating weak generation of NICs on the east-coast shelf. Weak
signatures of NICs were evident only off Ramayapatnam and Gopalpur. Similar results
were obtained without vertical averaging: off the Indian east coast, NICs are weak on the
shelf and strengthen offshore.

On the continental slope, the NICs is strongest off Paradip and weakest off Cuddalore.
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3.4 Impact of storms on the NICs 23

The data also show interannual variability in the generation of NICs. Off Paradip,
Gopalpur, Kakinada, and Ramayapatnam, NICs were much stronger during May—June 2009
compared to May-June in 2010 and 2011. In 2010, the NICs were strongest during October
in the northern and central bay. Similar variability over the two years of data is seen off
Cuddalore in the south: the NICs were strong throughout November-December in 2010,
but were considerably weaker in 2011.

The mixed layer in the BoB is generally thin (Montegut et al., 2004; Chatterjee et al.,
2012), with its depth decreasing to ~ 10 m during July—October in the northern bay owing
to the influx of freshwater due to river discharge and precipitation (Shetye et al., 1991a).
The NICs generally extend much below the thin mixed layer, with the inertial energy be-
ing evident as deep as 250 m at all locations at some time (Figure 3.2). It is the more
prolonged bursts, which last over a fortnight, as during May~June 2009 off Paradip and
Gopalpur, or during October-December 2010 off Cuddalore, that seem to extend deeper
(~ 200 m). Shorter bursts, as recorded during September-December 2010 off Kakinada,
weaken sharply below 100 m.

Therefore, clockwise rotary wavelet spectra of the vertically-averaged (between 40—
250 m) currents tend to be weaker for the shorter bursts (Figure 3.3). The analysis also
shows that the NICs off Paradip and Cuddalore are confined to the inertial band, unlike off
Gopalpur, Kakinada, and Ramayapatnam, where the NICs are often associated with lower-

frequency currents.

3.4 Impact of storms on the NICs

Is the seasonality observed in the generation of NICs related to the seasonality of storms over
the BoB? It is known that storms, particularly depressions, are common in the northern BoB
during the summer monsoon (Rao, 1976), when strong NICs are observed at the northern

locations. During winter, the storms occur in the south (Rao, 1976; Gray, 1967), as do the
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Near-Inertial currents

Cyclone genesis Lowest pressure wind speed
Cyclone/Storm Position Position Position
St Lon. Lat. Mag. Lon. Lat. Mag. Lon. | Lat
time | (E) (E) | (hPa) | CE) CN) &) | CB) [ CN)
Severe cyclonic storm
Aila during 23-26 0600 | 88.0 16.5 | 968 88.0 220 | 60 88.0 | 22.0
May 2009
Deep depression
during 20-21 0300 | 88.5 21.0 | 988 88.0 21.0 | 30 88.0 | 21.0
Jul 2009
Deep depression
during 05-07 Sep 2009 | 0000 | 88.0 20.5 | 988 87.5 210 | 30 875 | 21.0
Sep 2009
Severe cyclonic storm
Laila during 17-21 0600 | 88.5 10.5 | 986 81.5 135 | 55 81.5 | 135
May 2010
Depression during
07-09 Oct 2010 0300 | 84.5 16.5 | 996 85.5 185 | 25 855 | 185
Deep depression
during 13-16 0600 | 90.0 17.5 | 995 85.5 19.5 | 30 855 | 195
Oct 2010
Severe cyclonic storm
Jal during 04-08 0000 | 92.0 8.0 988 84.5 110 | 60 845 | 11.0
Nov 2010
Depression
during 07-08 0300 | 820 14.0 | 1000 | 82.0 140 | 25 82.0 | 140
Dec 2010
Depression
during 22-23 0300 | 875 215 | 995 87.2 217 | 25 87.2 | 217
Sep 2011
Deep depression
during 19-20 0000 | 90.5 20.0 | 1000 { 92.0 21.0 | 30 92.0 | 21.0
Oct 2011
Severe cyclonic storm
Thane during 25-31 1200 | 885 8.5 972 80.6 120 | 75 80.6 | 120
Dec 2011

Table 3.4: Details of storms, cyclones, and depressions that formed over the BoB during May 2009
to February 2012. The information presented here is based on IMD (2010), IMD (2011), and IMD
(2012). The IMD classification of storms is based on the maximum wind speed (see Table 3.5). All
times listed are in UTC (Indian Standard Time, or IST, is 5.5 hours ahead of UTC), wind speed is in
nautical miles per hour (knots; 1 ktis 0.5 m s~1.), and pressure in hpa (1 hPa is 100 pascals). Note
that the time in the ADCP figures is in IST.
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| Weather system | Maximum wind speed (kt) |

Low-pressure system <16

Depression 17-27

Deep depression 28-33

Cyclonic storm 34-47

Severe cyclonic storm 48-63

Very severe cyclonic storm | 64-119

Super cyclonic storm > 120

Table 3.5: IMD classification of storms. The maximum wind speed, used as the basis for classifica-
tion, is given in knots (1 knot equals 0.5 m/s.) This table is based on WMO (2010).

ately following it (Figure 3.3). Note that the maximum pressure drop occurred as the cyclone
crossed land (Figure 3.4). The winds were much weaker off Kakinada and the NICs here
followed the cyclone, rather than occurring during its passage.

The second cyclone, Laila, was weaker (Table 3.4) and occurred during 17-20 May
2010; the maximum pressure (986 hPa) drop during Laila occurred in the central bay and
the strongest NICs were therefore generated off Kakinada. (The effect of Laila must have
been felt off Cuddalore as well, but the first mooring was deployed here shortly after the
passage of the cyclone.)

The third cyclone, Jal, occurred during 4-8 November 2010. It was weaker than the
earlier storms (Table 3.4) and its effect was restricted to the southern and central bay (Fig-
ure 3.4). Strong NICs were observed off Cuddalore and Kakinada (Figure 3.3).

The fourth cyclone, Thane, occurred during 25-31 December 2011 and was comparable
to Laila (Table 3.4, Figure 3.4). Its effect was restricted to the southern bay, with NICs
being generated off Cuddalore. Off Kakinada in the central bay, the currents generated at
this time had a higher period (~ 3 days) than the NICs (Figure 3.3).

Apart from these four cyclones, there were several depressions and deep depressions
during 2009-2012 (Table 3.4). NICs were generated during each of these events (Fig-
ure 3.3). Since these storms occur over the northern bay during the summer monsoon and

the southern bay during the winter monsoon, the central bay is affected during both sea-
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3.5 NICs in a simple slab model

At the locations of interest, the climatological mixed-layer depth varies between 18-30 m
(Montegut et al., 2004; Chatterjee et al., 2012). Therefore, data on the slope were available
only below the thin mixed layers that prevail in the BoB. Use of a simple, wind-forced, slab
model (Pollard and Millard, 1970) shows that it is possible to simulate the observed NICs
at 40 m at the Paradip mooring using ECMWF winds during cyclone Aila. The equations

of motion are

W _ T (3.12)
ot p
ov v
- = — 3.1b
3 + fu oa cv, . (3.1b)

where T = (1%,7”) is the wind stress, p is the water density, a is the mixed-layer depth, c
is the damping constant, and f is the Coriolis frequency at the location. The equations
were solved using a fourth-order Runga-Kutta method. Since it is a slab model, the results
will match the observations if the inertial energy is largely confined to the mixed layer
and downward propagation of energy is weak. Though this condition was not fulfilled at
the mooring locations, ¢ = 1 day~! yielded a good match between simulated and observed
currents during cyclone Aila (Figure 3.6). The simulated current is valid only in the mixed
layer and the observation is most likely to be below the mixed layer, suggesting that the
match is likely to be due to the impact of the strong Aila winds extending below the mixed
layer. The match was not as good at Gopalpur (c = 2 day™!), where the NICs are weaker,
and was poor at Kakinada (c =2 day“l) and Cuddalore (¢ = 2 day~!) during cyclone Jal
(Figure 3.6). Though this exercise is qualitative, it suggests that the NICs may extend even

below the thin mixed layers in the BoB during severe storms.
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. . Location
Simulation p G K C
MOMCR 0.15 042 0.62 0.68
MOM25 -0.01 053 0.69 0.69
LCSCR -0.04 051 0.60 0.61

MOMCR (300-400 day BP) -0.33 0.87 0.95 0.99
MOM25 (300-400 day BP) -0.26 0.82 093 0.92
LCSCR (300-400 day BP) -0.43 0.75 0.97 0.88
MOMCR (100-250 day BP) 0.29 0.02 0.34 0.52
MOM?25 (100-250 day BP)  0.10 0.38 0.38 0.61
LCSCR (100-250 day BP) 033 045 041 0.55
MOMCR (30-90 day BP) 0.04 041 026 0.11
MOM25 (30-90 day BP) 0.10 037 028 0.04
LCSCR (30-90 day BP) 0.1 015 0.04 -0.19

Table 6.5: Correlation between alongshore currents from the ADCP observations at Paradip (P),
Gopalpur (G), Kakinada (K), and Cuddalore (C) with simulated currents. “BP” implies “band-pass
filter”. Correlation values in boldface notation exceed the 90% significance level.

the significant role of remote forcing highlighted by earlier studies, this aspect calls for a
more careful analysis. Hence, we separate the response to local and remote forcing in the

following section.

6.4 Forcing mechanisms

Wavelet analysis shows that the EICC can be decomposed into three bands: annual, intra-
annual, and intraseasonal (Figure 6.8). Hence, we analyse the EICC response to local and
remote forcing for these three bands; the current is band-pass filtered using a fourth-order
Butterworth filter. Local forcing is defined to be the wind blowing along the WBoB, from
the northern end of the Indian east coast (21°N), which is just north of Gopalpur, to the
southern tip of Sri Lanka (6.5°N). As noted earlier, remote forcing consists of three mech-
anisms: the winds blowing along the northern and eastern boundaries of the BoB, Ekman
pumping over the BoB, and the winds blowing along the equator (Shankar et al., 1996; Mc- -

Creary et al., 1996; Vinayachandran et al., 1996). A list of these experiments is given in
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where T¥ (v”) is the zonal (meridional) wind stress and

X(x) = 0.5{1 +cos2n(x — x.)/L.]}, x»<x <x,, (6.3c)
Y(y) = 0.5{1+cos[2m(y ~0°)/4°]}, -2°<y <2°, (6.3d)
T(t) = sin(ot). (6.3e)

) 2n . . .
In Equation (6.3), ¢ = B where P is the forcing period; x,, x¢, and x, are the western
edge, centre, and eastern edge of the wind patch, respectively, and L,, = x, — x,, is the zonal
length scale associated with the forcing. The advantage with this “half-cosine” forcing form

1s that it produces a weak wind curl; the wind stress is set to zero outside the forcing region.

We conduct four experiments, two each with P = 60 days and P = 180 days. The wind
is switched off after six (four) cycles for P = 60 days (P = 180 days). In one experiment
for each period, x, = 70°E and L,, = 20°, representing a long forcing length scale; in the
other experiment for each period, x, = 77°E and L,, = 6°, representing a short forcing length
scale. These four experiments are listed in Table 6.7. We show the results at the centre of

the forcing patch (70°E or 77°E), to its east (85°E), and near Kakinada (83°E, 17°N).

Since a downwelling equatorial Kelvin wave, with eastward zonal current at the equator.
reflects as a downwelling Rossby wave, with westward zonal current at the equator to ensure
no flow into the eastern boundary (Moore, 1968), the currents associated with the incident
and reflected waves tend to cancel, but not the sea level (Figure 6.14). Hence. the zonal
current at both intra-annual (experiments LCS1802°° and LCS180°°) and intraseasonal (ex-
periments LCS0602°° and LCS0606°) periods decreases sharply east of the forcing region

owing to the interference between the incident Kelvin and reflected Rossby waves. An infin-
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Experiment Period L, Xy Xe Xe
(days)

LCS18020° 180 20° 60°E 70°E 80°E

LCS0602°° 60 20° 60°E 70°E 80°E

LCS1808° 180 6° 74°E 77°E 80°E

LCS0606° 60 6° 74°E 77°E  80°E

Table 6.7: List of LCS model experiments related to vertical normal modes (Section 6.5).
LCS180%°° implies a 180-day forcing with a zonal length scale L, = 20°; x,, ¥ and x, denote
the western edge, the middle, and the eastern edge of the wind forcing patch, respectively.

ity of meridional Rossby modes are required to satisfy the no-normal-flow condition at the
eastern boundary, leading to energy tending to propagate poleward along the eastern bound-
ary as coastal Kelvin waves (Moore, 1968). Therefore, energy leaks from the equatorial
wave guide into the coastal wave guide at the eastern boundary, influencing the circulation
in the BoB (Yuetal., 1991; Potemra et al., 1991; McCreary et al., 1993, 1996; Shetye, 1998;
Shankar et al., 2002). (Strictly, in the inviscid analysis of Moore (1968), the coastal Kelvin
waves exist only poleward of the critical latitude for a periodic forcing. Equatorward of this
latitude, Rossby waves carry the signal westward into the interior. This balance sets up in-
stantaneously in an inviscid system and the westward propagating Rossby waves come into
existence instantaneously at all latitudes. The inclusion of viscosity complicates the anal-
ysis and numerical simulations suggest that the westward propagating waves appear later
at higher latitudes. Hence, energy appears to propagate poleward even equatorward of the

critical latitude in numerical models.)

This reflection process, coupled with the shallow bending for the intra-annual period,
makes it difficult to make a clear case for the greater weakening of the current at intrasca-
sonal periods (Fig. 6.14a,c). Nevertheless, separation of the response into modes, as done
earlier for LCSCR (Fig. 6.13a,b), shows clearly the significant contribution madc by the
high-order modes, including modes 510, to the current (Fig. 6.15a). Modes 3-10 con-

tribute ~40% (~45%) to the current at the intra-annual (intraseasonal) period for L, = 20°
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(Fig. 6.15a).

The zonal length scale of the wind forcing determines which ver[icél modes will respond
more strongly: the modes preferrentially excited are those with a horizontal length scale of
the order of or greater than that of the forcing. A vertical normal mode is.a mathematical
construct and a more physical argument for the coupling links the length scale of the forcing
to the vertical scale of the beam, which descends into the ocean at a specific angle 6. The
vertical extent of the beam is given by L, tan(8) (Fig. 6.15¢,d) and all the modes superpose
to make this beam. For the Kelvin wave, the zonal length scale of the response is Ly =
c, P (because ¢, = %, where £ is the zonal wavenumber), implying that higher modes are
preferentially excited as the forcing length scale decreases (Fig. 6.15a—d); this decrease
in the zonal length scale is evident in the shorter horizontal length scales in Fig. 6.15b
compared to Fig. 6.15a. The characteristic (or Kelvin wave) speeds are listed for the first 10
modes in Table 6.8. For P = 180 days (P = 60 days), the length scale is ~22.5° (~19.5°)
for the third (first) mode, implying that these modes will be excited when the forcing length
scale is 20°. When the forcing length scale decreases to 6°, the mode that matches this
zonal length scale is the tenth (fourth) for P = 180 days (P = 60 days), and the zonal length
scale associated this mode is ~7° (~5.5°). Though the bending angle depends only on the
forcing period and stratification and is independent of the forcing length scale, the shorter
horizontal and vertical length scales associated with the high-order modes are subject to
greater friction owing to its Laplacian form, leading to increased damping for the high-order
modes. (Inclusion of biharmonic friction, as in MOM4pl, implies even greater horizontal

friction at shorter length scales.)

Hence, the sea level, which is determined mostly by the first two or three modes, corre-
lates better from the EIO to the WBoB (Fig. 6.15¢,f) than does the current (6.15a,b), which
is impacted more by the high-order modes that are strongly damped (by both horizontal

and vertical friction) and cause energy to escape the surface layer into the deeper ocean
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whose phase speed is lower than that of the first mode (Table 6.8).

6.6 Impact of stratification

All the LCS model simulations in the preceding sections use the density profile of Moore
and McCreary (1990) to determine the vertical normal modes. This profile was constructed
to illustrate the dynamics of the western EIO (WEIO) and is therefore more representative
of the stratification in this region. The mixed layer, at ~58 m, is deeper for this profile than
in the BoB (Chatterjee et al., 2012). Figure 6.16 shows the density profile from Moore and
McCreary (1990) and from six different regimes of the EIO (including the WEIO) and the
BoB. These profiles are based on an averaging of the density from Chatterjee et al. (2012)
within a limited domain in the WEIO, CEIO, EEIO, southern BoB (SBoB), central BoB
(CBoB), and NBoB: the averaging domains are shown in Figure 6.9a and the coordinates
of these boxes are given in Table 6.9. The density profile in the WEIO, where the MLD
is ~48 m, is significantly different from that in the BoB: in the NBoB, the MLD is 18 m
(Table 6.8) owing to rainfall and the inflow of freshwater from rivers (Shetye, 1993). As a
consequence, the vertical profile of the Briint-Vaisala frequency also varies considerably in
space (Figure 6.16).

Results from the EIO show that the fall Wyrtki Jet (Wyrtki, 1973) is stronger than the one
in spring (McPhaden et al., 2015) owing to the thermocline in fall being shallower and con-
centrating the transport in the surface layer over a smaller depth range (Han et al., 1999).
We test the implication of the spatial variation in stratification for the EICC by conduct-
ing six experiments, one each with a density profile from the WEIO, CEIO, EEIO, SBoB,
CBoB, and NBoB; the experiments are listed in Table 6.9. The mode structures for these
regions are strikingly different, with the much stronger second mode in the profile of Moore
and McCreary (1990) being replaced by a dominant first mode in the EEIO and the BoB.

The mode and wind coupling coefficients for all experiments, including LCSCR, are listed
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Parameter Mode LCSCR LCSWE LCSCE LCSEE LCSSB LCSCB LCSNB
1 264 252 252 262 270 273 269

2 167 153 1S5 165 165 166 164

3 105 91 92 94 97 97 96

Charcteristic speed 4 75 65 68 68 74 64 74
(Ca» e s™1) 5 60 53 54 55 56 57 57
6 49 43 45 46 47 48 48

7 42 37 38 39 40 41 40

8 37 32 33 34 35 36 36

9 33 29 29 30 31 32 32

10 30 26 27 27 28 28 29

T~ 313 215 194 167 157 155 147

2 18 261 224 288 285 289 246

3 85 1013 642 1180 419 384 265

[Mode coupling 4 956 561 450 672 447 692 285
coefficient (%, m) 5 1877 728 661 804 586 473 258
6 1869 822 596 867 504 399 280

7 1982 737 642 809 713 569 340

8 1581 983 850 1054 626 480 359

9 1492 1083 774 876 656 517 449

10 4176 970 835 781 673 593 527

1T 098 098 098 099 09 099 099

2 095 095 096 098 098 098 098

3 08 08 092 095 095 095 096

[ Wind coupling 4 081 079 085 090 093 091 094
coefficient (Z,) 5 072 069 077 08 088 088 090
6 062 057 068 08 083 084 087

7 049 046 059 074 078 078 082

8 040 034 049 067 072 073 078

9 031 023 039 059 066 067 073

10 023 014 030 052 059 058 068

MLD (m) 48 48 38 44 28 24 18

Table 6.8: Values of LCS mode parameters (characteristic mode speed and mode and wind coupling
coefficients) for the LCS model experiments related to stratification (see Table 6.9). LCSCR is the
control run and uses the density profile from Moore and McCreary (1990). All simulations are carried
out at a horizontal resolution of 0.1° x 0.1° and the horizontal mixing coefficient for all experiments

. A _
is 5 x 105 cm? s~!. The vertical mixing coefficient is v = N and A = 1.3 x 10~* cm? s~3 for

b .
all ‘experiments. Density profiles for all experiments are given in Figurere 6.16. The computation of
mode parameters from density is described in Appendix B. The mixed layer depth (MLD) is assumed
to be the depth at which the density exceeds the surface density by 0.2 kg m~3.
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RAMA (u)
0° 1.5°N 4°N 8N 12°N 15°N
LCSCR 053 059 0.17 015 029 0.38
LCSWE 049 0.55 033 012 0.13 0.09
LCSCE 047 051 030 017 017 0.14
LCSEE 050 052 029 016 0.17 0.25
LCSSB 043 043 028 023 0.17 0.25
LCSCB 040 039 025 024 0.17 0.25 .
LCSNB 035 031 026 032 020 0.25)]

Experiment

Table 6.10: Correlation between RAMA currents (10 m depth) and model currents; correlations are
shown for zonal («) components of the current for the stratification experiments listed in Table 6.9.
The RAMA moorings are deployed at 90°E in the BoB at several latitudes (Figure 1.2). Correlation
values in boldface notation exceed the 90% significance level.

RAMA (v)
0° 1.5°N 4°N 8°N 12N IS°N
LCSCR 039 040 042 061 048 008
LCSWE 037 040 034 059 040 -0.03
LCSCE 0.38 041 034 059 041 -0.03
LCSEE 042 048 035 060 045 0.11
LCSSB 042 050 031 055 045 0.18
LCSCB 041 050 0.27 054 045 0.20
LCSNB 0.36 047 027 053 045 017

Run

Table 6.11: Correlation between RAMA currents (10 m depth) and model currents; correlations are
shown for and meridional (v) components of the current for the stratification experiments listed in
Table 6.9. The RAMA moorings are deployed at 90°E in the BoB at several latitudes (Figure 1.2).
Correlation values in boldface notation exceed the 90% significance level.

surface current correlates better with the observed current, which is measured at 40 m (Ta-
ble 6.13). The difference between the currents simulated for the three EIO profiles or for the
SBoB and CBoB profiles are not significant (Figure 6.17): hence, we present results only
for LCSCR, LCSCB, and LCSNB in the rest of this section.

The simulation at Kakinada shows maximum improvement in LCSNB during May-
September and December 2010, when the increase in current strength leads to a better match
with the observations than for LCSCR (Figure 6.17). This increase in the current strength

does not, however, always imply an improved simulation. For example. the weak poleward
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(Figure 6.19). Similarly, the poorer performance of LCSCB and LCSNB at Gopalpur dur-
ing September-October 2011 is due to the much stronger remotely forced component. The
complex interplay of the local and remote responses leads to a better simulation at some
times and at some places, but a poorer simulation on other occasions when we compare the

response to a change in the background stratification.

Low-order and high-order modes respond differently to the wind owing to the pres-
ence of vertical mixing in the LCS model (McCreary, 1980, 1981). Vertical mixing in this

A ) .
model has the form v = N—z’ where A is a constant. The relevant terms in the momen-
b

tum equations have the factor % (see, for example, McCreary, 1980; Shankar et al., 1996),
implying that the low-order modes, which are associated with a higher ¢, (Table 6.8), are
less affected by vertical mixing, and therefore changes in stratitication, than the high-order
modes. Physically, the low-order (high-order) modes have fewer (more) zero crossings in
the mode structure and are therefore weakly (strongly) affected by vertical mixing (Mc-
Creary, 1980). Therefore, the low-order (high-order) modes in this model tend 1o adjust 10
a state of Sverdrup (Ekman) balance and they are efticient in radiating energy away from
the forcing region in the form of Kelvin and Rossby waves (McCreary, 1980; Shankar ctal.,
1996). These modes are more significant for remote forcing and the remote response is
dominated by the first two modes (Figure 6.20). In contrast, the stronger Ekman response
of the high-order modes (McCreary, 1980) implies a stronger impact of these modes on the
local response (Shankar et al., 1996; McCreary et al., 1996). The much stronger response,
for the BoB stratification, at Kakinada during the summer monsoon is due to the stronger

local response for the high-order modes (Figure 6.20).

Even though the effective coupling coefficient for the high-order modes is greater for
the BoB stratification compared to LCSCR. these modes will be excited only if the length
scale of the wind forcing fits these modes. For the annual band (300—100 days), the band-

pass-filtered alongshore wind stress has a length scale of ~ 14", which matches the ~ 12
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produced by the LCS model (Figure 6.22b). In this section, we discuss briefly the effect
of nonlinear dynamics on the EICC; in particular, we show that nonlinearity is critical for

simulating the current observed at the Paradip ADCP mooring (Figure 1.2b).

We have separated the Paradip mooring from the others for two reasons. First, unlike the
other three moorings, it lies on the continental slope of the northern bay rather than off the
east coast of India (Section 3.2); the deeper water column (~2000 m compared to ~1100 m)
leads to the cross-shore component (meridional) being of the same order as the alongshore
component (zonal) (Figure 6.22a). Second, the variability of the current at this location is
different: the annual cycle is weak and the wavelet spectrum is dominated by the ~120-day

penod [Figure 6.23, top panels] (chapter 4).

The MOMCR simulation at Paradip is not as good as at the other locations. MOMCR
simulates the strong observed alongshore (zonal) current during spring 2010 and 2011, but
not during spring 2012. Even in the first two years, however, there is a phase mismatch, with
the peak model current lagging (leading) the observed peak current by about a month in 2010
(2011) (Figure 6.22a, 6.23, 6.24). The MOMCR simulation of the cross-shore (meridional)
current is worse, but the model does still capture some of the observed variability at the
~120-day period. The LCSCR simulation of both alongshore and cross-shore currents is
poor, but comparable to that of MOM25 (Figure 6.22, 6.23, 6.24), the coarser-resolution
MOM experiment (Sections 3.2, 6.3.2).

The altimeter SLA during March-April shows the presence of mesoscale circulations
with a length scale of ~ 2° (~200 km) near the Paradip ADCP mooring (Figure 6.22b) in
all three years. MOMCR simulates these “eddies” fairly well in 2010 and 2011, but is unable
10 capture the strong cyclonic eddy in 2012. These eddies are not captured in LCSCR, as

cxpected of a linear model, and also in MOM25 owing to its coarser resolution.

We estimate the eddy kinetic energy (EKE) and eddy potential energy (EPE) following
Boning and Budich (1992) and Eden and Boning (2002). EKE and EPE are defined as
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follows:
]
EKE= 3 (u? +v?); (6.4)
gp’
EPE- _ °“* (6.5
2p (dpy, 92 Y

where py is the seasonal and horizontal mean potential density within the BoB: p’ = p - p,
W =u—4i,and vV =v—7; p is the seasonal mean density and i and v are the zonal and
meridional components, respectively of the seasonal mean current. In my thesis, we use a

cutoff of 151 days to define the seasonal mean.

An eddy grows by taking potential and kinetic energy from the mean flow. Conversion
from mean potential energy (MPE) to EPE is known as baroclinic conversion (£ ) and that
from mean kinetic energy (MKE) to EKE is knows as barotropic conversion (£ ); Fye and
Egr represent the terms T2 and T4, respectively in Equations (14) and (16) in Boning and

Budich (1992) and are defined as follows (Boning and Budich, 1992; Eden and Boning,

2002; Cheng et al., 2013):
Y S T BT A (6.6)
Boc = = (Bpe/02) ( Pax P )> '
di Jv  di av
— — | = U IR T . (6.7)
Epgt = [uuax+u\ (a\' a'\') \\a'\.].

Positive values of Egc (Egr) indicate baroclinic (barotropic) instability, with conversion of
mean potential (kinetic) energy to eddy potential (kinctic) energy: negative values of Enc

(Esr) indicate conversion from eddy potential (kinetic) to mean potential (Kinctc) energy.

Since the variability in the intra-annual and intrascasonal bands can be forced not only
by instabilities, but also by intra-annual and intraseasonal wind variability, we forced MOM

at both resolutions with the wind forcing low-pass-filtered using a cutoff of 150 days. The
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