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ABSTRACT

Pressure measurements made in two turbid natural waters have led to the inference that the effective depth-
mean in situ density values, py, Of these waters are less than (=2.70%—6.5%) their bulk densities (i.e., densities
of water—sediment mixture), and also less than (=0.4%—4.5%) that of the density of the same water after removal
of suspended sediment. The values of p; in agiven site differed from one tidal cycle to another (=1.9%). These
values varied slightly (<0.8%) from midtide to slack water period of the same tidal cycle, with py, being lower
at midtide. It was found that the use of bulk density to estimate tidal elevation yielded an underestimation of
tidal range (up to 7%). The underestimation has been corrected (to within +1.5%) with the use of p, parameter.
For clear waters there was no measurable underestimation in tidal range. The observations indicate an apparent
in situ density reduction for turbid natural waters. With the use of two pressure transducers at a known vertical
separation, the value of py over this vertical column of water may be determined during each sampling of
pressure values. The present studies indicate that when pressure transducers are used for water level measurements
in turbid natural waters, the use of py, in contrast to the bulk density, significantly improves the measurement
accuracy. For clear waters, precision density measurements made on discrete water samples agreed with pg;
values derived from pressure measurements to better than +0.4%. Thus, use of py; IS expected to improve the
accuracy of water level measurements also from clear water estuaries where depth-mean water density undergoes
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marginal changes with differing phases of tide and significant changes with seasons.

1. Introduction

Sea level measuring devices are typically deployed
in coastal and estuarine waters. While the water in such
regions is usually free from suspended sediments for
most of the year, there are some estuarieswhereturbidity
is high throughout the year (e.g., Hugli estuary, India;
Humber estuary, United Kingdom). Pressure transduc-
ers, as a result of their portability, are popularly used
for water level measurements from remote locations. In
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this paper we evaluate the performance of pressure
transducersin turbid natural waters and examinetherole
of suspended sediments in contributing to inaccuracies
in the measurement of water levels in these waters, an
issue that has not received adequate attention thus far.

2. Tide measurement from turbid waters of the
Hugli estuary

A differential quartz (Paroscientific) pressure trans-
ducer with an FM output, whose negative port was vent-
ed to the atmosphere, was installed at Hugli Point sta-
tion, which is free from wave activity. Venting of the
negative port was to compensate for the inverted ba-
rometer effect. The transducer, having ametallic casing,
was rigidly mounted inside a waterproof stainless steel
housing. The positive port of thetransducer wasexposed
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to water viaan oil-filled capillary tube. A flow retarding
perforated cap over the positive port minimized Ber-
noulli effect. Thisability of aperforated cap wasverified
in alater experiment conducted by usin a flow flume,
in which the improvement was found to be in close
agreement with that obtained from a parallel-plate ge-
ometry at the sensor’'s pressure inlet (Joseph et al.
1995a). Lebreton et al. (1991) have reported that a sim-
ilar cap, attached to the orifice of an air-acoustic gauge's
protective well significantly reduced Bernoulli dynamic
pressure effects in the measurement of tide. Each value
of water level recorded in the logger was on average
over 30 s. Time-averaging, over periods ranging from
30 s to a few minutes, is a common practice to filter
out short-period fluctuationsin tidal recordsarising from
wind waves (e.g., Paroscientific intelligent pressure
transmitter). Also, Joseph and Desa (1984) and Lamy
(1988) have successfully used this method to limit the
interference of long-period waves (swell).

Thebulk density of water samples at the measurement
site (1.062 g cm—3), together with differential pressure
data was used to estimate water height above the trans-
ducer port. Readings from a tide staff located at the
measurement site were used to reference the pressure
transducer-derived water level to the chart datum. This
referencing was done at the time of slack water during
which the tidal current was negligible and, therefore,
tide-staff readings could be made with minimal distur-
bances arising from current-induced piling effects. Ini-
tial offset adjustment of the pressure gauge was made
at high tide so that the pressure-derived water level
matched with the tide staff readings within observa-
tional accuracy (*1%).

A typical result of measurements at this location is
shown in Fig. 1. It is seen that as the water level de-
creased from high tide stage, the difference AH between
the pressure-derived water level and the tide-staff read-
ings increased (Fig. 18). In this case, the value of AH
was positive and gradually increased with time, reaching
avalue of 23 cm at low tide. In a subsequent measure-
ment, offset adjustment was carried out to obtain a
match between the gauge outputs and the tide-staff read-
ings at a low tide. In this case a different offset was
required to obtain the match. Asthetide level increased,
AH was negative and became increasingly negative
(Fig. 1b), reaching a value of 39 cm at high tide. The
results indicated in Figs. 1lab essentially revealed an
underestimation of tidal range (this being the difference
between successive low and high water heights).

Temperature sensitivity of the sensor and the time
base in the data logger can give rise to errors in water
level measurements. However, based on long-term ex-
periments with a similar Paroscientific pressure trans-
ducer by Erdman (1983), the uncertainty in tidal range
due to temperature variations in the measurement site
was expected to be within 1 cm. An analysis by Joseph
et al. (1993) revealed that the uncertainty in tidal range,
arising from temperature sensitivity of the time base in
the data logger, was also expected to be within 1 cm.
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Fic. 1. Tidal range under estimation in the Hugli estuary when
average bulk density was used. (a) Offset adjusted at high water and
(b) offset adjusted at low water.

Thus, the above two probable factors could not account
for the observed large underestimation in tidal rangein
the Hugli measurements. In any case, water level mea-
surements made by us using the same sensor in the clear
waters of the Zuari estuary did not reveal any detectable
error in tidal range.

A simple calculation (see appendix) revealed that tid-
al records, obtained from a pressure sensing tide gauge,
can suffer from tidal range underestimation. Thisoccurs
if the effective fluid density, py;, which actually con-
tributed to the pressure sensed by the sensor, islessthan
the bulk density, p,, of the water column above the
sensor’s pressure inlet (p, being used for estimation of
tidal elevation). Figures 2a,b and 3ab indicate that use
of py in place of p, significantly reduced the error in
the measurement of turbid water level. The observed
smaller errors in the corrected water levels using pg;
may be due to errors in tide-staff readings and pressure
measurements due to tidal flow. Short period variations
in the in situ effective density of turbid water, during



1152

5004

4001

3001

200+
(a)
1004
T January 30, (991
i o — T —
E 1200 1300 1400 1500 1600 1700
-
wl
>
w
i |
o -
x 500+ .
-
<
=
4001
’ PRESSURE DATA
WITH EFFECTIVE
3001
DENSITY
------ T STAFF
200'(b) IDE
100+
January 3, 199
o) v T T T T
0800 0900 1000 [1¥e]0] 1200 1300

TIME (Hr. min) —>

Fic. 2. Correction of tidal range under-estimation of Fig. 1 by the
use of effective density. (a) Ebb-tide phase, (b) flood-tide phase.

the period of generally enhanced turbulence between
the slack waters, may also have contributed in part to
the observed errors in the corrected tide levels using
p«s- HOwever, after due consideration of these factors,
a paradoxical result indicated from pressure measure-
ments in the turbid waters of the Hugli estuary is that
the in situ density of natural turbid water turns out to
be less than its bulk density.

Wells et al. (1978), during their measurements in the
fluid-mud waters off the coast of Surinam, South Amer-
ica, had also noticed that the p, values of the fluid
suspension, estimated using an in situ fluid density sens-
ing device, were different from the mean bulk densities
of fluid samples. The in situ depth-mean density of the
fluid mud suspension was estimated from the pressure
outputs of two transducers and a precisely known ver-
tical distance between their pressure inlets. These in-
vestigators attributed the discrepancies in density mea-
surements to instrument calibration problems. However,
on using calibrated bulk density values of the fluid, they
obtained errors in water level measurements ranging
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Fic. 3. Percent difference in water level of Fig. 1 when bulk den-
sity and effective density of turbid water were used.

from 0.3% to 5.3% even though the accuracy of the
pressure sensing system, inclusive of linearity and hys-
teresis, was better than 0.35% (Wells 1978). It was also
observed that the increase in the error of water level
measurement from 0.3% to 5.3% was associated with a
corresponding increase in suspended sediment concen-
tration of 102 mg cm=3 to 102 g cm~3, respectively.

3. Measurementsin turbid waters of the Humber
estuary using two pressure probes

A simple experiment to confirm the inferences made
earlier, regarding the apparent reduction in in situ den-
sity of turbid estuarine waters involved the use of two
pressure transducers. Pressures were measured from two
different but precisely known levels and the value of
Pes» Of the water column between these two levels, was
estimated. Temperature and salinity profiles were also
measured to estimate the vertical variability of the den-
sity profile of water without its suspended sediments.
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TaBLE 1. Depth-profile of conductivity, temperature, and density
of water in the Humber Estuary, North Sea, United Kingdom. (Pres-
ence of sediments not taken into account.)

Depth Conductivity Temperature Density
(m) (m.mho cm~1) (°C) (g cm™3)

0 22.7 55 1.018

1 22.7 55 1.018

2 23.0 55 1.018

3 23.2 55 1.018

4 23.4 55 1.018

5 23.6 55 1.019

6 23.7 55 1.019

The measurements reported here were made in the sus-
pended-sediment-laden waters of the Humber estuary,
North Sea, United Kingdom.

The measurement location was the harbor entrance
of this turbid water estuary, in which atide station was
also located. Two bubblers were used for fluid pressure
translation, using pneumatic bubbler gauge principle
(Pugh 1972; Ling and Pao 1994), and were rigidly
mounted on a vertical pole at a separation of 250 cm.
The two separate pressure channels were connected to
a Digiread quartz-crystal-based differential pressurein-
dicator, which continuously displayed the pressure dif-
ference between the two pressure inlets. Water level
measurements were made using a conventional float-
driven gauge. As part of the experiments, water current
measurements were also made using an impeller-type
current meter, with each measurement being an average
over 30 s. The current was found to be less than 3 cm
s . As current and wave effects in the measurement
site were negligible, these and piling effects on the pres-
sure inlets were unlikely to have introduced errors in
the pressure measurements. Temperature and conduc-
tivity profiling was made at 1-m depth intervals. From
these the density profile was obtained. This profile (Ta-
ble 1) isrelated to water without its suspended sediment.

In order to estimate the bulk density of the suspension
(i.e., fluid inclusive of water and suspended sediment
particles), turbid water samples were collected, from
approximately the midlevel of the two pressure inlets,
using a standard Niskin bottle that could be closed by
sending a‘‘ messenger.” The bulk density was estimated
from precise measurements of the weights of equal vol-
umes (1 L) of the thoroughly stirred water—suspended-
sediment mixture and the sediment-free water filtered
out from the collected fluid sample. The ratio of the
densities of the two fluid samples was obtained from
the ratio of the respective weights of these two fluid
samples. From a knowledge of the density of sediment-
free water (estimated from salinometer measurements),
the bulk denstiy p,, of the fluid suspension was estimated
from the ratio of the two density values. Thus, the value
of p, wasfound to be 1.035 g cm~23. Measurementsfrom
the Humber estuary, United Kingdom, showed (Fig. 4)
that the effective depth-mean density, p;, of the turbid
water column (in the present case, of height 250 cm)
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Fic. 4. Comparison of bulk density, clear-water density and effec-
tive density of turbid waters of the Humber estuary, North Sea, United
Kingdom, as a function of tidal height.

was always less than its density under static conditions,
supporting the inference made earlier on measurements
from the Hugli estuary. These measurements suggest
that turbid waters in an estuary suffer an apparent re-
duction in density compared to its bulk density. This
effect is more significant during midtide phase for which
turbulence and suspended sediment concentration (SSC)
values are expected to be larger (Wells 1989). The value
of py was found to gradually increase (from 1.007 g
cm-2 at midtide) with increasing tide, and reached a
maximum value of 1.015 g cm~2 at high tide slack water
during which turbulence and SSC values were expected
to be minimum. These density values were consistently
less than the bulk density, p,, of the fluid suspension
(1.035 g cm~3), as well as the density of the local clear
water, p,, (1.019 g cm—3).

During measurements, the temperature profile re-
mained steady at 5.5°C whereas the conductivity mar-
ginally increased from 22.7 m.mho cm~* (where m.mho
is the reciprocal of water resistance in milliohms) at the
surface to 23.7 m.mho cm~* at a depth of 6 m below
the surface. The density of the local clear water, p,,, aso
exhibited a marginal increase from 1.018 g cm~2 at the
surface to 1.019 g cm~—2 at this depth. There was thus
no indication of any unusual estuarine physics having
played arole in the observed apparent reduction in den-
sity of the turbid waters of the Humber estuary.

4. Measurement in clear waters, using two
pressure transducers

It has been noted that measurements of differential
pressures from two pressure probes submerged in the
turbid waters of the Humber estuary in the North Sea
yielded reduced effective density values. This result
agreed with measurements using a single pressuretrans-
ducer in the Hugli estuary. In an attempt to understand
these observations, a similar experiment was conducted
in the clear waters of the Zuari estuary, Goa, India, using



1154

- 1- 350 i
L == = Witer bl
L v, ——Demsityofclesr [~
A Fa "'-\. wabEr
T L W @ 8 Edfeciive depairy =02
i‘. "q\. nr
= i W -
E s kY ¥
T, mmo—s i{ ) DM &
E :i r I‘i 1 I E
- T R B e ez E
1
E Nl = I\.IL -
A
E " ek
N O
dipril 28-29, BEs o
! zmoq L= é | [ R S e
[1-] 20 5] 573 [+ 2] =11
-+ TIME [#rs. ] -

Fic. 5. Comparison of measured and effective densities of the clear
waters of the Zuari estuary, Goa, as a function of tidal height.

two precision Digiquartz (Paroscientific) intelligent
pressure transmitters, whose negative ports were vented
to the atmospheric pressure.

In the present study, these two transducers were
mounted with avertical separation of 100 cm. Theinlets
were attached to pairs of large horizontal parallel plates
to reduce flow effects and also the effects of wind waves
(Shih and Baer 1991; Joseph et al. 1995b; Joseph et al.
1996). The effect of this parallel-plate geometry was
similar to that of the perforated cap used in the Hugli
estuary. The 30-s time-averaged outputs from these two
transducers were used to obtain the value of p. The
density of water samples was also measured using a
precision density meter that operated on a mechanical
resonance principle (Kremling 1972) with an accuracy
of =0.001 g cm—3. The density of water samples taken
during the pressure measurements was 1.022 g cm-2.
The values of effective density py, estimated from the
measured pressure differences and the known vertical
separation between the pressure inlets, are plotted in
Fig. 5 over one tidal cycle. It is seen that the effective
mean density estimated by the dual pressure transducer
system deployed in the clear waters of the Zuari estuary
was in close agreement with the density of water sam-
ples measured using a density meter. The observed mi-
nor fluctuations in the density as a function of time is
likely to have arisen from similar fluctuations in the
measured pressures due to microturbulence at the pres-
sure inlets.

5. Discussion of results

The measurements reported above have provided the
following insights.

1) There exists an effective reduction in thein situ den-
sity of suspended sediment-laden natural waters as
observed by pressure measurementsin the Hugli and
Humber estuaries.

2) A dua pressure transducer system with a suitable
vertical separation is capable of correctly measuring
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the effective fluid density, py;, in Situ. In situations
where appreciable density stratification exists, this
vertical separation would need to be as large as is
practical.

There are many factors that may have caused the
observed effective reduction in the in situ density of
turbid natural waters. Three possible reasons might have
been the presence of air bubbles in water, a dynamic
uplift force acting on suspended sediment particles in
the water column above the pressure inlet, or the pres-
ence of afloc framework. As Fig. 5 shows, air bubbles
do not appear to have a significant role in reducing the
density of clear estuarine waters. Observations by Turn-
er (1961) and Thorpe et a. (1992) have indicated that
the presence of particulates in water increases the num-
ber of microbubbles. Such enhancement in the concen-
tration of air bubbles in the presence of suspended sed-
iments might have contributed in part to the observed
reduction in the effectivein situ density of turbid natural
waters. Assuming that the suspension is dilute (i.e., the
separation between adjacent suspended particlesismuch
larger than their dimension), Joseph et a. (1997) at-
tempted to provide an explanation for the apparent re-
duction in the in situ density of suspended-sediment-
laden natural waters. However, this assumption is vio-
lated if the suspension isin the fluid-mud range, asmight
have been in the present case, in which the suspension
might behave viscoelastically (Dr. G. C. Kineke, 1998,
personal communication). The behavior of viscoelastic
fluids appears to be poorly understood. Further detailed
studies may be required for a deeper understanding of
the problem posed here.
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APPENDIX

Relation between Error in Tidal Range and Bulk
Density of Water

Tidal range is the difference in water levels between
successive high and low waters. L et us assumethat flow-
and wave-induced errorsin the measurement of pressure
have been removed by the use of a suitable hydrome-
chanical front end. Let P,, be the time-averaged pressure
measured by a pressure sensor during high tide. Let py
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be the density of the water column that actually con-
tributed to the pressure sensed by a pressure sensor de-
ployed below the low tide level. Then P, is given by
the standard hydrostatic equation:

P = Hp«Q, (A1)

where H is the height of the water column above the
pressure inlet at high tide, and g is the acceleration due
to gravity (time-averaging over periods ranging from 30
s to a few minutes filters out short-period fluctuations
from thetidal record). Similarly, thetime-averaged pres-
sure P, sensed by the pressure sensor at low tide is
given by

P. = Lp«, (A2)

where L is the height of the water column above the
pressure inlet at low tide. The true tidal range R,, given
by (H — L), can be expressed as

(PH — PL)
R == —*
(9Per)
If depth-mean bulk-density (p,) of the water column
above the pressure inlet is used for estimation of water
level, the computed tidal range (R.) is given by
(PH — PL)
R, = 41—t (Ad)
(9p0)
The error in tidal range, R,..,, given by (R, — R;) can
be obtained from Egs. (A3) and (A4) as

(A3)

)(Pb — Par)
(90uPer) .

Equation (A5) showsthat if p4 < p, the pressure sensor
will underestimate the tidal range. However, from Eq.
(A5) the unknown quantity p. can be obtained from
the known quantities, as

_ Py — P)py
[gprerror + (PH - IDL)]

We find from Eq. (A5) that R,,,, = 0, if py = p,. INn
clear waters the value of p is very close to that of p,,
so that R, is negligibly small. However, in turbid es-
tuarine waters py; < p,, resulting in underestimation of
tidal range. Because turbulence and turbidity levels
change with time (and space) the correction factors can-
not be considered constant. However, if two pressure
sensors are deployed with a vertical separation D be-
tween their pressure inlets, the value of p; of the water
column of height D can be estimated, after each sam-
pling, from the measured pressures P, and P, using the
relation

Rerror = (PH - I:)L (A5)

Pest (A6)

_ (Pl B Pz)
P = " (Dg)

where py, P, P,, D, and g are all expressed in the same
system of units. Thus, simultaneous measurement of

(A7)
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time-averaged pressures (P, and P,) from two sub-
merged pressure sensors deployed at a precisely known
vertical distance D provides a means of estimating the
value of p. during each sampling. This would enable
measurement of water levelswith an enhanced precision
even from turbid waters (patent application filed).
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