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Abstract

and the freshwater residence times in the lagoon.

event with a freshwater residence time of 185 days.

Introduction: We investigated the magnitude and duration of desalination of Pulicat—a coastal lagoon ecosystem
connected to the Bay of Bengal on the South-eastern coast of India—during the 2015 South India flood event
which was a period of high-magnitude precipitation and riverine flooding.

Methods: We estimated freshwater runoff into the lagoon using flow accumulation models for a period of 55 days
(November 1 to December 25, 2015) using daily gridded precipitation data from the Global Precipitation Measurement
and a digital elevation model. Using the estimates of freshwater runoff, direct precipitation and observed salinities, we
simulated water and salinity fluxes of the lagoon using the Land-Ocean Interactions in the Coastal Zone model. Further,
we also used Monte Carlo simulation to estimate the uncertainty in system salinity, the residual salinity at the boundary

Results: We estimated that a high volume (~ 760 x 10° m?) of relatively low salinity waters (residual salinity = 2347 psu)
had been exported from the lagoon to the Bay of Bengal during the period which is likely to have caused a strong dip in
the daily salinity profile of the coastal sea. We contend that the lagoon experienced ~ 40% desalination due to the 2015

Conclusions: The study highlighted the short-term, high-magnitude desalination undergone by Pulicat lagoon during
the 2015 South India floods. Considering the high residual and exchange volumes obtained from the study, we conclude
that Pulicat could be a major exporter of relatively low salinity waters to the Bay of Bengal during monsoons.

Keywords: Pulicat lagoon, 2015 South India floods, LOICZ model, Flow accumulation model, Bay of Bengal

Introduction

Shifts in the salinity regimes in coastal lagoon systems
from brackish water to freshwater or marine salinities are
known to be seasonally progressive; however, such shifts
can also occur at variable rates and spatio-temporal scales
that could go unnoticed. Normal salinity shifts coincide
with the inter-seasonal transitions (from dry to wet or
from post-monsoon to pre-monsoon months). A strong
regime shift is known to occur between 6 and 8%o salinity
in coastal lagoons (Jeppesen et al. 2007). However, high-
impact extreme events such as freshwater floods, tsunami
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inundation, super cyclones, excessive droughts or acute
stresses from pollution can directly impact the ambient
salinities and ecosystem statuses within short temporal
frames which may not be readily evident from time series
data of the variables alone (Scheffer et al. 2001). Moreover,
salinity shifts become very significant in shallow and/or
intermittently closed or open systems of low ambient
salinity and increasing salinities during dry periods
(e.g. Debenay et al. 1998 and Jeppesen et al. 2007).
The coastal sea accounts for about 12% of the world’s
surface (Crossland et al. 2005) and represents a region of
strong salinity and nutrient gradients along the river-sea
continuum. Fluxes of salinity and dissolved nutrients
contribute critical information to the study of changes to
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coastal ecological processes. The export of nutrients from
coastal ecosystems can exceed local riverine fluxes across
the river-sea continuum (e.g. Dittmar and Lara 2001) lead-
ing to changes in the biological carbon pump; alterna-
tively, abrupt desalination by flooding rivers can reverse
the scenario making the coastal ocean autotrophic or het-
erotrophic (e.g. Kempe and Pelger 1991).

Salinity and nutrient budgets of the Bay of Bengal
(BoB) show that the system alternates as a net source or
sink in tandem with the regional climate variations
(e.g. Mukhopadhyay et al. 2002). These changes to
the fluxes of salt and nutrients are further con-
strained by the divisory contributions of large coastal
systems at the boundary (e.g. Bonthu et al. 2016 and
Prasad et al. 2016) which are seldom accounted for.
Thus, water and salinity budgets across the lagoon-
sea boundary can portend changes to the source-sink
characteristics of the BoB at large. The fact that estu-
arine systems demonstrate highly complex responses
and spatio-temporal variability especially in relation to
salinity and depth (e.g. Ysebaert et al. 2003) makes it
important to record the changes that coastal systems
exhibit in response to monsoonal flooding events.
Regional estimates of sea surface salinities of the BoB
have indicated high-magnitude decreases in salinities
during monsoons (e.g. Akhil et al. 2014); however,
contributions from large coastal systems can provide
valuable insights at finer resolutions. More recently,
Behara and Vinayachandran (2016) highlighted the
greater influence of monsoonal riverine runoff on
lowering the salinity of BoB (~>2 ppt) at the coastal
boundary. Although riverine runoff in larger river ba-
sins, such as the Ganges-Brahmaputra, is given
greater attention, it is also important to understand
the relative influence of large brackish water systems
along the east coast of India (e.g. Chilika lake and
Pulicat lagoon). Sudden changes from high to low sa-
linities are known to adversely impact the macrophyte
communities to a large extent (e.g. Charpentier et al. 2005)
as well as shrimp populations (e.g. Gelin et al. 2001). While
extensive monsoonal dilution of lagoons is relatively
commonplace, detailed understanding of the impacts of
high-magnitude flooding remains quite critical in deciding
whether such events would impact salinity and its regime
shifts (e.g. Jeppesen et al. 2007).

Van Oldenborgh et al. (2016) indicated that the December
1, 2015, Chennai rain event, a part of the 2015 South India
floods, could be considered an extreme event, given that the
region’s highest mean precipitation was recorded on that
date. In this study, we investigated the responses of Pulicat
lagoon (Fig. 1), Chennais ‘backyard’ brackish water system
and India’s second largest lagoon system to this event. Our
hypothesis was that the response to this event represented a
period of very rapid salinity reversals in a post-event scenario
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Fig. 1 Pulicat lagoon (filled with cyan) is shown with regional
topography derived using CARTOSAT DEM and the major water
bodies (marked in blue) of the drainage basin. The river channels
(Araniar, Kalangi and Swarnamukhi) are indicated with blue lines.
Major dams are marked with black pointers (from Raju et al. 2006,
Raju et al. 2013, Sprenger et al. 2015). Entrance of the lagoon into
the Bay of Bengal is presently active only near the southern region
of the lagoon (marked with a red star). The sampling locations used
in the present study for surface salinity are denoted by black dots

corresponding to the period of maximum riverine runoff
into the ecosystem, as well as maximum export to the sea
(BoB). We attempted to understand and constrain the
magnitude and extent of desalination undergone by the eco-
system for providing a holistic picture of the monsoonal
salinity changes in 2015 by using runoff estimates from a
hydrological flow accumulation model and conservative
water and salinity fluxes using the Land-Ocean Interactions
in the Coastal Zone (LOICZ) model (an International
Geosphere-Biosphere Programme, Gordon Jr. et al. 1996).

Methods

Study area

Pulicat lagoon system (Fig. 1) is a shallow (area = ~ 300 km?,
average depth=~1 m; source: GLDB, Kourzeneva et al
2012), microtidal, endorheic brackish water ecosystem
connected to the BoB on the east coast of India which
comprises of the lake water body, the fringe marshes and the
islands. The ecosystem belongs to the East India Coastal
Province (Longhurst code: INDE), under the Longhurst
Biogeographical Provinces classification system (Longhurst
2007, VLIZ 2009). The major part of the lagoon has no direct
connection to the sea; active exchange occurs through an en-
trance in the southern portion of the lagoon near Pulicat
town. Monsoonal flows in the rivers Araniar and Kalangi of
the western shores in the southern and northern parts of the
lagoon, respectively, bring freshwater during the Northeast
monsoonal season between October and December causing
dilution (Rao and Rao 1974, Raman et al. 1977). The influx
of freshwater is often countered by the tidal influx but



Santhanam and Natarajan Ecological Processes (2018) 7:10

restricted to the southern portion to a distance of about
10 km from the entrance to the sea (e.g. Raman et al. 1977).
Closures of the entrance and low monsoonal precipitation
over the years are often cited as factors impacting the salinity
characteristics of the lagoon (Coulthard 2008). Sandy shoals
emerge in the shallow, central portions during the pre-
monsoon dry seasons. Over the past 70-80 years, shrinkage
of the lagoon has also been reported (e.g. Ramasamy 2006).
Several studies across the years provide a comprehensive un-
derstanding of the multi-environmental nature of the lagoon
(e.g. Kaliyamurthy 1974, Radhakrishnan 1975, Ramesh et al.
2002, Shalini et al. 2006, Purvaja et al. 2008, Reddy et al.
2012 and Jayakumar et al. 2013). The two major fish landing
centres at Pulicat and Arambakkam that contribute signifi-
cantly to the socioeconomics of the region are located on the
western shores of this lagoon, which is vulnerable to sudden
salinity shifts. The magnitude of precipitation and low salin-
ity are known to impact the fish, oysters (Crassostrea
madrasensis), shrimps and prawn (especially the native tiger
prawns) populations at Pulicat lagoon (Sanjeevaraj 2006,
2011; Coulthard 2008).

Known to be in the ‘eye of the storm’ for its proximity
to Nellore and Chennai coasts, Pulicat has a long history
of flooding due to storm-induced precipitation (e.g.
Winckworth 1931). Floods in the rivers Araniar and
Kalangi would normally impact the lagoon salinities dir-
ectly through monsoonal dilution, while freshwater from
the river Swarnamukhi could contribute through the
sub-surface flows (Raju et al. 2006). However, the up-
stream dams, reservoirs and ‘anicuts’ (a local term for
check dams) on these rivers (Fig. 1, Sprenger et al. 2015)
and managed aquifer recharge structures (Raju et al.
2013, Sprenger et al. 2015) built to divert/store the run-
off from monsoons significantly reduce the surface run-
off into the lagoon at various points on the western
shore. As a result, there have been few possibilities for
monsoonal desalination of the lagoon in the recent times
(i.e., from 1960s when the first check dams across the
rivers came into existence, source: http://www.india-
wris.nrsc.gov.in/wrpinfo/index.php?title=Main_Page)
under normal conditions. During the 2015 precipitation
event, the connecting channels of the Araniar in the
south and Kalangi in the north carried the surplus runoff
from these reservoirs also into the lagoon, an unusual
occurrence. Thus, the flood scenario of November—De-
cember, 2015, provided a unique opportunity to study
changes to the water and salinity budgets across the
river-lagoon-sea continuum during the highest magni-
tude period of desalination in the recent times.

Precipitation data

Precipitation for the Pulicat lagoon watershed was ob-
tained from Global Precipitation Measurement (GPM)
Level 3 IMERG daily precipitation datasets with a spatial
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resolution of 10 x 10 km for the period November 1-De-
cember 31, 2015. The datasets were provided by NASA
Goddard Earth Sciences (GES) Data and Information
Services Center (DISC). Values in each grid represented
the estimates of the daily accumulated precipitation. For
example, Fig. 2a, b illustrates the distribution of precipi-
tation on November 23, 2015, and December 1, 2015,
respectively. Point observations of rainfall data from the
Indian Meteorological Department (Kaur and Purohit
2016) were available for Chennai and Tiruvallur districts
(located closer to Pulicat lagoon). We compared them
with the GPM IMERGE dataset for ascertaining the
ranges of precipitation. Figure 3 presents the temporal
distribution of peak precipitation around the Pulicat re-
gion. Significant monsoonal precipitation was observed
from November 1, 2015, and the peak precipitation for
the Pulicat watershed occurred on November 15, 2015
(291 mm), and December 1, 2015 (310 mm). Following
December 4, the intensity of the monsoonal precipita-
tion declined considerably and became very insignificant
beyond December 25, 2015 (0.35 mm). Hence, we consid-
ered the data between November 1 and December 25, 2015,
for the flow accumulation analysis.

Hydrological flow accumulation model

We used the AT (least cost) search algorithm for water-
shed modelling (Ehlschlaeger 1989) to estimate the flow
accumulation of Pulicat drainage basin. This method
provided a rapid and accurate procedure to measure the
flow accumulation using the precipitation accrued by
the topography of the basin derived from Digital Eleva-
tion Model (DEM). We obtained a 30-m resolution
DEM and depression features (e.g. dams and reservoirs)
for the region derived from CARTOSAT data
(BHUVAN, ISRO CARTOSAT DEM, 2016) and used a
computational resolution of 100 m by 100 m grids.
Thus, we smoothed the data using bilinear resampling
into 100 m resolution in order to determine the major
stream flows. The precipitation layers were resampled
similarly. We used the GRASS GIS environment to per-
form the flow accumulation analysis. Initially, the topo-
graphical parameters for the basin were derived from
the DEM and depression layer. We then derived the
stream flow for each day by adding daily precipitation
over the basin configuration and calculated the accumu-
lated runoff values by adding the cumulative flow into
the lagoon at the major streams. Figure 2 shows exam-
ples of the analysis for two different scenarios. Next, we
fed the cumulative flow accumulation values to the
LOICZ model as the values of runoff from the event
(Fig. 3). Another component of freshwater input into the
lagoon was from the direct precipitation, which we com-
puted as the product of the surface area of the lagoon
and the daily average precipitation over the lagoon.
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Fig. 2 Example scenarios of precipitation (a and b) and the modelled flow accumulation (c and d) over Pulicat watershed are shown for 2 days
representing a typical monsoon day (November 23, 2015) and the day of peak rainfall (December 1, 2015) respectively
A

Salinity

We carried out in situ surface salinity observations at 30
locations from which we selected 12 representative sites
distributed within the Pulicat lagoon with an accuracy of
+0.1 psu using field probes (make: Thermo Scientific
Orion field probes); observations were made during
December 25-27, 2015, after the cessation of the rains.
The extreme flood situation and related socio-economic
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Fig. 3 Graph illustrating the amounts of daily precipitation and
freshwater runoff at Pulicat drainage basin from the northeast
monsoonal rainfall that caused the 2015 South India floods in
November—-December, 2015. Note that Pulicat experienced two
peak events of precipitation and runoff on 15th November 2015
and 1st December 2015

conditions across the Chennai and Nellore regions
starting from the last week of October to the third week
of December prevented a continuous in situ monitoring
programme during the floods. We consider that our salin-
ity measurements at the end of the monsoon would reflect
maximum extent of desalination of the lagoon during the
monsoon period. We averaged the observed values to ob-
tain a representative system salinity due the event to be
used for the LOICZ modelling. For the purpose of com-
parison, we compiled the available salinity observations
from the past pre-monsoon periods for the years 1997
(Padma and Periakali 1999), 1999 (Institute of Ocean
Management AUC 2003), 2005 and 2006 (Santhanam
2009), 2007 (Reddy et al. 2012) and 2015 (present investi-
gation). We derived spatial interpolation plots for six data-
sets of post-monsoon salinities with observations at
different sites within the lagoon, for the years 1997, 1999,
2005, 2006, 2007 and 2015 using the spline interpolation
algorithm of Brovelli et al. (2002) in GRASS GIS environ-
ment (Fig. 4). These analyses were used to describe the ex-
tents of monsoonal desalination over these years.

We obtained the salinity of BoB after spatial-averaging
of the daily-scale salinity data from active Argo floats in
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Fig. 4 Spatial models of post-monsoonal surface salinity distribution of Pulicat lagoon for multiple years obtained by interpolating the available

data from different locations within the lagoon. Sources for these temporal datasets are (a) Padma and Periakali (1999); (b) IOM, No Impact Zone
Studies 2003; () and (d) Harini Santhanam 2009; (e) Reddy et al. 2012 and (f) from the present investigation, The years 1996 (a) and 2015 (f) represent
periods of highest dilution due to the northeast monsoonal rainfall, with noticeably higher persistence of the freshwater conditions in 1996 than 2015.

the sea close to the coast. These data were collected and
made freely available by the International Argo Program
and the national programmes that contribute to it
(http://www.argo.ucsd.edu,  http://argo.jcommops.org;
https://doi.org/10.17882/42182#42348  and  https://
doi.org/10.17882/42182#42344). The Argo Program is
part of the Global Ocean Observing System. Salinity data
from floats were accessed through the software ‘Argo
Data and Products for Indian Ocean’ of the Indian Na-
tional Centre for Ocean Information Services, Hydera-
bad, India; this complemented the global datasets for the
period November—December 2015 (Geetha et al. 2011).
It is important to note that considering the dynamic lo-
cation of the floats and their float cycles, data were
chosen from the locations closest in distance to the la-
goon and closest in date to the flood events to obtain
the sea surface salinity for modelling. The salinity profile
of BoB for the whole period is shown in Fig. 5.

The LOICZ model
We used one-dimensional LOICZ-budget approach to
estimate the conservative water and salinity exchanges

following the modelling guidelines described in Gordon
Jr. et al. (1996) for the period of maximum precipitation
and floods at Pulicat between November and December
2015 i.e., ~55 days (Fig. 6). The values and units of the
different modelling parameters used in the study are
provided in Table 1. For the model, we determined the
system average water extent to be about 312 km” and an
average depth of 1.6 m (from direct observations). The
water spread area was extracted from a Landsat satellite
image of 2015 (NASA Landsat Program 2015). The
evaporative outflow (V) during the period was negli-
gible due to the high humidity experienced during the
event (Mishra 2016). Based on aquifer characteristics
and management in the region (described in detail in
Raju et al. 2013 and Sprenger et al. 2015), we also con-
sidered the contribution from groundwater flow (V)
and hence the contribution of the salinity of ground-
water (Sg) during the period as insignificant compared
to the surface flow which was apparently higher during
the floods. Maximum freshwater flow (V) was obtained
from the flow accumulation procedure described above.
We used the average salinities of the riverine water (Sq)
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Fig. 5 Surface salinity profile of Bay of Bengal from November 4 to
December 31, 2015, obtained from Argo float data. Note that the
maximum decline in salinity (~ 1 psu) occurred on November 30,
2015, just preceding the peak flow accumulation on December 1,
2015, when low-saline waters are likely to have been exported from
the coastal region including the residual flow from Pulicat lagoon

at both Araniar and Kalangi station to represent the
mean salinity of the riverine discharges. Values of the
average system salinity (Sy) and the average salinity of
the ocean (Socn) were used in the LOICZ model for de-
riving the budgets. We also considered the salinity of
contributions of the other stream flows (Sp and S,)
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which can contribute to the salinity of the system to be
insignificant. Our assumptions are based on the follow-
ing considerations following LOICZ guidelines (Gordon
Jr. et al. 1996):

1. The salinity of precipitation (i.e. Sp) may be assumed
to be nil or insignificant to contribute to an increase
in the overall salinity,

2. Other stream flows (V) calculated using our
hydrological model provided very low values for the
flow accumulation which did not significantly
contribute to the overall flow accumulation. Hence,
we considered that the salinity of these flows would
also insignificantly contribute to the increase in the
overall system salinity.

We briefly describe here the procedure for deriving
the water and salinity budgets as per Gordon Jr. et al.
(1996). The residual water volume (V3) at steady state
conditions is calculated as the difference of the sum of
the input sources of water from various sources (freshwater
discharge, precipitation, groundwater seepage and other
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Fig. 6 LOICZ budgets for Pulicat lagoon during a period of 55 days corresponding to the northeast monsoonal rainfall of 2015. a shows the
water fluxes and b shows the salinity budgets
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Table 1 The variables used in the construction of LOICZ budget as per the modelling guidelines detailed in Gordon Jr. et al. (1996)

Parameter Definition Units Model inputs Source

A Surface area of the lagoon 10° m? 312 Landsat imagery survey

D Depth of the lagoon m 16 Direct field measurements

% Volume of the lagoon 10° m? 499.2 Calculation using area and depth

Vo Precipitation volume 10° m® period™ 358.57 +0.0012 GPM Level 3 IMERG Final Daily 10 x 10 km
from the half-hourly GPM_3IMERGHH data

Vo Riverine runoff flow volume 10° m? period™' 370+ 00012 Obtained from flow accumulation model

Seys Mean system salinity of Pulicat psu 12.265+0.1 Direct field measurements

Socn Mean system salinity of Bay of Bengal psu 34+0.29 Argo float data from International Argo
Program and Argo Data Products for Indian
Ocean (Geetha et al. 2011)

So Salinity of riverine runoff psu 05+0.1 Direct field measurements

discharges) and the sum of the outputs (evaporation and
exchange with the sea) required to balance the water
budget of the lagoon ecosystem. The changes to the system
volume and the residual flow are calculated as the water
budget which we provide in Egs. 3.1 and 3.2 below:

dVsys
dt

where,

=Vq+Vp+Vg+Vo+ VE+ Vi (3.1)

Viys = the system volume,

Vq = inflows from stream runoff,

Vp = flow due to direct precipitation,
Vg = groundwater flow,

Vo = other inflows such as sewage,
VE = evaporation and

VR = residual flow.

Residual volume (V3) is the difference between Vi,
and Vo (Vg = Vin — Voud) and assuming that dV,./dt = 0:

Ve = Vin-Vou = -Vo-Vp-Vg-Vo-Vg (3.2)

A negative value of Vf indicates that there is a net out-
flow from the lagoon system to the BoB, and a positive
value of Vy implies a net inflow from the sea. ‘S’ repre-
sents the spatially averaged system salinity and ‘Socn’
represents the salinity of BoB. The residual salinity (Sg)
at steady state conditions is calculated as the average of
the salinities of the lagoon and the sea. Exchange flow or
mixing flux Vx was calculated as shown in Eq. 3.3:

VaSq + VeSe + VaSg + VoSo + VrSr)
(Socn_Ssys)

v, =

(3.3)

where,

Ssys = system salinity of Pulicat
Socn = salinity of BoB

Sq = salinity in stream runoff

Sp = salinity due to direct precipitation

Sg = salinity of groundwater

So = salinity of other inflows such as sewage

The ratio of the absolute value of the system volume
to the residual flow ie., 7, with units of days, provided
the ‘freshwater residence time’ or the ‘hydraulic resi-
dence time’ of the system. Exchange time or the fresh-
water residence time (r) was calculated as the system
volume divided by the sum of absolute value of residual
flow and exchange flow shown in Eq. 3.4

Vsys

T=——
[Vr| + Vx|

(3.4)

These two estimates were important to constrain the
extent of the desalination of the system. z, which is the
average residence time for which the solutes remained in
the system, indicated the period for which the low-
salinity water from precipitation remained in the lagoon
before the eventual exchange with the sea happened.

We used the spreadsheet model, LOICZ Toolbox ap-
plication and guidelines provided in Swaney and Hong
(2009a) to construct the budget models and to perform
the uncertainty and sensitivity analyses. Such simple
spreadsheet models have been highly recommended for
their ease and efficiency in deriving estimates of water,
salinity and nutrient budgets for coastal systems
(Ramesh et al. 2015). The sensitivity of the input param-
eters for the model directly indicates their close relation-
ships with the model outputs such as the residual flux,
exchange volume, residual salinity and residence time
(Gordon Jr. et al. 1996).

Uncertainty and sensitivity analyses, maximum likelihood
estimation

Changes to the ecosystem during the above-mentioned
period of 55 days are expected to be dynamic including
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the changes to the salinity profiles of the lagoon and the S, Socn, Sk and 7 if the baselines values decreased or
sea. Under the extreme conditions of the region’s his- increased by 1, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 75,
toric and unmitigated flood, it was not possible to obtain 80, 90 and 100%. The aim was to derive the minimum
direct estimates for model input parameters such as sal- and maximum likelihoods as well as the best estimates
inity until December 25, 2015. We consider this date as  for a range of perturbation levels to the system. This
the temporal limit for maximum desalination of the la-  analyses thus measured the extent of changes to all the
goon based on the absence of precipitation. However, model parameters when a respective percentage of
the spatial analysis of the post-monsoonal changes of change is applied from the given baseline salinity values.
salinity of the lagoon for a decadal scale provided the For example, a 1% change on a salinity of 20 psu (base-
closest estimates and the ranges of the mean monsoon line) would mean a shift by + 1% from this value result-
lagoon salinity. Given these circumstances, uncertainty ing in changes to all calculated variables from their
and sensitivity analyses were deemed necessary to assess  respective baselines. We considered that changes greater
the impact of different perturbation rates for the system.  than 50% were not very likely and that a 100% change
First, we performed a standard Monte Carlo uncer- would be impossible to be realised. Thus, we modelled
tainty analysis (Fig. 7) considering averages and standard  perturbation as the magnitude of the desalination under
deviations (S.D.) for the input parameters listed in the various levels of the changes to all the model param-
Table 1. This analysis consists of a sequence of opera- eters. In the absence of direct estimates of the values en-
tions for deriving probability distributions for a selected  countered at different perturbation scenarios, this model
set of model parameters and repeating the simulation of  provided us the opportunity to simulate the best possible
each realisations of the parameter set (Swaney and Hong  scenarios (values) that would reflect the actual field mea-
2009b). We generated 100 such realisations of each of surements of salinity. Using our measurements of salin-
these parameters and also calculated the resulting means ity on the 25th December to validate all these scenarios,
as well as S.D. of the model variables over all such rea- we arrived at the most probable estimates of the vari-
lisations of the given parameter set. Stochastic values ables which could have facilitated a drop in the salinity
were generated by this uncertainty model and we simu-  to 12.26 psu.
lated the changes in the values of Sy and 7 correspond-
ing to the changes in the values of Sy and S,., while Results and discussion
keeping the following parameters constant: A, V; D, V,,  Spatial salinity distributions of Pulicat lagoon
Vq and Sq. As per the LOICZ modelling guidelines  Spatial interpolation of the salinities showed temporal
(Gordon Jr. et al. 1996), we assumed that these parame-  variations in the salinities; the mean salinity of the la-
ters remained conservative during the period of investi-  goon was on the order of 20 + 10 psu across the years
gation for assessing uncertainties in the distribution of = 1996-2007 (Fig. 4(a—f)). We observed that the combined
the Sgys, Socns Sk and 7. The best estimates of Sg and 7 influence of the precipitation and riverine flows in the
from the model were obtained. We derived gamma dis- monsoon period of 2015 had transformed the lagoon
tributions for all parameter sets assuming a mean mon-  system to a freshwater-dominated system (Fig. 4(f)). In
soonal salinity (Sss) of 20+10 psu and a mean sea the years leading to the major desalination event in
salinity (Socn) of 34 + 3 psu. 2015, the marine dominance of the lagoon had been at-
We also performed a series of sensitivity analyses tributed to failure of monsoons and the insignificance of
(Fig. 8) to simulate the changes of critical parameters the riverine inputs which play an important role in

V)
o

IN)
o
N
o

©

3
e
L
.

Freshwater residence
time (days)
S o
*
e
%

»e
Freshwater residence
time (days)

»

(9]
.
o
o
*
3
*

o
o

0 10 20 30 40 50 0 10 20 30 40 50
Salinity (psu) Salinity (psu)
Pulicat lagoon ¢ Bay of Bengal Pulicat lagoon & Bay of Bengal Residual salinity

Fig. 7 The values of the system salinity (Pulicat lagoon) as well as the sea salinity (Bay of Bengal) obtained as 100 realisations of the variables using
Monte-Carlo simulations derived using the budget tool developed by Swaney and Hong (2009b). a Gamma distributions of the modelled salinities
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Fig. 8 Sensitivity parameters and models of perturbation ie, the
extent of desalination of Pulicat lagoon corresponding to changes in
the system (Pulicat) and sea (Bay of Bengal) salinities as well as the
freshwater residence times. The sensitivity models were constructed
using the tool developed by Swaney and Hong (2009b)

imparting the brackishness (e.g. Coulthard 2008). An ex-
ception is the year 1996 (Fig. 4(a)) which exhibits the
highest magnitude of desalination in the recent years in
response to the cyclone-induced precipitation in
December, 1996. This coincides with the high dilution
from riverine sources due to high northeast monsoonal
precipitation in this year which is the closest to the 2015
scenario. Beginning with the year 1999, however, we note
that the mean post-monsoon salinities have shown an in-
creasing trend over the years up to 2007 (Fig. 4(b—e)).

Water and salinity budgets

Figure 6 shows the water and salinity budgets obtained
from LOICZ model for a period of 55 days between No-
vember 1 and December 25, 2015. The total volume of
water exported to the BoB was 728.6 x 10° m®, This was
in response to the extraordinary amount of freshwater
influx to the lagoon from direct precipitation (358.6 x
10° m®) as well as riverine runoff (370 x 10° m®). Annual
estimates of the freshwater residence times ranged be-
tween 9 and 74 days and the annual residual flow was
estimated to be in the range of 0.8—1.3 x 10° m® between
1990 and 2006 for the lagoon (Santhanam and Amalraj
2016). Prasad et al. (2016) reported a residual volume of
137.92x 10> m® day ' for the Pichavaram estuarine-
mangrove system (located about 275 km south of
Pulicat) which has a surface area of 11 km? and an aver-
age depth of 0.5 m during the monsoon season. Lesser
estimates of the residual volume (3.86 x 10® m? day” 1y
have been reported for the monsoon season at Muthupet
lagoon (A =13.32 km? V=96x10° m®, Gupta et al.
2006). On the other hand, Bonthu et al. (2016) estimated
that the monsoonal advective water outflow from Chilika la-
goon (A = 1165 km? V=17 m) to be ~72 x 10° m® year '
which is quite high. However, the estimate for a single period
of 55 days for Pulicat lagoon seems quite significant
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compared to the seasonal or annual scale budgets for the la-
goon as well as other systems.

The exchange flow from BoB of about 754.6 x 10° m®
which is based on balancing the outflow of salinity
(Fig. 6) is also higher than the actual volume of the la-
goon (500 x 10° m®). This indicates that, while on one
hand the flushing of the lagoon with the freshwater
seems to have been complete, converting the lagoon
temporarily into a freshwater lake, the balancing ex-
change flow from the sea in return is also observed to be
higher and must have reached all portions of the lagoon
which is quite unique. Such a dominant freshwater
flushing in the recent past occurred in the year 1996
(Fig. 4(a)) due to cyclonic storm-induced precipitation
(Padma and Periakali 1999). Under the circumstances,
the 2015 event had not only facilitated a significant drop
in the average salinity but also lateral well-mixing of the
waters within the lagoon.

The salinity budgets obtained from the model (Fig. 6b)
show that the mixing flux at the coastal boundary has
been quite extensive (~196.3x10° psu m®) and the
freshwater residence time (exchange time) was
18.54 days. The higher residence time within the lagoon
must have facilitated the complete desalination of the la-
goon during the period and is an important result to
consider from the perspective of regime shift. Estimates
of residence times for other lagoons on the east coast
have varied between 1.4 and 4.3 days for Muthupet and
Pichavaram (Gupta et al. 2006, Prasad et al. 2016), indi-
cating faster revival of the tidal influx. The freshwater
residence time is known to be sensitive to salinity ranges
prevalent in the lagoon; higher periods (in months or
years) are known to indicate higher riverine influences
compared to tidal mixing on the lagoon and vice versa
(e.g. Bonthu et al. 2016). The freshwater residence time
estimated for the 2015 event indicates that while initially
riverine discharges would have facilitated desalination,
the tidal influx after ~ 18.5 days restored brackishness to
the lagoon. This observation coincides well with a sud-
den drop in the salinity (~ 0.6 psu) of BoB close to Puli-
cat shore observed between November 19-20, 2015,
from the Argo float data (Fig. 5). The salinity drop (~
1 ppt decrease) was quite pronounced on November 30,
2015, corresponding to the peak precipitation and flood
event on December 1, 2015. We speculate that the large
volume of low-saline waters exported from the Pulicat
system between November 19 and 29, 2015, could have
contributed towards the drop closer to the coast. It is to
be noted that even a decrease of 1 ppt in the sea surface
salinity requires to be treated with caution (Behara and
Vinayachandran 2016). A lesser decrease of about ~
0.2 psu at BoB occurred on December 22, 2015, approxi-
mately 19-20 days after the first exchange again coincid-
ing with the exchange time for the period.
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Uncertainty model

Gamma distributions of the freshwater residence times
were plotted versus the salinities of Pulicat and the BoB as
well as the residual salinities at the boundary (Fig. 7a, b).
These provided 100 realisations (stochastic values) of the
parameter sets from the uncertainty model. The com-
puted uncertainties in the system salinities seem to be lar-
ger with higher standard errors (S.E.) compared to that of
BoB indicating that a wide spectrum of changes is likely to
have materialised during the period (Fig. 7a). The range of
fluctuations in the freshwater residence times seems to be
higher with respect to modelled ranges of the system sal-
inity (with higher S.E.) rather than those of BoB (lower
S.E.). These observations suggest that the system salinities
are likely to have undergone a higher range of variations
between ~ 4.5 and 32 psu based on the changes in precipi-
tation and riverine runoff. The model indicated the ranges
of salinities of the sea could have varied between ~ 24.5
and 42.7 psu in response to the changes in the ranges of
the system salinities. These results support our observa-
tions on the large decrease in the system salinities and
corresponding export of low saline waters to the sea dur-
ing the 2015 event.

The results also indicate that increase in the system
salinity causes a corresponding decline in the resi-
dence times. From the modelled values, we selected
subsets (Fig. 7b) which were in good agreement with
the observed values of the salinities from the field. It
would be helpful to recall that we considered the
spatial models over different periods in the past to re-
flect the maximum possible decrease in the salinity of
the system from the mean monsoonal salinities of 20
+10 psu at the end of the 55 days corresponding to
the mean sea salinities of 30+3 psu. The LOICZ
model provided a residual salinity of ~23 psu and
residence time of ~ 18.5 days for the current period.
Figure 8 shows the three model scenarios (highlighted
in the box) reflecting the most probable values of sa-
linities of the system, the sea and the residence times
that would have been prevalent during the period.
For example, the residual salinity in the range of 22—
25 psu are observed to be produced when the system
salinities are in the range of 12 to 13 psu and sea sa-
linities between 32 and 35 psu for these three realisa-
tions. The corresponding residence times were
modelled to occur between 184 and 18.6 days. The
observed (marked as black-bordered points) show
good agreement with the actual values of these pa-
rameters (system salinity =12.26 psu, the sea salinity
=34.7 psu and the residual salinity = 23.47 psu for the
residence time of 18.5 days). Thus, we contend that
despite the high amount of uncertainty, the model
has well-constrained the most probable ranges of the
salinities that could have been prevalent at the period
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of desalination of the lagoon. Hence, it emerges that
the period of highest decrease in the system salinity corre-
sponds to a freshwater residence time of 18.5 days.

Sensitivity model

We simulated the different perturbation scenarios by as-
suming different percentages of disturbances (‘percent
perturbation; Fig. 8) to the system from 1 to 100%. We
assumed the same mean salinities for both the system
and the sea as baselines for modelling the resultant
changes to the residual salinity and residence times.
Based on the modelling guidelines detailed in Swaney
and Hong (2009a), we considered the following import-
ant assumptions to select a set of practically possible
scenarios from the simulations that could represent ei-
ther positive or negative deviations from the baseline
values:

1. Significant changes to the salinities would well be
detected above + 5% perturbation levels, although
sensitivity to changes less than 5% of the baseline
was also considered.

2. Changes of the order of + 10% from baselines were
significant for considering the extent of change in
salinities,

3. Percent perturbations higher than +50% (i.e. + 60—
100%) are not realistic.

Figure 8 shows the values for salinity and residence
times obtained from the sensitivity model. We selected
11 scenarios depicting different degrees of desalination
and 11 corresponding scenarios which simulated in-
crease in the salinities in response to the respective per-
turbation levels (Table 2). This set of 22 scenarios
emerged as the probable scenarios for the lagoon
amongst the whole range of simulations between * 1 to
+100%. We compared the modelled values to system sa-
linities, residual salinity and residence times with our
direct observations and estimates from the LOICZ
model.

Scenarios 2, 3 and 4 emerged as the cases for which
the simulated values were closer to the observed values
(Fig. 8). These represented the negative percent pertur-
bations of 35, 40 and 45 from the baseline illustrating
that desalination of the order of 35-45% has occurred in
the system due to the 2015 flood event. The scenarios
provided a range of system salinities, the residual salinity
and the residence times corresponding to the 35, 40 and
45% decrease from baseline salinity as follows: 11, 12
and 13 psu; 22.5, 23 and 235 psu; 19.2, 18.6 and
17.9 days, respectively. Of these, scenario 3 represented
the best set of estimates and scenarios 2 and 4 repre-
sented the closest minimum and maximum likelihoods
for the event.
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Table 2 The different model scenarios simulated for the desalination extents ranging between + 1 and 50% from the baseline
values (‘B') for Pulicat lagoon. * represents the simulated scenario that is closest to the real-time estimates

Scenario Perturbation level System Residual Freshwater residence
salinity (psu) salinity (psu) time (days)

1 B—50% 10 22 19.8
2 B—45% 1 225 19.2
3 B—40% * 12 23 186
4 B—35% 13 235 179
5 B—30% 14 24 173
[§ B—25% 15 24.5 16.6
7 B—20% 16 25 159
8 B—15% 17 255 15.2
9 B—10% 18 26 14.5
10 B—5% 19 26.5 137
11 B—1% 19.8 269 13.1
12 B+1% 20.2 27.1 128
13 B+5% 21 27.5 122
14 B+10% 22 28 114
15 B+15% 23 285 106
16 B+20% 24 29 9.7
17 B+25% 25 29.5 89
18 B+30% 26 30 8.0
19 B+35% 27 305 7.1
20 B+40% 28 31 6.2
21 B+45% 29 315 52
22 B+50% 30 32 42

It is important to note that the residence times are
negatively related to the increase in salinity as the uncer-
tainty model had indicated. Positive increments from the
baseline to the percent perturbations lead to decrease in
residence times which do not conform with the esti-
mates from the LOICZ model as well as the direct field
observations; the positive increases to salinity are hence
deemed improbable.

Conclusions

The present investigation provided an understanding of
the magnitude and duration of desalination of Pulicat la-
goon under the impact of the large-scale precipitation and
riverine runoff between November 1 and December 25,
2015. The period represents a recent dynamic, short-term,
high-magnitude desalination of the marine-dominated la-
goon. Field investigation revealed that the dilution due to
the freshwater discharge into the lagoon lowered salinities
drastically and the mean salinity of 12.26 + 0.5 psu was en-
countered 2 weeks after the peak floods. LOICZ models
coupled with uncertainty and sensitivity modelling were
useful to constrain the magnitude and duration of the de-
salination of the lagoon. This approach was useful to

simulate the uncertainties in the values of salinities for the
entire period and to determine the most probable param-
eter sets for which the observed values were closer to the
modelled values. From the different sensitivity models,
one scenario representing the decrease in the salinities by
40% from baseline values emerged as the best model to
depict the extent of desalination from the 2015 event.

The freshwater residence time of 18.5 days conformed
with decrease in both residual and sea salinities between
November 19 and 30, 2015, which was followed by the
second peak flood on December 1, 2015. A salinity re-
versal from predominantly marine to freshwater must
have lasted up to the first week of December, 2015, while
slowly decreasing in magnitude towards the third week,
thereby reducing carry-over salinity for the subsequent
year. The first 2 weeks of high-impact flooding likely re-
sulted in a higher area of freshwater influence over the
tidal inflow, with the slow cessation of the rains in the
third week of December. Subsequently, the influence of
the tidal flow restored the ecosystem to brackish salinity
levels. The LOICZ model indicated that a high volume
of low saline waters (728.6 x 10° m?; residual salinity ~
23 psu) were exported to the sea within a period of
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55 days. BoB is known for being a low-saline sea owing
to export of freshwaters from the large riverine systems
such as Ganges-Brahmaputra. We contend that Pulicat
could also be a major exporter of low-saline waters to
the BoB during the monsoons.
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