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Abstract.

Phytoplankton abundance is inversely related to sea surface temperature (SST). However, a positive rela-

tionship is observed between SST and phytoplankton abundance in coastal waters of Bay of Bengal. This has led to an
assertion that in a warming climate, rise in SST may increase phytoplankton blooms and, therefore, cholera outbreaks.
Here, we explain why a positive SST-phytoplankton relationship exists in the Bay of Bengal and the implications of such a
relationship on cholera dynamics. We found clear evidence of two independent physical drivers for phytoplankton abun-
dance. The first one is the widely accepted phytoplankton blooming produced by the upwelling of cold, nutrient-rich deep
ocean waters. The second, which explains the Bay of Bengal findings, is coastal phytoplankton blooming during high river
discharges with terrestrial nutrients. Causal mechanisms should be understood when associating SST with phytoplankton
and subsequent cholera outbreaks in regions where freshwater discharge are a predominant mechanism for phytoplank-

ton production.

BACKGROUND

The causative agent of cholera, Vibrio cholerae,is endemic to
brackish riverine, estuarine, and coastal waters. It is commensal
with copepods that feed on phytoplankton.!? Therefore, it has
been hypothesized that high levels of phytoplankton may lead
to high numbers of cholera-containing copepods, increasing
the likelihood of cholera epidemics in coastal human popula-
tions. There is an intense interest in the use of remote sens-
ing satellite data for cholera outbreak prediction,** because
satellite remote sensing is an efficient and effective way to
track the spatial and temporal concentrations of chlorophyll,
a surrogate for phytoplankton, over large areas. Using chlo-
rophyll, many rigorous studies show an inverse relationship
between phytoplankton and sea surface temperature (SST).5"2
Puzzlingly, in the Bay of Bengal region (Figure 1), a positive
relationship has been observed between phytoplankton and
SST.21317 This apparently contradictory relationship between
Bay of Bengal SST and phytoplankton has led to the asser-
tion that, in a warming climate scenario, increasing SST will
lead to increasing phytoplankton and thus more cholera out-
breaks globally.? To address these contradictory viewpoints, we
undertook an analysis of the role of nutrients carried by fresh-
water river discharge into the ocean in several major freshwa-
ter discharge ocean basins across the globe. This work seeks to:
1) explain why a positive SST-phytoplankton relationship
exists in the Bay of Bengal and 2) understand the implications
of such a relationship on cholera dynamics.

METHODS

Study design and dominant hypothesis. We examined
the role terrestrial nutrients—through fresh water discharge
into the Bay of Bengal from the Ganges-Brahmaputra-
Meghna (GBM) rivers—might play in causing phytoplankton
and zooplankton blooms and their subsequent relationships
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with SST. The GBM river system in the Indian Subcontinent
discharges ~628 km?/year of freshwater into the Bay of Bengal,'®
the third largest freshwater flow in the world behind the
Amazon and the Congo. Increases in phytoplankton through
freshwater nutrient discharge have been observed in the
Amazon River! Chesapeake Bay,? and the Delaware,? Po,?
Orinoco,” and Mississippi rivers, implying that high discharge
brings nutrients with it, that further aid in phytoplankton
blooming. However, the effect of river discharge on the
relationship between SST and satellite-derived phytoplankton
abundance, through chlorophyll estimates, remains unexplored.
We hypothesize that a large amount of terrestrial nutrients
carried by the GBM rivers lead to a positive relationship
between SST and phytoplankton abundance in the Bay
of Bengal. We used correlation and wavelet analysis of
appropriate time series to explore our hypothesis. We then
validated the Bay of Bengal results by analyzing the SST
and chlorophyll, a surrogate for phytoplankton abundance,
relationships in three other major discharge regions around
the globe (Figure 1: Amazon, Orinoco, and Congo), which are
hydrologically similar to the GBM riverine system. Finally, we
directly assessed the concurrent relationship between cholera
incidence and coastal Bay of Bengal SST.

Data sources. The coastal water zone of the Bay of Bengal
is defined as the region between 21-22.5°N and 86-93°E
based on bathymetry of the region.” Our data products were
Sea-viewing Wide Field-of-view Sensor (SeaWiFS) monthly
chlorophyll data at 9-km resolution, obtained from the National
Aeronautics and Space Administration (NASA)/Goddard
Earth Sciences/Distributed Active Archive Center, for a
12-year period (1997-2009). More detailed descriptions about
these products, sensors, estimation algorithms, and accuracy are
available elsewhere.”®?’ Prior work has demonstrated that the
SeaWiFS sensor has been reasonably stable over the years of
operation, the calibration approach provided consistent global
water-leaving radiances, and the products meet the accuracy
goals over a diverse set of open ocean validation sites.?
Monthly interpolated data®' for the concurrent time period
were used for SST analysis. Daily Ganges and Brahmaputra
river discharge data were obtained from the Bangladesh Water



304

1

Orinoco River

Amazon River

E f
Ganges-
Brahmaputra
rivers

/
Congo River

g

Location of four major river basins: Ganges and
Brahmaputra rivers discharge into the Bay of Bengal, Orinoco river
drains into Atlantic Ocean, Congo River drains into the Atlantic
Ocean, and Amazon River drains into the Atlantic Ocean.

FiGure 1.

Development Board, and aggregated into a monthly time
series for the analysis. The two river gauge stations are located
in Bahadurabad and Paksey, where the Brahmaputra and
the Ganges rivers enter Bangladesh from India, respectively.
To determine total discharge into the Bay of Bengal, monthly
river discharge data for the two rivers were added to obtain
combined monthly discharge. Cholera incidence data from
1997 through 2009 were acquired from surveillance bulletins
maintained by the International Center for Diarrheal Disease
Research, Bangladesh. Cholera epidemiologic data from
Bangladesh, perhaps one of the longest cholera data sets
available,*” were averaged over sequential 3-month periods to
obtain seasonal cholera incidence estimates.

RESULTS

Relationship between SST, phytoplankton, and river
discharge. We calculated the correlation between SST and
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chlorophyll as a function of mean of three consecutive months
for the entire year (e.g., January-February-March [JFM],
February—-March—April [FMA], March-April-March [MAM],
etc.). A positive correlation in Figure 2 indicates the correla-
tion coefficient between SST and chlorophyll is positive for a
simultaneous 3-month seasonal period, and vice versa. Deep
blue and red bars in Figure 2 are the statistically significant
correlations (Kendall Tau test P < 0.05).

In the coastal Bay of Bengal region, Figure 2A, eight pos-
itive and four negative seasonal correlations were observed.
Negative correlations were found for the following seasons:
JFM, FMA, MAM, AMJ; and positive correlation for the rest
of the seasons. A seasonal discharge curve, the brown line in
Figure 2A, is superimposed on the correlation plot. As shown
in Figure 2A, when the seasonal river discharge is high (JAS,
ASO, and SON), the correlation between SST and chloro-
phyll is positive. In contrast, when river discharge is low (JFM,
FMA, and MAM), the correlation between SST and chlo-
rophyll is negative. There are two interesting observations
in Figure 2A in coastal Bay of Bengal: 1) the highest statis-
tically significant correlation value lies in the region of high
(JAS: correlation between SST and chlorophyll = 0.70) and
low (FMA: correlation between SST and chlorophyll = -0.66)
discharge season and 2) the correlation value decreases out-
side two marked zone of interest (high and low discharge sea-
sons). Correlation values decrease after the SON period and
gradually become negative as flow decreases. Figure 3 pro-
vides seasonal values for coastal chlorophyll, SST, and river
discharge for the Ganges and the Brahmaputra rivers. It shows
that coastal Bay of Bengal SST has an annual bimodal peak,
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FiGure 2. Seasonal correlation between sea surface temperature (SST) and chlorophyll from 1997 to 2010 (A) Bay of Bengal (coastal), (B) Bay
of Bengal (offshore), (C) Orinoco, (D) Congo, and (E) Amazon. Deep blue and red bars represent statistically significant correlation (using Kendall
Tau test P < 0.05). Brown line, superimposed on the correlation plots, is the seasonal river discharge, scaled between 0 and 1, from respective river
basins. J, F, M ...D represents January, February, March... December, respectively. JEM, FMA is the mean of three consecutive months.
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Figure 3. Three-month chlorophyll, sea surface temperature
(SST), and river discharge at the mouth of the river for coastal Bay of
Bengal. All values have been scaled from 0 to 1.

the first in the spring (MAM) season and the second in the fall
(SON) season. If an increase in SST is related to the increase
in phytoplankton and, subsequently, zooplankton, then a simi-
lar bimodal peak in coastal chlorophyll should be detected.
However, seasonal chlorophyll shows only one peak similar
to the peak observed in seasonal river discharge. As support-
ing evidence, correlation between the highest river discharge
season (JAS: July—August—September) highest phytoplankton
abundance (SON: September—October—November) season, in
coastal Bay of Bengal, is 0.81 (P < 0.05). These relationships
suggest that during time of high discharge, terrestrial nutri-
ents are washed from land and deposited in the coastal Bay of
Bengal, consequently increasing the concentration of chloro-
phyll (phytoplankton abundance). During low river discharge
seasons, in contrast, the flow of terrestrial nutrients is limited
and the correlation between SST and chlorophyll is negative,
suggesting that the production of chlorophyll in the Bay of
Bengal at these times of the year is controlled by processes
other than river flow.
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We then determined the statistical relationships between
SST and chlorophyll in the offshore region of the Bay of
Bengal. If high river discharge is the dominant mechanism for
producing a positive relationship between SST and chloro-
phyll, then we would detect an inverse relationship between
the two variables (SST, chlorophyll) in all the seasonal cor-
relations. If such an inverse relationship is observed, it would
imply that river discharge has little or no impact for offshore
phytoplankton. The seasonal correlation between SST and
chlorophyll, for the offshore region (17-18°N and 86-93°E), is
indeed negative throughout the year (Figure 2B). Thus, river
discharge appears to affect phytoplankton production only
in the coastal zone of the Bay of Bengal during the high dis-
charge season, and the expected inverse relationship between
SST and chlorophyll re-emerged away from the coast.

As an aggregate metric, correlation can be deceptive as the
only measure to ascertain causal relationships. To verify these
results obtained using correlation analyses, we used wavelet
analysis® to decompose the coastal and offshore daily chloro-
phyll time series to determine if there are any discernable time
period differences between the two time series. Daily chloro-
phyll time series show that coastal chlorophyll has a statisti-
cally significant 30-90 day peak (Figure 4A), whereas offshore
chlorophyll has a peak at 3 years, which is absent in coastal
waters (Figure 4B). This distinctive variation of time scales
for coastal and offshore chlorophyll suggests that the physi-
cal processes and drivers for chlorophyll variability are indeed
different in these two regions.

Relationship between SST and phytoplankton in Amazon,
Orinoco, and Congo regions. We conjectured that if high
freshwater discharge in the coastal Bay of Bengal alters
the more generally observed inverse relationship between
chlorophyll and SST, this phenomenon should occur else-
where. Thus, we should expect to see a positive association
between SST and chlorophyll during high discharge and a
negative relationship during low discharge months in other
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FiGURE 4. Wavelet power spectrum analysis for (A) daily coastal chlorophyll, and (B) offshore chlorophyll time series. A 5-day running mean
was applied to the daily time series to remove missing values. Climatological daily values were inserted for missing chlorophyll values after a 5-day

running mean was applied.
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major freshwater basins globally. To explore this hypothesis,
we calculated the correlation between SST and chloro-
phyll in three of the largest freshwater basins in the world
(Figure 1)—the Amazon (discharge of 6,640 km?®/year),
Congo (1,308 km’/year), and Orinoco (1,129 km?year).
The results of these analyses are displayed adjacent to the
Bay of Bengal data for ease of comparison. The Orinoco
(Figure 2C) showed positive correlations (JJA: 0.63, JAS:
0.80, ASO: 0.68) during high discharge seasons and negative
correlations (JFM: —0.70, FMA: -0.63 and DJF: -0.71) during
low flow seasons. Similarly, high discharge seasons in the Congo
(Figure 2C; OND: 0.68; NDJ: 0.77; DJF: 0.51) and Amazon
(Figure 2D; MAM: 0.68; AMJ: 0.79: MJJ: 0.87: JJA: 0.69) rivers
show positive correlations between SST and chlorophyll.
During low discharge seasons, a negative correlation is
observed in the Congo (Figure 2D) and Amazon (Figure 2E)
rivers. The SST and chlorophyll relationships for the three
large freshwater discharge regions are very similar to that
for the Bay of Bengal, which is consistent with the hypothesis
that river flow is a dominant driver for phytoplankton growth
during the high river discharge season. For these three rivers,
similar to coastal Bay of Bengal, we note that the highest
statistically significant correlation values lie in the region of
high (Orinoco JAS: 0.80; Congo NDJ: 0.77; Amazon MJJ: 0.87)
and low (Orinoco JFM: —0.70; Congo JJA: —0.73; Amazon
NDJ: -0.75) discharge seasons. This high degree of physical
consistency between SST and chlorophyll variations in three
other major freshwater discharge basins suggests that the
positive correlation between SST and chlorophyll in major
coastal zones around the world may result from similar domi-
nant processes, such as terrestrial nutrients with high volume
river discharge. The negative correlation pattern for these
basins during low discharge seasons is also consistent with the
hypothesis that during low flow, with limited terrestrial nutrient
availability, non-riverine oceanic processes drive chlorophyll
production.

Lack of a significant relationship between 3-month seasonal
SST and cholera incidence. Cholera remains endemic in the
Bengal delta with typically two seasonal, spring (March—
April-May) and autumn (September—October-November),
outbreaks in a given year (Figure 5A). The majority of
existing studies have suggested a positive association between
these cholera outbreaks in Bangladesh and coastal Bay of
Bengal SST.33'5 This observation is primarily based on a
climatological understanding of SST and cholera incidence
(Figure 5A), which shows that coastal SST and cholera
incidence data both have concurrent bimodal peaks with
high climatological correlation (r = 0.88; P < 0.01). If cholera
outbreaks were causally associated with coastal SST, then
we should expect to see a similar strong correlation between
the two time series. However, we found the relationship to
be weak (Figure 5B) with no statistically significant concur-
rent relationships between the two time series, or with any
evidence of a bimodal distribution among correlation values.

DISCUSSION AND IMPLICATIONS FOR CHOLERA
PREDICTION MODELS

Our results suggest that it is the presence and dominance of
high river discharge—not SST—that may account for the prior
reports of a positive association between cholera and SST in
the Bay of Bengal. If so, this may have important implications
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Ficure 5. (A) Climatology of cholera and coastal Bay of Bengal
sea surface temperature (SST). (B) Seasonal correlation of coastal
Bay of Bengal SSTs with concurrent seasonal cholera outbreaks.

for the understanding of cholera transmission dynamics. If
cholera outbreaks were associated with SST then we should
observe strong correlations between the time series of cholera
incidence and SST in coastal Bay of Bengal; however, no such
relationship was found. The absence of a strong correlation is
also an indication that cholera is not related to SST for con-
current seasons.

Consistent with our results, an asymmetric role for river dis-
charge as a predictor of cholera outbreaks in the Bengal Delta
has recently been reported.’** High and low river discharge
conditions may differentially contribute to cholera transmis-
sion and outbreaks; for example, during low discharge periods,
the population may be forced to ingest water already contami-
nated with cholera bacteria.® Our analysis points to a similarly
asymmetric influence of SST and chlorophyll for high and low
discharge seasons (Figure 2). Consequently, any cholera pre-
diction models need to carefully analyze and account for con-
current and lagged relationships among SST, chlorophyll, river
discharge, and cholera incidences.

The relationship between coastal phytoplankton, SST, and
river discharge may be critical to understanding the environ-
mental conditions that lead to cholera epidemics in coastal
regions of the Bay of Bengal. Here, we show that river dis-
charge in major freshwater basins around the world affect
the relationship between ocean temperature and coastal
phytoplankton, both temporally and spatially. Using sea-
sonal cross-correlation between SST and chlorophyll time
series in the Bay of Bengal, these variables have been shown
to be correlated positively during high discharge and nega-
tively during low discharge. Furthermore, the SST and chlo-
rophyll time series for coastal and offshore regions have been
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compared and shown that the usually observed inverse rela-
tionship between SST and chlorophyll, which exists for off-
shore region, does not hold true for coastal regions of major
river basins (Figures 2). A plausible explanation for this is
that the SST-chlorophyll relationship can be affected by nutri-
ent influx during high river discharge into coastal regions.
Our finding of a positive association between chlorophyll
and SST during high flow months supports our hypothesis
that chlorophyll productions in the coastal regions are dom-
inated by river discharge through the influx of terrestrial
nutrients.!*

Our results are also supported by the data from coastal
regions that do not have high freshwater input. Logically, if
river discharge were indeed the dominant mechanism of phy-
toplankton production in the four major freshwater basins we
examined; and if the positive SST-chlorophyll relationship dur-
ing high discharge seasons were to be true; then, it is likely that
a negative SST-chlorophyll relationship would be observed in
coastal basins without significant terrestrial freshwater input.
Indeed, several coastal regions without significant freshwater
discharge show a consistently negative correlation between
SST and chlorophyll, notably, the California coast,** the
Arabian Sea,'® and the Gulf of Cadiz along coastal Spain.”

In summary, we believe the observed positive correlation
between SST and chlorophyll in the Bay of Bengal and other
major freshwater basins globally are primarily caused by ter-
restrial nutrient inputs from river discharge. An important
aspect of our study is that it provides a new and physically
meaningful explanation as to why, despite higher SST, more
phytoplankton is found in the coastal areas where freshwater
discharge is high. Our results suggest that the observed posi-
tive correlation between SST and chlorophyll in the Bay of
Bengal is in fact not causal, and should not form the basis to
infer or construct prediction models for cholera outbreaks.
Cholera prediction models may benefit from including data
on terrestrial nutrient influx and subsequent phytoplankton
and zooplankton blooms. These results will provide a mecha-
nistic insight for constructing cholera prediction models based
on environmental processes that influence the coastal regions
of cholera endemic countries.
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