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Figure 7. As in Fig. 4 but for the southwest monsoon season (July to October). Panel (t) displays the location of the monthly 29-year
area-weighted average precipitation rate in Fig. 9 as a black dashed box (85–90◦ E, 20–25◦ N).

low h2. In June and October, coastal regions have the high-
est radiant heating rate difference between the control and
perturbation runs (Fig. 10a, b). In June, the area-weighted
mean radiant heating rate in the coastal region of the Ir-
rawaddy Delta increases by 0.4 ◦C per month in the pertur-
bation run (Fig. 10a). A h2 decrease of 9 m has the largest
contribution to the radiant heating rate increase of 0.7 ◦C per
month (Fig. 11a) compared with an MLD decrease of 0.2 m
(Fig. 10e), which contributes to less than 0.1 ◦C per month
(Fig. 11e). A decrease in the downward shortwave radiation
flux of 8 W m−2 (Fig. 10c), associated with an increase in
monsoon cloud cover, cools the region by 0.3 ◦C per month

(Fig. 11c). In October, the radiant heating rate difference in
the Irrawaddy Delta increases by 1.5 ◦C per month in the per-
turbation run (Fig. 10b). The radiant heating rate difference
is larger than June because of an increase in the monthly
average downward shortwave radiation flux and a shallower
MLD in both the control and perturbation runs. A decrease
in h2 of 9 m has the largest contribution to the radiant heat-
ing rate increase of 1.4 ◦C per month (Fig. 11a), whereas a
decrease in the MLD of 0.1 m (Fig. 10f) and an increase in
downward shortwave radiation flux of 1 W m−2 (Fig. 10d)
only contribute to less than 0.1 ◦C per month of the increase
in radiant heating rate respectively (Fig. 11d, f). The changes
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Figure 8. (a) Monthly 29-year area-weighted average precipitation
rate for the control run (blue solid line) and the perturbation run
(green solid line) for the 85–90◦ E, 20–25◦ N region. The shaded
region between the dashed lines shows the 1 standard deviation vari-
ability. (b) The difference in the monthly 29-year area-weighted av-
erage precipitation rate between the control and perturbation run.

in h2 are more influential on the mixed layer radiant heating
rates and SSTs compared with small changes in MLD and
downward shortwave radiation flux in the Irrawaddy Delta
during June and October.

In June, the area-weighted mean radiant heating rate dif-
ference in the SMC region decreases by 0.1◦C per month
in the perturbation run (Fig. 10a). A decrease in the down-
ward shortwave radiation flux of 5 W m−2 (Fig. 10c) has the
largest contribution to the radiant heating rate decrease of
0.1 ◦C per month (Fig. 11c), whereas a decrease in h2 of 2 m
and an increase in MLD of 0.4 m (Fig. 10e) contribute less
than 0.1 ◦C per month to the radiant heating rate (Fig. 11a, e).
In October, the radiant heating rate difference of the SMC
region shows an increase of 0.1 ◦C per month (Fig. 10b). A
decrease in h2 of 3 m has the largest contribution to the ra-
diant heating rate increase of 0.1 ◦C per month (Fig. 11b),
whereas a decrease in the downward shortwave radiation flux
of 1 W m−2 (Fig. 10d) and an increase in MLD of 0.2 m
(Fig. 10f) contribute less than 0.1 ◦C per month to the radiant
heating rate (Fig. 11d, f). In the SMC region, changes in h2
are smaller than those in coastal regions during June and Oc-
tober. Thus, changes in h2 and indirect changes in MLD and
downward shortwave radiation exert a comparable control on
the open-ocean mixed layer radiant heating rate and SST.

The radiant heating rate of the mixed layer and the re-
sultant change in the SST further depend on the seasonal
changes in the depth of the mixed layer relative to the so-
lar penetration depth (Turner et al., 2012). Here, we examine
how the depth of the mixed layer relative to the solar penetra-
tion depth affects mixed layer radiant heating rates and SSTs
for the open-ocean region of the SMC and the coastal region
of the Irrawaddy Delta during June and October.

In the Irrawaddy Delta region during October, the MLD
shoals to 9 m (green dashed line in Fig. 12b), which is similar

to the perturbed h2 (green dot in Fig. 12b). When the mixed
layer is shallow, the increased near-surface radiant heating
from reducing h2 is distributed to a shallower depth, increas-
ing the average change in the radiant heating rate by 1.2◦C
per month (1dT /dt ; Fig. 12f). Below a depth of 10 m, radi-
ant heating rates decrease due to reduced h2. There is also no
change in the MLD in response to reduced h2 in the pertur-
bation run. The increase of 0.8 m s−1 in the local wind speed
is likely to have de-stratifying effects on the upper ocean that
oppose the stratifying effects of increased mixed layer radi-
ant heating. When the MLD deepens below 10 m, the biolog-
ically induced effects of the increased radiant heating rates
above 10 m and the decreased radiant heating rates below
10 m are mixed, reducing the net effect of biological heat-
ing on the mixed layer temperature. In June, the MLD deep-
ens to 16 m (Fig. 12a), resulting in a smaller average radiant
heating rate change of 0.4 ◦C per month (Fig. 12e). Conse-
quently, the October SST increases by 0.5 ◦C compared with
the smaller increase of 0.2 ◦C in June. Hence, shoaling the
mixed layer to a depth comparable to the perturbed solar
penetration depth in October limits the turbulent mixing pro-
cesses to a depth where chlorophyll perturbs solar radiation
absorption and makes the SST more sensitive to chlorophyll
concentration changes.

In the SMC region during October, the MLD shoals to
28 m (Fig. 12d), approximately twice the depth of the per-
turbed h2, resulting in an average change in the mixed layer
radiant heating rate of 0.1 ◦C per month (Fig. 12h). As in
the Irrawaddy Delta region, there is no change in the MLD
in response to biological warming in the SMC region due
to the 0.8 m s−1 increase in the local wind speed, which is
likely to oppose the stratifying effects of increased mixed
layer radiant heating. During June, the MLD extends to 36 m
(Fig. 12c), resulting in an average change in the mixed layer
radiant heating rate of less than 0.1 ◦C per month (Fig. 12g).
As in the Irrawaddy Delta region, the effect of chlorophyll on
upper-ocean temperature depends on the MLD in the SMC
region, with the shallowest MLD and largest change in radi-
ant heating rate in October. With lower chlorophyll concen-
trations in the SMC region than the Irrawaddy Delta region,
the resultant change in SMC regional average radiant heating
rate in the top 10 m is considerably lower.

4 Discussion and conclusions

In this study, we have identified that the influence of biolog-
ical warming on the South Asian monsoon strongly depends
upon the seasonality of the chlorophyll concentration and the
depth of the mixed layer, which is further dependent on the
timing of the monsoon itself. The effect of chlorophyll on
the SST is amplified during the inter-monsoon periods when
shallow MLDs are comparable to the perturbed solar pen-
etration depths. The MLD and its effect on the biological
warming vary seasonally and spatially in the BoB. Coastal
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Figure 9. October 29-year average difference (perturbation minus control) of (a) the 500 hPa vertical velocity (m s−1), (b) the 200 hPa
horizontal vector wind (m s−1), (c) the 1.5 m air temperature (◦C), and (d) the precipitation rate (mm d−1) and VIMF (kg m−1 s−1). The
magenta line shows the 10 % significance level, and the black stippling shows the 5 % significance level.

regions experience larger SST increases than open-ocean re-
gions due to higher chlorophyll concentrations and shallower
MLDs. The SST increase is larger during the autumn inter-
monsoon (September–October) than during the spring inter-
monsoon (April–May) and southwest monsoon onset (June).
During the spring inter-monsoon, chlorophyll concentrations
are low across the open ocean, but they remain high in coastal
regions. During the southwest monsoon onset, chlorophyll
concentrations are high when the MLD is relatively shallow
(<30 m) in the northern and western coastal BoB, leading
to an increased SST. During the autumn inter-monsoon, high
chlorophyll concentrations extend over the continental shelf
in the northern BoB, the SMC region, and the eastern BoB,
which is in contrast to the spring inter-monsoon when high
chlorophyll concentrations are confined to the coasts. The
chlorophyll concentrations in the southwestern and north-

western BoB peak in August and October respectively (Lévy
et al., 2007), whilst the MLD is shallowest across the basin,
which results in an increase in the mixed layer radiant heat-
ing rate and SST in the western BoB in autumn.

The direct changes in h2 in coastal regions are large and,
thus, more influential on the mixed layer radiant heating rate
and SST. The resultant increase in the radiant heating rate of
the coastal mixed layer and SST during the southwest mon-
soon onset and autumn inter-monsoon increases the latent
heat flux and the transport of moisture to the Indian subcon-
tinent. Precipitation rates over the Myanmar coast during the
southwest monsoon onset increase by 3 mm d−1. Comparing
the monthly average precipitation rate difference (Fig. 4o)
with the control simulation bias (Fig. 13a) shows that the
model dry bias of 4 mm d−1 over the Myanmar coast is
partly removed in the perturbation run. Precipitation rates
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Figure 10. Monthly 29-year average difference (perturbation minus
control) of (a, b) the radiant heating rate (◦C per month), (c, d) the
downward shortwave radiation flux (W m−2), and (e, f) the mixed
layer depth (m) for June and October. The black boxes show the
location of the open-ocean region of the SMC (southwestern BoB;
83–86◦ E, 5–8◦ N) and the coastal region of the Irrawaddy Delta
(northeastern BoB; 95–98◦ E, 14–17◦ N). The magenta line shows
the 10 % significance level, and the black stippling shows the 5 %
significance level.

over western Bangladesh and northeastern India during the
autumn inter-monsoon increase by 3 mm d−1. Comparing
the precipitation differences (Fig. 7t) with the model bias
(Fig. 13b) shows that the model dry bias of up to 3 mm d−1

over northeastern India is removed in the perturbation run.
The reduced model biases after imposing a more accurate
representation of chlorophyll further highlights the impor-
tance of including chlorophyll in coupled models.

Figure 14 illustrates and summarizes the effect of chloro-
phyll during the summer monsoon onset in the BoB inte-
rior where mixed layers are shallow (30 m) and where there
is a zonal gradient in the mixed layer turbidity. Chloro-
phyll concentrations are high (1 mg m−3) and values of h2
are low (8 m) to the west, and chlorophyll concentrations
are low (0.1 mg m−3) and values of h2 are high (20 m) to
the east. The mixed layer radiant heating rates would in-
crease (1RHR>0) in the high chlorophyll concentration re-
gion, which reduces the radiant heating rates (1RHR<0)
below the mixed layer. Increasing the mixed layer radiant
heating rate increases the mixed layer temperature and SST
(1SST>0). The upward latent heat flux and evaporation
increases with increasing SST and strengthening monsoon

Figure 11. Monthly 29-year average difference (perturbation minus
control) of the estimated relative contribution to changes in the radi-
ant heating rate (◦C month−1) from (a, b) h2, (c, d) the downward
shortwave radiation flux, and (e, f) the MLD for June and October.
As in Fig. 10, the black boxes show the location of the open-ocean
SMC region and the coastal Irrawaddy Delta region.

winds. Convergence of the additional lower-tropospheric
moisture that is transported by the monsoon winds increases
the precipitation rates to the east.

During October, the enhanced precipitation rate and
convective activity in the northern BoB perturbs upper-
tropospheric winds, potentially causing reduced precipita-
tion rates over eastern China, similar to the Silk Road ef-
fect. The Silk Road pattern has been found to influence ex-
treme heat waves over eastern China, causing considerable
socio-economic devastation (Thompson et al., 2019). Indeed,
the model displays significantly warmer surface temperatures
in this region at this time (Fig. 9c). The Silk Road pattern
dynamics have been previously linked to the South Asian
summer monsoon (Stephan et al., 2019). Diverging upper-
tropospheric winds caused by precipitation anomalies over
the Indian subcontinent interact with midlatitude westerlies,
which influences the strength and positioning of the sub-
tropical northwestern Pacific anticyclone over eastern China
(Ding and Wang, 2005; Hu et al., 2012a). The effect of
chlorophyll on the midlatitude Rossby wave train and its po-
tential impact on the East Asian climate needs further inves-
tigation.

Turner et al. (2012) identified a similar modulation of the
seasonal SST cycle by the MLD after imposing seasonally
varying chlorophyll concentrations in the Arabian Sea. Dur-
ing the spring inter-monsoon, a peak in surface chlorophyll
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Figure 12. Panels (a) to (d) show vertical profiles of the down-
ward shortwave radiation flux from 0 to 60 m for the control (black)
and perturbation (green) run for the Irrawaddy Delta region and the
SMC region during (a, c) June and (b, d) October. Panels (e) to
(h) show vertical profiles of the radiant heating rate difference from
0 to 60 m during (e, g) June and (f, h) October. Dashed lines show
the area-weighted 29-year average mixed layer depth, and coloured
dots show the area-weighted average scale depth.

Figure 13. Model bias of the precipitation rate for (a) June and
(b) October. Bias calculated as the monthly 29-year average precip-
itation rate from the control run minus the monthly climatological
precipitation rate observed from the TRMM satellite.

concentrations and shallow MLDs led to an increase in the
SST. During the autumn inter-monsoon, another peak in the
surface chlorophyll concentration led to a similar but weaker
increase in the SST due to deeper MLDs and stronger turbu-
lent surface fluxes. The BoB has less biological productivity
than the Arabian Sea due to light and nutrient limitation (Ku-
mar et al., 2002), although chlorophyll concentrations in the
coastal BoB can be as high as in the Arabian Sea. The BoB
is also exposed to the same monsoonal winds as the Arabian
Sea. Such localized, physical forcing modulates the MLD,
which, in turn, modulates the biological warming. Hence, the
SST increase of 0.5 ◦C in coastal regions of the BoB during
the spring and autumn inter-monsoons is similar to the in-
crease in the SST in the Arabian Sea during the spring inter-
monsoon.

Previous studies show that the effect of biological warm-
ing is amplified due to secondary feedbacks on the MLD.
In the Arabian Sea, high chlorophyll concentrations increase
solar radiation absorption and, in turn, thermal stratification,
which inhibits vertical mixing, shoals the MLD, and fur-
ther increases the SST (Nakamoto et al., 2000; Wetzel et al.,
2006; Turner et al., 2012). In our study, secondary feedbacks
on the MLD are consistent in magnitude with the Arabian
Sea studies. The maximum MLD difference is 3 m in the cen-
tral BoB in June. Coastal MLDs shoaled around the south-
ernmost tip of India and the northern BoB in June by ∼ 1 m,
and the MLDs shoaled around the Kra Isthmus in October
by ∼ 1 m (Fig. 10e, f). The effect of high chlorophyll con-
centrations in these localized coastal regions appears to have
altered upper-ocean thermal stratification when there was lit-
tle or no change in wind speed, whereas changes in wind
speed primarily alter upper-ocean thermal stratification over
the majority of the BoB.

In our study, a realistic chlorophyll distribution increased
the open-ocean SST by ∼ 0.1 ◦C and increased the coastal
SST by ∼ 0.5 ◦C during the inter-monsoons and southwest
monsoon onset. The simulated increase in the open-ocean
SST is consistent with previous work (Murtugudde et al.,
2002; Wetzel et al., 2006). However, the increase in the
coastal SST, primarily in the eastern BoB coastal region, is
larger in magnitude than that reported in previous work: Wet-
zel et al. (2006) underestimated seasonal chlorophyll con-
centrations in the BoB coastal regions, while Murtugudde
et al. (2002) used a low-resolution annual mean chloro-
phyll concentration which removed the seasonal variability
of chlorophyll concentration. In this study, we impose an an-
nual cycle of daily h2 across the BoB; hence, the coastal and
open-ocean SST responses are more accurately represented
here than in previous work.

The derivation of the imposed annual cycle of h2 in coastal
regions has limitations. Firstly, the ocean colour algorithms
used to determine chlorophyll concentrations from satellite
are not completely effective in turbid coastal waters (Morel
et al., 2007; Tilstone et al., 2013). Organic and inorganic con-
stituents such as coloured dissolved organic matter (CDOM)
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Figure 14. Schematic of the effect of chlorophyll-induced heating on monsoon rainfall in the interior of the BoB. The high chlorophyll
concentration in the mixed layer (ML) affects the penetration of the shortwave radiative heat flux (Qsw), the scale depth of blue light (h2),
and the difference in mixed layer radiant heating rate (1RHR) and SST (1SST) relative to clear water, which further affects the surface
latent heat flux (Qlh) and evaporation (E). The thick red and blue arrows pointing downwards in the mixed layer illustrate the preferential
absorption of the shallow penetrating red light and the deep penetrating blue light respectively. The thin blue arrow pointing downwards below
the mixed layer shows the small fraction of penetrative blue light below the mixed layer. The dashed black line in the mixed layer represents
h2. The three solid black arrows across the ocean surface represent the southwesterly monsoon winds transporting heat and moisture that
sustain enhanced convection and precipitation over the interior of the BoB.

and suspended sediments strongly attenuate blue light and
are, thus, falsely identified as a chlorophyll-a pigment, which
typically leads to an overestimation in chlorophyll concen-
tration (Morel et al., 2007). Secondly, the Morel and An-
tione (1994) chlorophyll parameterization is not applicable
for coastal waters, as the parameterization is based on ab-
sorption by chlorophyll-a pigments and not by the attenu-
ation of other in-water constituents. Missing h2 values in
the Ganges River delta are interpolated from neighbouring
h2values that are likely associated with a satellite product
and parameterization uncertainty. The Ganges coastal region
has been found to influence the spring inter-monsoon SST
and precipitation rates in the northern BoB. Possible posi-
tive biases in the chlorophyll concentration in the Ganges
River delta are likely to lead to an overestimation of the
coastal biological warming, SST, and precipitation rate in-
crease. Ocean colour algorithms to determine proxy coastal
chlorophyll concentrations are still an area of active research
(Blondeau-Patissier et al., 2014). Future studies should con-
sider the attenuation of solar radiation from other oceanic
constituents in turbid coastal regions to better represent radi-
ant heating in the upper ocean.

CDOM is a common oceanic constituent that perturbs so-
lar penetration depths. The derived values of h2 incorporate
the bio-optical property of the chlorophyll-a pigment con-
centration, largely excluding CDOM. CDOM increases the
radiant heating rate of nearshore coastal waters of North
America (Chang and Dickey, 2004) and the Arctic (Hill,

2008). Imposing an annual mean of remotely sensed CDOM
absorption coefficients in a coupled ocean–atmosphere GCM
reduced solar penetration depths and increased the coastal
SST in the Northern Hemisphere during the summer (Kim
et al., 2018). CDOM concentrations are high in the western
and northern coastal regions of the BoB at the mouths of ma-
jor rivers (Pandi et al., 2014). Thus, including the bio-optical
properties of CDOM and other biological constituents would
likely increase the coastal SST in the BoB, with additional
implications for regional climate.

The chlorophyll concentration in the BoB upper ocean is
not homogeneous with depth. In situ observations show that
the vertical depth of chlorophyll maxima varies between 10
and 80 m (Thushara et al., 2019; Pramanik et al., 2020), often
occurring at depths undetected by satellite radiometer sen-
sors (Huisman et al., 2006). Variations in the vertical depth of
the chlorophyll maxima would vary the vertical depth of en-
hanced radiant heating. However, if the depth of the chloro-
phyll maxima occurs at a depth where solar radiation is sig-
nificantly reduced (e.g. at the euphotic depth where solar ra-
diation is ∼ 1 % of its surface value), the change in the local
radiant heating at that depth would be negligible (Morel and
Antione, 1994). Indeed, observations show the occurrence of
intense deep chlorophyll maxima in the BoB at depths from
20 to 40 m (Thushara et al., 2019), which might have a strong
influence on local mixed layer radiant heating and vertical
heat distributions. Hence, the effect of nonuniform chloro-
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phyll concentration profiles on upper-ocean radiant heating
and SST requires further investigation.

The mesoscale and sub-mesoscale spatial variability of h2
and the associated oceanic processes is inadequately repre-
sented in MC-KPP due to its coarse horizontal resolution.
The coastal region in MC-KPP is represented by multiple
grid points that are part ocean and part land at an approximate
90 km horizontal resolution. Such a resolution means that at
the coastlines, the mesoscale coastal chlorophyll concentra-
tion features, and the corresponding solar penetration depths
are poorly resolved. Future studies should consider using a
high-resolution, fully dynamical model to accurately resolve
the coastline and the associated solar penetration depths.
The simulated dynamics would improve the representation
of mesoscale eddy activity along the coast and open ocean,
which increases biological productivity (Kumar et al., 2007)
and, in turn, increases local solar radiation absorption.

The sub-seasonal temporal variability of h2 is inade-
quately represented in MC-KPP due to the use of a monthly
mean climatological chlorophyll concentration at a reduced
horizontal resolution. In reality, the advection of high sur-
face chlorophyll concentrations into the southern and central
BoB varies with the strength and positioning of the SLD and
SMC (Vinayachandran et al., 2004), which is itself further
influenced by local wind stress and seasonal Rossby waves
(Webber et al., 2018). Surface chlorophyll concentrations are
periodically enhanced by transient cold-core eddies and post-
monsoon cyclones in the central BoB, which briefly upwell
nutrients to the ocean surface (Vinayachandran and Mathew,
2003; Patra et al., 2007). In coastal regions, nutrient con-
centrations, which affect surface chlorophyll concentrations,
vary with river discharge (Kumar et al., 2010). Suspended
terrestrial sediment that perturbs solar penetration depths on
the continental shelf also depend on river discharge (Kumar
et al., 2010; Lotliker et al., 2016). All of these factors influ-
ence solar penetration depths on timescales of days to weeks
and on spatial scales of less than 1 km. By smoothing over
the large sub-seasonal variability of the chlorophyll concen-
tration, such variations in the solar penetration depth are not
represented in the present study.

The limitations of representing ocean dynamics as a mean
seasonal cycle means that MC-KPP cannot capture any ocean
dynamical response to biologically induced changes in ocean
properties (e.g. changes in ocean temperature and salinity
transports). Previous studies have shown large effects of
chlorophyll on ocean dynamics in the equatorial Pacific (e.g.
Nakamoto et al., 2001; Murtugudde et al., 2002) and in mid-
to high-latitude regions (e.g. Manizza et al., 2005; Patara et
al., 2012). Modified biological warming at the surface or per-
haps modified solar radiation penetration below the mixed
layer could affect the dynamics of the SMC and SLD in
the BoB. Missing modes of variability in MetUM-GOML
that rely on a dynamical ocean, such as ENSO and IOD,
could combine nonlinearly with the ocean anomalies induced
by biological warming, with implications for monsoon rain-

fall. Further research using a fully dynamical coupled ocean–
atmosphere GCM is required to show the dynamical changes
and feedbacks of biological warming on the BoB oceanic and
atmospheric system.

Biological heating has complex physical and dynamical
feedbacks in the ocean, which, in turn, imply similar feed-
backs on BoB biological processes. The imposed seasonally
and spatially varying h2 in MC-KPP eliminates any biolog-
ical response to secondary feedbacks in the ocean. A cou-
pled biogeochemistry model linked to an ocean–atmosphere
GCM would be needed to further understand secondary feed-
backs on phytoplankton productivity. Secondary feedbacks
may include changes in cloud cover that affect the incom-
ing shortwave radiation needed for biological productivity,
changes in thermal and salinity stratification that affect the
vertical mixing of nutrients to the ocean surface, or changes
in rainfall that affect river discharge and nutrient availability
on the continental shelf which influence biological produc-
tivity. The resultant changes in biological productivity could
either enhance or deplete chlorophyll concentrations at the
surface, with further implications for the spatial and tempo-
ral extent of biological heating. It is important that realistic
simulations of chlorophyll concentrations are included as an
additional Earth system process in high-resolution coupled
ocean–atmosphere GCMs, which may improve the simulated
seasonality and intraseasonal variability of the South Asian
monsoon.
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