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Abstract The fugacity of CO2 (fCO2 (water)) and air-water CO2 flux were compared between a
river-dominated anthropogenically disturbed open estuary, the Hugli, and a comparatively pristine
mangrove-dominated semiclosed marine estuary, the Matla, on the east coast of India. Annual mean salinity
of the Hugli Estuary (≈7.1) was much less compared to the Matla Estuary (≈20.0). All the stations of the Hugli
Estuary were highly supersaturated with CO2 (annual mean~ 2200μatm), whereas the Matla was marginally
oversaturated (annual mean~ 530μatm). During the postmonsoon season, the outer station of the Matla
Estuary was under saturated with respect to CO2 and acted as a sink. The annual mean CO2 emission from the
Hugli Estuary (32.4mol Cm�2 yr�1) was 14 times higher than the Matla Estuary (2.3mol Cm�2 yr�1). CO2

efflux rate from the Hugli Estuary has increased drastically in the last decade, which is attributed to increased
runoff from the river-dominated estuary.

1. Introduction

Estuaries are large sources of carbon dioxide (CO2) to the atmosphere [Jiang et al., 2008; Borges and Abril,
2011], but the global estimates of estuarine CO2 emissions that range between 0.27 and 0.50 PgC yr�1 are
based on limited spatial and temporal data [Chen and Borges, 2009; Laruelle et al., 2010]. In particular, few
data-based flux estimates from the abundant Asian estuaries are available [Sarma et al., 2011; Sarma et al.,
2001; Mukhopadhyay et al., 2002; Zhai et al., 2005; Akhand et al., 2013]. Most of the estuaries studied were
strongly heterotrophic. However, some recent estimates showed less heterotrophy or even autotrophy in
the estuaries and lower air-water CO2 fluxes [Crosswell et al., 2012; Maher and Eyre, 2012; Kuwae et al.,
2016], which were expected to show high effluxes based on the spatially explicit global typology approach
of Laruelle et al. [2010]. The large variability between and within estuarine systems make it essential to
improve knowledge of estuarine air-water CO2 fluxes in order to produce better estimates of global estuarine
CO2 exchange [Evans et al., 2013]. Carbon cycling in the abundant estuaries and mangrove systems in Asia is
relatively understudied and plays an important role in Blue Carbon [Donato et al., 2011]. The sequestration
capacity and, in particular, changes thereof can play a major role in coastal carbon cycling.

Most of the river-dominated estuaries are supersaturated with respect to CO2 leading to high emissions [Guo
et al., 2009]. The CO2 input into these systems mainly occurs via the main stem river and groundwater dis-
charge [Cai, 2011]. The freshwater flow maintains a steady input of labile organic matter that stimulates
the bacterial respiration. The high suspended sediment load limits the availability of light and hence phyto-
plankton growth, which in turn makes the net ecosystemmetabolism negative [Borges and Abril, 2011;Maher
and Eyre, 2012]. Both these factors lead to net heterotrophy in river-dominated estuaries and the air-water
CO2 flux toward the atmosphere [Jiang et al., 2008].

In tropical regions mangroves often surround estuaries and are known as one of the most productive coastal
intertidal ecosystems of the world capable of fixing 218� 72 Tg C yr�1 globally [Bouillon et al., 2008]. The
mangrove ecosystem as a whole is net autotrophic, but the water column in most cases is found to be net
heterotrophic [Borges et al., 2003]. A substantial part of the carbon cycled in the mangrove ecosystems are
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either remineralized to dissolved inorganic carbon or enter the estuaries in the form of particulate and
dissolved organic carbon. This carbon is partially remineralized and exported to coastal ocean or to the atmo-
sphere via gas exchange [Bouillon et al., 2008]. The net heterotrophy exhibited by the mangrove-dominated
estuaries is attributed to the factors like porewater and groundwater exchange through tidal pumping
[Borges et al., 2003; Bouillon et al., 2008; Maher et al., 2013; Call et al., 2015] and to some extent by high tur-
bidity, canopy shadow, and large fluctuations in salinity leading to limited aquatic primary production.
Input of labile organic carbon by means of leaf and wood litter from the overlying canopy can also contribute
[Jennerjahn and Ittekkot, 2002; Borges et al., 2003].

In this study, the fugacity of CO2 in water (i.e., fCO2 (water)), which is the partial pressure of CO2 corrected for
nonideality, and air-water CO2 fluxes was compared between the Hugli, a river-dominated estuary, and the
Matla, a mangrove-dominated semiclosed marine estuary situated close to each other within the same
bio-climatic zone. We hypothesize that the air-water CO2 fluxes differ between an anthropogenically dis-
turbed river-dominated estuary and a comparatively less human affected mangrove estuary. Additionally,
the present CO2 flux rates from Hugli Estuary were compared with respect to previous observations. No pre-
vious data on CO2 fluxes are available along the tract of the Matla Estuary. The results show the large differ-
ences in fluxes between adjacent estuaries and the need for quantification along with elucidation of
the causes.

1.1. Study Site and Sampling Strategy

The studies were conducted in the lower stretches of Hugli River (see Figure S1 in “supporting information”), a
260 km long tributary of the River Ganges flowing through several major cities and industrial belts, and in the
Matla River, both in the state of West Bengal, India. The Hugli receives a perennial freshwater discharge from
the Ganges, and its lower stretches act as an open estuary throughout the year. The Matla River forms a wide
estuary surrounded by the Sundarban mangrove forest. It lost its connection from the mainstream Ganges
long ago, and it is at present a semiclosed estuary where the seawater encroaches and recedes by means
of tidal cycle. Both these estuaries are known to be “well-mixed”mesotidal-macrotidal estuaries characterized
by a large semidiurnal tide (2.5–7m) having mean current velocities varying between 117 and 108 cm s�1

during ebb and flood tide, respectively [De et al., 2011]. The depth of the Hugli Estuary varies along the chan-
nel from ~21m at Diamond Harbour to ~8m at the mouth of the estuary [Central Inland Fisheries Research
Institute, 2012]. The Matla River, on the other hand, no longer receives freshwater influx either from the
River Hugli or Bidyadhari and thus becomes an enclosed tidal inlet of the sea with limited wave action and
water movements. The region generally becomes filled with seawater during high tide, andmost of the water
gets drained away toward the sea at low tide leaving a narrow stream of 0.9–1.2m water in some places
[Sarkar et al., 2004]. The seasonality can be described as premonsoon (February–May), monsoon (June–
September), and postmonsoon (October–January), respectively.

Four equidistant stations in the Hugli Estuary and three along the tract of the Matla Estuary were sampled
during the course of this study. Approximately 740 and 330 km2 water surface area has been explored under
the present study in Hugli and Matla Estuaries, respectively. The data were collected from anchored boats
hired for research purpose at the selected stations. Sampling was carried out at all the stations twice each
month throughout a complete annual cycle. Sampling was done at 1 h interval at a stretch for 24 h in each
system of different seasons to examine diel and tidal variability. The entire study was carried out between
August 2013 and July 2014.

2. Methodology
2.1. Field and Laboratory Measurements

Water surface salinity, temperature, dissolved oxygen (DO), apparent oxygen utilization (AOU), euphotic
depth, turbidity, underwater photosynthetically active radiation (PAR), and chlorophyll a (Chl a) were mea-
sured by using standard protocols. pH and total alkalinity (TAlk) were directly measured. Fugacity of CO2 in
water (fCO2 (water)) and dissolved inorganic carbon (DIC) were computed from TAlk and pH by using the soft-
ware CO2SYS.EXE [Lewis and Wallace, 1998]. Air temperature, atmospheric pressure, wind velocity, solar radia-
tion, and CO2 concentration in the ambient air were also measured by using standard instrumentation (see
Text S1 in supporting information for details).
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2.2. Computation of the Air-Water CO2 and O2 Fluxes

The air-water CO2 and O2 fluxes have been measured by standard bulk formula method. Gas transfer velocity
was calculated according to the wind speed based formulae of Ho et al. [2011] (see Text S2 in supporting
information for details).

2.3. Uncertainty in the Computation

The uncertainty in fluxes is dominated by the empirical relationships of gas transfer with environmental for-
cing and to lesser extent by the uncertainty in calculated fCO2 (water). The uncertainty of CO2 mol fraction in
air was estimated at �1 ppm based on calibration against standards of 0 ppm, 300 ppm, and 600 ppm CO2.
The calibration of TAlk against certified reference standards had an uncertainty of �45μmol kg�1. The cali-
bration of the pH meter with standard buffers showed an uncertainty of 0.011 pH. Combining the two uncer-
tainties of pH and TAlk yields an error of�40μatm in computed fCO2 (water), which is an order of magnitude
greater than that obtained from direct measurement of fCO2 (water). The combined estimate of error of fCO2

(air) and fCO2 (water) in the computation of ΔfCO2 varies between 3 and 5%. The uncertainty in the air-water
CO2 flux is dominated by the uncertainty in gas transfer velocity. Considering the depth and width of the
River Hugli and Matla, and their comparability with Hudson River Estuary, we have used the model of Ho
et al. [2011] for gas transfer velocity parameterization. Following Ho et al. [2011], we assume that wind, rather
than currents, has the primary control of gas transfer in these large estuaries. For three studies Ho et al. [2011]
obtained an average root-mean-square error of ≈25% for the fit against the observations. However, from Ho
et al. [2011, Table 3] the difference between the relationships used by Raymond and Cole [2001], Borges et al.
[2004], and Jiang et al. [2008] and the field observations in the Ho et al. [2011], the uncertainty in gas transfer
is ≈50%. For our uncertainty estimates of flux (Figure 1) we use the Hudson specific lower value.

3. Results and Discussion
3.1. Atmospheric and Hydrological Parameters

Air temperature, pressure, and solar intensity in the two estuaries did not exhibit any statistically significant
difference (p> 0.05) between the estuaries as they are situated within 1° longitudinal distance (see Table S1
in supporting information). fCO2 (air) and surface water temperature also showed similar magnitudes in both
the estuaries throughout the year. However, the wind velocity and hence the computed gas transfer velocity
according to Ho et al. [2011] were much higher in the river-dominated Hugli Estuary compared to the man-
grove encompassed Matla Estuary. The comparatively greater width of the Hugli Estuary facilitated the free
flow of wind. On the contrary, in the Matla Estuary the presence of mangroves which act as wind shelter can
reduce the wind velocity [Elnwishy et al., 2009].

Surface salinities were markedly different in the two estuaries. Due to the freshwater input, the mean salinity in
the Hugli Estuary was ~3 times less than the Matla Estuary in all seasons. During the monsoonal discharge, the
surface salinity in the inner stations of the Hugli Estuary was as low as 0.1. In the Matla Estuary the salinity was
quite high (≈20) since the incoming seawater gets diluted only by the runoff through the mangroves. Spatially,
surface salinity increased toward the ocean in both the estuaries. DOwas slightly lower and chl a concentrations
were marginally higher in the Hugli Estuary (annual mean of 175� 19μmol kg�1 and 3.23� 0.96mgm�3,
respectively) compared to the Matla (annual mean of 185� 25μmol kg�1 and 2.97� 0.97mgm�3, respec-
tively). DO was found to increase from the inner stations toward the river mouth in both the Hugli and the
Matla Estuaries; however, no such spatial trend was observed in case of chl a. The euphotic depth and PAR
was slightly higher in the Matla Estuary compared to Hugli, whereas turbidity showed an opposite trend. The
perennial discharge in Hugli Estuary from the mainstream of Ganges brings in a high suspended matter load
throughout the year, whereas inMatla Estuary, the sedimentary input originatesmainly from themangrove soils
from tidal flushing and runoff and is much smaller compared to the Hugli.

3.2. Carbonate System

pH displayed a systematic increase from the inner to the outer estuarine stations of the Hugli (Figure 1a). During
the monsoon season, pH as low as 7.4 was observed at the innermost station (H1) of the Hugli Estuary,
whereas in the lower reaches it was more than 8.0. This type of increasing trend through the estuary was
observed in Matla only during the monsoon, and no such trend existed in the other two seasons (Figure 1b).
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The magnitude of pH in the two estuaries was substantially different for all the seasons. In the Hugli the annual
mean pH at H1 was 7.850, whereas at M1 it was 8.044. The lower reaches of the Hugli (H4) had a mean annual
pH of 8.040, while at M3 (lower reach of Matla) the mean pH was 8.205.

Similarly, the fCO2 (water) varied greatly between the two estuaries (Figures 1g and 1h). The annual mean
fCO2 (water) in the Hugli was 4 times higher (~2200μatm) than that found in Matla (~550μatm). High
fCO2 (water) values (4000–6000 μatm) at the inner stations of the Hugli were associated with low pH (~7.6)
and low salinity (0.1–3.0). Similar trend of high fCO2 (water) values in low-salinity waters was also found in
the Mandovi Estuary [Sarma et al., 2001], the Hudson River [Raymond et al., 1997], and other European estu-
aries [Frankignoulle et al., 1998]. The magnitude of fCO2 (water) gradually decreased from the inner stations
toward the lower reaches in case of the Hugli Estuary for all seasons. Sarma et al. [2001] and Mukhopadhyay
et al. [2002] observed similar decreasing trend from inner stations toward the ocean in other Indian estuaries.
However, throughout the annual cycle the surface waters of Hugli Estuary remained supersaturated. Even in
the lower reaches of the Hugli, fCO2 (water) rarely went below ~600μatm. However, the magnitudes docu-
mented in polluted estuaries like the Rhine (∼25,000μatm [Kempe, 1982]) and the Scheldt (∼15,200μatm
[Borges and Frankignoulle, 2002]) was much higher than observed in the present study. The monthly dis-
charge in the Hugli Estuary, with discharge data taken from Rudra [2014], exhibited a statistically significant
correlation (R2 = 0.71, p< 0.05) with the monthly mean fCO2 (water) values observed for all four stations of
the Hugli Estuary. This suggests that large allochthonous input of land-derived organic material along with
high nutrient supply that facilitates high phytoplankton biomass (chl a: up to 4.98) leads to high bacterial
respiration, which in turn leads to supersaturation of CO2, which was also observed by Sarma et al. [2011]
in the Godavari Estuary. In contrast, the surface waters of the station of the Matla closest to the ocean (M3)
was mostly undersaturated with CO2 with a seasonal mean fCO2 (water) between 289 and 347μatm. The
inner two estuarine stations exhibited higher values of fCO2 (water) with the maximum during the monsoon
(~2850μatm). Measured TAlk and computed DIC followed a similar trend to fCO2 (water) in the respective
estuaries (Figures 1c–1f). However, the fCO2 (water) values of mangrove dominated water bodies of Matla

Figure 1. The seasonal and spatial variabilities of pH in (a) the Hugli and (b) the Matla; TAlk in (c) the Hugli and (d) the Matla; calculatedDIC in (e) the Hugli and (f) the
Matla; calculated fCO2 (water) in (g) the Hugli and (h) the Matla; air water CO2 flux in (i) the Hugli and (j) the Matla and air-water O2 flux in (k) the Hugli and (l) the
Matla; AOU in (m) the Hugli and (n) the Matla, and excess DIC in (o) the Hugli and (p) the Matla Estuaries for the premonsoon (Pre-M), Monsoon (Mon), and post-
monsoon (Post-M) seasons. Note the differences in scale for the results of the Hugli and the Matla.
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Estuary are at the low end of the reported range of mangrove waters [e.g., Bouillon et al., 2003; Call et al.,
2015]. There have been few works reporting such a low fCO2 (water) but was also observed by Biswas et al.
[2004] while working in the river mouth (Muriganga, Saptamukhi, and Thakuran Rivers) of the mangrove
waters of Sundarban. They found the mangrove water undersaturated with respect to atmosphere during
all the postmonsoon months and two months during monsoon. Borges et al. [2003] also reported lesser
pCO2 (water) of 380 to 750μatm from the mangrove water of Bahamas. We assume that this lesser magni-
tude of fCO2 (water) in comparison with other mangrove waters of the world is attributed to lack of river-
derived freshwater input in this estuary [Sarkar et al., 2004] and sole dependence on the carbon export from
themangrove, majorly in the form of DIC [Bouillon et al., 2008], and possible high ratio of surface water area to
mangrove-populated shoreline compared to other systems studied to date. However, this issue should be a
focus of future work on nearshore and benthos. Supersaturation of CO2 with several folds higher fCO2 (water)
values in the Hugli than in the Matla is the key factor for low pH value observed in the river mouth of the
Hugli Estuary.

3.3. Diurnal and Diel Variability of fCO2 (Water)

The semidiurnal tidal cycle is found to play a crucial role in regulating the diurnal as well as diel variability of
fCO2 (water). Salinity varied over a range of 2–3 within one semidiurnal tidal cycle (~6 h) at all the stations. In
both the estuaries, highest fCO2 (water) values coincided with the lowest low tide (Figure 2). Even when the
low-tide conditions coincided with the photosynthetic maxima during the day, the effect of low tide over-
ruled the photosynthetic CO2 uptake leading to increases in fCO2 (water). In the Hugli Estuary, during low tide
the organic material-rich freshwater attains its peak. Similarly, in Matla, during low tide, such increases in fCO2

(water) could be due to pore water/groundwater mixing with the estuarine waters and subsequent change in
the chemical properties of it during ebb and low tide until inundation of sediment surface during flood tide
[Ovalle et al., 1990;Middelburg et al., 1996; Alongi et al., 1998; Kristensen et al., 2000;Maher et al., 2013; Akhand
et al., 2013].

The scatterplot between the monthly mean fCO2 (water) and salinity (Figures 2g and 2h) exhibited a negative
relationship. In Hugli Estuary, the negative relationship was observed throughout all the seasons; however, in
Matla, it was clearly observed only in case of postmonsoon season. The goodness of fit of the linear trend
between these two parameters was better for the Hugli (R2 = 0.48, p< 0.05) than for the Matla (R2 = 0.37,
p< 0.05). This observation signifies that apart from the role of tidal cycling a biological control of fCO2 (water)
also existed. This biological control was more apparent in the Matla compared to the Hugli. For both the estu-
aries, extremely highly fCO2 (water) was observed corresponding with the lower values of salinity, which
implies that the higher the freshwater content, the higher the fCO2 (water).

3.4. Air-Water CO2 and O2 Flux

The estimated mean air-water CO2 fluxes ranged from 1626 to 16944, 942 to 10016, 395 to 9743, and 121 to
4349μmolm�2 h�1 for the H1, H2, H3, and H4 stations, respectively (Figures 1i and 1j). In the Hugli Estuary,
the supersaturation of fCO2 (water) was so high with respect to atmospheric CO2 concentration that the
fluxes closely followed the variability of fCO2 (water) throughout the annual cycle. Higher effluxes were
observed in the inner estuarine stations, which gradually decreased toward the oceanic end. The positive
air-water CO2 fluxes were accompanied by negative O2 fluxes (into the water) during all the seasons with
varying magnitudes (Figures 1k and 1l). High negative O2 fluxes were observed in the inner stations of the
Hugli, which indicates the utilization of oxygen and thus high AOU values due to intense heterotrophic activ-
ity in the water column in turn leading to the high CO2 effluxes. Results of mixing calculations in conjunction
with the estimated undersaturated levels of dissolved O2 suggest that biological respiration and organic car-
bon degradation dominate over biological production in the Hugli Estuary [Samanta et al., 2015]. The corre-
sponding high fCO2 (water) could be aided from the simultaneous photo-induced respiration and/or
degradation of dissolved organic matter and primary producers [Mostofa et al., 2016]. Mukhopadhyay et al.
[2006] also observed that due to excessive turbidity in the water column of the Hugli Estuary, the euphotic
depth was always very shallow. Despite having high nutrient levels, the autotrophic productivity in the
euphotic zone did not exceed the community respiration of the entire water column.

In the Matla Estuary, the CO2 fluxes weremuch lower than that observed in the Hugli. They ranged from�303
to 3033,�249 to 1764, and�358 to�328μmolm�2 h�1 in M1, M2, and M3 stations, respectively. This shows
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that the inner and middle estuarine stations of Matla Estuary exhibited net heterotrophic character through-
out the year; while the outer estuarine station (M3) acted as a small CO2 sink. This implies that while in the
mouth of Hugli Estuary the water column still retains a substantial organic load, which is enough to make
it act as a source; the lower estuary of the Matla has a much lower load. In the Matla Estuary the main source
of organic load is derived from the pore waters and runoff through the mangroves, as it is stated in Sarkar
et al. [2004], that due to excessive siltation, the Matla in its upper reaches has lost its connection with fresh-
water. The magnitude of this load is quite low compared to the freshwater-derived organic load of Hugli.

Figure 2. The hourly variability of surface water salinity (WSS) and fCO2 (water) over a complete tidal cycle on 16 April 2014
(pre-monsoon season) in (a) Hugli station H4 and (b) Matla station M3, on 13 August 2014 in (c) Hugli H4 and (d) Matla M3,
and on 6 January 2015 in (e) Hugli H4 and (f) Matla M3. The scatterplot of monthly mean surface water salinity (WSS) and
fCO2 (water) in the (g) Hugli and (h) Matla Estuaries and excess DIC and AOU in the (i) Hugli and (j) Matla Estuaries.
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Hence, it is apparent that at the site M3 the water column of Matla Estuary is getting diluted to a large extent
by the seawater, which causes the fCO2 (water) values in the water surface to go below the atmospheric CO2

levels. Thus, this station is a sink for CO2. Borges and Frankignoulle [2002] also observed that many of the outer
estuarine regions are characterized by less intense carbon and nutrient remineralization and higher net pro-
ductivity, which leads to a reversal of trends of air-water CO2 fluxes compared to the corresponding inner
estuarine stations. The O2 fluxes were negative in the Hugli Estuary and in the Matla. Even in the river mouth
of Matla which was slightly undersaturated with CO2, the O2 fluxes were negative (into the water) in premon-
soon and monsoon season; however, in the postmonsoon season the O2 flux was found positive (toward
atmosphere). This is attributed to the differences in O2 versus CO2 dynamics, where O2 is more sensitive to
local productivity/respiration change than CO2 that is chemically buffered.

Excess DIC (the difference between the in situ DIC and a theoretical DIC at atmospheric equilibrium) in Hugli
Estuary ranged from 458μmol kg�1 at H1 to lowest 33μmol kg�1 at H4; while in the Matla Estuary the range
was from 129μmol kg�1 at M1 to �17μmol kg�1 at M3. AOU in the Hugli Estuary showed values from
102μmol kg�1 at H1 to �5μmol kg�1 in H4, while in the Matla Estuary AOU ranged from 53μmol kg�1 at
M1 to �48μmol kg�1 at M3. Excess DIC and AOU were mildly correlated with R2 = 0.43 for the Hugli and
R2 = 0.51 for the Matla (Figures 2i and 2j). The excess DIC was always found higher than the AOU in both
Hugli and Matla Estuaries. The ratio of excess DIC/AOU was 9 in Hugli, whereas in Matla it was 4. According
to Hamilton et al. [1995] the excess CO2 that cannot be accounted for by the oxygen depletion might either
originate from root respiration of superior plants in suspended solids or anaerobic bacterial metabolism in
water and sediments. A second factor that contributes to higher excess DIC compared to O2 is the tenfold
slower response of excess DIC compared to O2 to gas exchange causing a greater accumulation of excess
DIC in the estuaries.

3.5. Comparison of Air-Water CO2 Flux With Other Estuaries

On an annual basis, the Hugli Estuary emitted 32.4mol Cm�2 yr�1, whereas the Matla Estuary acted as a
source of CO2 of magnitude 2.3mol Cm�2 yr�1. Hence, the river-dominated Hugli Estuary emits 14 times
more CO2 than the marine-dominated semiclosed Matla Estuary. Similar findings have been previously found
in other locations [e.g., Jiang et al., 2008; Maher and Eyre, 2012]. According to the estimates derived from
Ganguly et al. [2011], the Mahandi Estuary lying close to the Hugli and the Matla in the eastern coast of
India exhibited a mean emission of 2.6mol Cm�2 yr�1. In contrast, Sarma et al. [2011] observed a high mean
annual efflux of 56.2mol Cm�2 yr�1 from the Godavari Estuary located in the east coast of India. Two other
significant estuaries terminating in the Bay of Bengal (i.e., lying in the east coast of India), namely, Krishna and
Cauvery, emitted CO2 at the rate of 2.4 and 0.8mol Cm�2 yr�1 [Sarma et al., 2012]. Borges et al. [2005] esti-
mated a mean efflux of 25.72mol Cm�2 yr�1 for estuaries in the tropics and subtropics. The present assess-
ment of the Hugli Estuary is close to this magnitude; however, the mangrove-dominated Matla Estuary falls
far below this value.

3.6. Decadal Change of Air-Water CO2 Flux in the Hugli Estuary

Mukhopadhyay et al. [2002] found the Hugli to be a net source of CO2 at a mean rate of 8.1mol Cm�2 yr�1 in
1999 but a CO2 sink during the monsoon season. Monthly fCO2 water values in the Hugli Estuary in 1999 ran-
ged from 300 to 1200 (�200)μatm [Mukhopadhyay et al., 2002], which is appreciably less than that observed
during the present course of sampling. While in our study, ΔfCO2 values were multiplied by monthly mean
gas transfer velocity to derive the fluxes. When a constant gas transfer velocity of 9.3 cmh�1 as used by
Mukhopadhyay et al. [2002] is applied, the annual mean flux is 42.4mol Cm�2 yr�1, which is fivefold the
annual flux in 1999. The global average XCO2 of air has been increased approximately by 30 ppm over this
period, which would decrease the efflux of the present study compared to the work of 1999 if fCO2 (water)
remained unchanged. Thus, it is clear that the air-water CO2 efflux has increased substantially in the Hugli
Estuary over the last 14 years. Banerjee [2013] observed an increase of 0.5°C in water surface temperature
accompanied by a decrease in salinity of 2.2 psu in the last decade in Hugli Estuary, suggesting more fresh-
water discharge. The associated higher organic load could lead to the higher CO2 fluxes. Increase in surface
temperature can enhance the efflux of CO2 since thermodynamics will increase fCO2 water by about 2% for
the observed 0.5°C temperature rise. But more importantly greater transformation of organic carbon to DIC is
expected at higher temperature due to higher bacterial respiration rates. Mitra et al. [2015] observed large-
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scale temporal changes of nutrient concentration in this estuary with nitrate, phosphate, and silicate concen-
tration at site H1 (Diamond Harbour) increasing at the rate of 9.49, 1.96, and 64.57μg L�1 decade�1. This
increase in nutrient could enhance primary productivity, also lead to high bacterial respiration and hence
supersaturation of CO2. Ray Choudhuri et al. [2015] observed that pH in site H1 decreased at a rate of
~0.08 in the last decade. Moreover, Mitra et al. [2009] throughout a 30-yearlong study observed that the
abundance of freshwater steadily increased in the Hugli Estuary accompanied by an equivalent decrease
in transparency and pH of the water column in the last decades. These appear to be the main causal factor
behind such a change in its CO2 efflux rates.

3.7. Conclusion

The tropical river-dominated Hugli Estuary emits more CO2 than the mangrove-dominated marine Matla
Estuary. The Hugli being a perennial estuary that flows through several major industries and metropolis of
the north and east India carries with it a large organic load leading to very high fCO2 (water) and hence acts
as a substantial source for CO2. The magnitude of CO2 efflux has substantially increased in the last decade.
The marine estuary of Matla almost disconnected at present with any perennial rivers in the north shows
much lower fCO2 (water) values as well as CO2 fluxes. This study did not investigate the sources of extremely
high fCO2 (water) values in the Hugli Estuary, which should be the focus for future study including water col-
umn and sediment analyses. Due to lack of previous data in the Matla Estuary, no temporal comparison could
be carried out in this estuary; however, this type of long-term assessments should also be carried out in these
mangrove-dominated estuaries in order to assess their temporal change and anthropogenic impacts in fluxes
in light of increased interest and importance of Blue Carbon reservoirs.
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