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Author Comments 1 on “The effect of seasonally and spatially 
varying chlorophyll on Bay of Bengal surface ocean properties 

and the South Asian Monsoon” 
 
We would like to thank Reviewer 1 who provided constructive and insightful comments that 
have greatly improved the revised manuscript. We have incorporated all their suggestions 
where possible. Reviewer 1 comments have been reproduced in black with authors response in 
blue and excerpts from the revised manuscript in italics. The revised and renumbered figures 
are included at the end of the document.  
 
Response to Reviewer 1 
 
Specific Comments 
 
1. The authors should state more clearly the aims and the key results of the study as well as 
their contribution to the research field. It is not clear to me whether the focus is on improving 
model biases or on the mechanistic understanding of how biological radiative heating affects 
the monsoon in the BoB.  
The aim of the present study is to understand how biological radiative heating affects the 
monsoon in the BoB. The model biases are reduced with a more accurate representation of 
chlorophyll, highlighting the importance of including chlorophyll in coupled models. The 
motivation and aim of the study are now stated more clearly in the Introduction. 
 

“Although the effect of chlorophyll on BoB SST has been demonstrated by these 
previous studies, the effect of chlorophyll on monsoon rainfall remains a vital 
knowledge gap. Without this knowledge, missing bio-physical interactions in the BoB 
could lead to inaccuracies in simulated air-sea interactions that are crucial in 
representing accurate monsoon behaviour and thus rainfall timing, location and 
duration over the Indian subcontinent.” 

 
The contribution of the study is now also stated more clearly in the Discussion and Conclusions 
section. 
 
2. In the Introduction, the physical mechanisms driving the mean seasonality of the South Asian 
monsoon should be better explained. Fig. 1 could be extended to contain two panels (e.g. for 
summer and autumn) showing schematically the prevalent winds and ocean currents associated 
with the monsoon. The areas of the chlorophyll peaks could be highlighted with e.g. a box.  
We have added a short section explaining the basic physical mechanisms of the South Asian 
monsoon in the Introduction.  
 

“The South Asian monsoon is initiated when lower-tropospheric winds, transporting 
heat and moisture, begin to flow northward from the equator to the Asian continent in 
response to increasing summer insolation and increasing land-sea thermal and 
pressure gradients (Grey arrows; Fig. 1; Webster et al., 1998). Mid-tropospheric 
heating from the elevated Tibetan Plateau increases the land-sea thermal and pressure 
contrast, further regulating the seasonal reversal of the large-scale circulation (Li and 
Yanai, 1996).”  
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We have now included relevant oceanic currents and atmospheric winds schematically on Fig. 
1 (included at the end of this document) to better convey the key physical mechanisms of the 
South Asian monsoon during JJAS. Fig. 1 now includes the average JJAS chlorophyll 
concentration from MODIS-Aqua. We did not include a separate panel for Autumn as the 
atmospheric circulation features are captured in later figures. The suggestion to include boxes 
to highlight key chlorophyll features is a good one which we experimented with. However, we 
did not include these in the end as they were found to clutter the figure, which is now quite 
busy with wind and ocean current information added.  
 
3. I believe the figures could be adapted to make the relevant results stand out more clearly. In 
particular, I find Fig. 4 and Fig. 8 particularly trying. The plots are extremely small (zooming 
on the BoB region would certainly help) and the areas, where changes are statistically 
significant, are difficult to see (also because of the dots used for the political boundaries, are 
these needed?). In addition, the large number of figures makes it difficult to extract the relevant 
information. I suggest that the authors think carefully whether all the figure panels are really 
necessary and whether there could be a more effective way of showing the information. An 
idea could be to show seasonal cycles of these variables spatially-averaged over dynamically-
consistent regions (e.g. Irrawaddy Delta region/SMC region, or open ocean/coastal, or 
north/south) and to show the difference maps only for selected months, seasons or for a subset 
of variables. Having the whole seasonal cycle on one plot (as in Fig. 9) would make it easier 
to relate the response of the physical variables to the modified attenuation depth.  
We thank the reviewer for these helpful suggestions, most of which we have adopted to 
improve Figs. 4, 7, 10 and 11 (Please note Fig. 8 has now been renumbered to Fig. 7). The 
domain has been reduced to 75–105°E, 0–30°N and the political boundaries have been 
removed to significantly improve the extraction of relevant information. The revised and 
renumbered Figures are shown at the end of this document.  
 
4. In describing the results, the authors should make an effort to sift through the plentiful 
information provided by the model simulations in order to highlight the relevant messages. 
Concluding each of the Results’ subsections with a few summarizing sentences would help, as 
well as including a final schematic showing the critical mechanisms emerging from this study.  
This is a good suggestion. We have now included summarising sentences to conclude the main 
findings of each Results subsection.  
 

“We have thus demonstrated that high coastal chlorophyll concentrations in spring 
perturb the absorption of solar radiation, which increases air temperature and SST, 
and in turn significantly increases spring intermonsoon precipitation rates in the 
northern and eastern BoB.” 

 
“As in the spring intermonsoon, the increase in precipitation rate during autumn 
intermonsoon in the northern BoB is primarily attributed to high coastal chlorophyll 
concentrations and associated increased SST extending from the Andaman Sea to the 
Ganges river delta along the chlorophyll-perturbed BoB coastal region.” 

 
Fig. 14 at the end of this document shows a schematic that we hope summarises the main 
findings of the study. The Figure is mentioned in the Discussion and Conclusions section. 
 
5. If I understand correctly, a key take home message of the paper is that the interplay between 
the biologically-driven heating and the depth of the mixed layer, as well as the timing of the 
biological heating with respect to the seasonality of the monsoon, determine whether 
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phytoplankton will exert a strong or weak influence on the monsoon. In this respect, different 
regions behave differently because of their underlying stratification and phytoplankton 
seasonality. This is an intriguing point which I think the authors should expand and discuss 
more.  
Reviewer 1 is correct about the take home message. We have now endeavoured to convey this 
message more clearly and have expanded the discussion of this point in the Discussion and 
Conclusions section. 
 
6. From a methodological point of view, I find it somewhat disturbing that the authors define 
their model as a “coupled ocean-atmosphere general circulation model (GCM)” since the ocean 
model is not a GCM but an ocean mixed layer configuration containing no advective processes. 
The opportunities and disadvantages of this methodology should be clearly expressed.  
We believe that it is appropriate to refer to MetUM-GOML as a GCM, in line with previous 
studies using this configuration (e.g., Hirons et al., 2015; Peatman and Klingaman, 2018).  
MetUM-GOML includes a state-of-the-art atmospheric GCM, coupled to a simplified ocean 
mixed-layer model.  The reviewer is correct that the MetUM-GOML ocean does not simulate 
ocean dynamics directly, but the mean effect of dynamics on the ocean is parameterised 
through the temperature and salinity corrections applied.  In deference to the reviewer’s 
request, we have replaced “GCM” with “MetUM-GOML”. The limitations of using MetUM-
GOML are discussed on Lines 430-431 and specific comments 2, 3 and 8 from Reviewer 2.  
 
Line-by-line comments: 
 
Lines 15-24: please state the aims of the study more clearly. Also, a few more words could be 
said on the length of the simulations. As mentioned earlier, defining the model as a “coupled 
ocean-atmosphere model” is misleading, since it brings to the mind a coupled ocean-
atmosphere GCM. I suggest being more specific.  
The motivation of the study has been stated more clearly in the Abstract as suggested.  
 

“Although the influence of chlorophyll distributions in the Arabian Sea on the 
southwest monsoon has been demonstrated, there is a current knowledge gap in how 
chlorophyll distributions in the Bay of Bengal influence the southwest monsoon.” 

 
The study aim, model type and length of simulations have been specified in the Abstract. 
 

“Seasonally and spatially varying h2 fields in the Bay of Bengal were imposed in a 30-
year simulation using an atmospheric general circulation model coupled to a mixed 
layer thermodynamic ocean model to investigate the effect of chlorophyll distributions 
on regional SST, southwest monsoon circulation and precipitation.”  

 
Introduction (lines 28-104): I think the Introduction needs more structure. The fact that the 
paper deals with the effects of biological radiative heating on the monsoon comes quite late 
(line 84). My suggestion is to have a first overarching paragraph on the relevance of the 
monsoon and on overlooked feedbacks between biology and the monsoon. The paragraphs 
afterwards can go into more detail on the physical and biological properties of the region (and 
here, please enrich your text by referring to an updated Fig. 1 – see my point 2 of the specific 
comments). I also think that the contribution you want to make to the research field should be 
better highlighted in the last paragraph.  
We have restructured the Introduction as suggested by Reviewer 1. We have started with the 
physical mechanisms that govern the monsoon atmospheric circulation (referring to updated 
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Fig. 1) and the need to improve the basic seasonality of the monsoon in coupled GCMs. This 
is then followed by the overlooked effect of chlorophyll on the South Asian monsoon. Then 
the physical and biological properties of the BoB. The last paragraph better highlights the 
contribution of our study to the research field (please see specific comment 1 above). 
 
Lines 101-102: I believe Wetzel et al. (2006) used a coupled GCM, whereas your study actually 
does not. This statement is therefore incorrect.  
Reviewer 1 is correct about Wetzel et al. (2006). The statement has been corrected to: 
 

“This study analyses the direct effect of BoB seasonally varying chlorophyll 
concentrations on the South Asian monsoon in an atmospheric GCM that is coupled to 
a mixed layer thermodynamic ocean model.” 

 
Lines 127-128: I suggest adding a more expanded definition of h1 and h2, for instance: the e-
folding depth, or attenuation depth, is the depth where surface radiation decreases by 1/e (or 
37%) of its initial surface value.  
An expanded definition of scale depth has been provided as follows:  
 

“h1 and h2 are the scale depths of red and blue light, respectively. The scale depth, or 
e-folding depth, is defined as the depth where solar irradiance is approximately 63% 
less than its surface value (1 - e-1).”  

 
 
Lines 138-139: Please state already here which Jerlov water type is used in the simulation with 
constant attenuation depth.  
We have now stated that the value of h2 from Jerlov water type IB was used to represent the 
global average solar penetration depth.  
 

“In this study, h2 of 17 m from Jerlov water type IB is used to represent the global 
average solar penetration depth in MC-KPP.” 

 
Lines 141-145: How does the relaxation of ocean temperature to observations affect your 
results? Which is the relaxation time scale and how sensitive are your results to the relaxation 
time scale?  
There is no relaxation of ocean temperature or salinity to observations in the simulations we 
analyse, only fixed (prescribed) seasonal cycles of temperature and salinity corrections that are 
computed as tendency terms.  These ocean tendency terms remain the same for the perturbation 
run, and thus the ocean temperature and salinity differences between the control and 
perturbation runs are entirely due to the perturbation itself and subsequent atmospheric 
feedbacks.  
 
These temperature and salinity tendency terms are computed by running a separate 10-year 
MetUM-GOML relaxation simulation, where temperature and salinity profiles are constrained 
to the reference climatology with a relaxation timescale of 15 days. Prescribing the mean 
seasonal cycle of temperature and salinity tendency terms from the relaxation simulation into 
the 30-year control and perturbation simulations (1) represents mean oceanic advection; (2) 
corrects for biases in atmospheric surface fluxes. Hirons et al. (2015) found that a relaxation 
timescale of 15 days in the relaxation simulation is optimal to minimise temperature biases in 
the free-running MetUM-GOML simulation. Lengthening the timescale reduces the amplitude, 
and hence the efficacy, of the corrections; shortening the timescale overly constrains the 
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relaxation simulation, such that the mean state does not resemble the mean state in the free-
running simulation, which makes the tendency terms ineffective (Hirons et al., 2015). We have 
provided more explanation about the choice in relaxation timescales. 
 

“The ocean temperature and salinity correction method of Hirons et al. (2015) is used 
to constrain the MC-KPP mean state to account for missing advection and biases in 
atmospheric surface fluxes. The method uses a separate 10-year MetUM-GOML 
relaxation simulation in which temperature and salinity are relaxed with a 15-day 
timescale to an observed seasonal cycle, here the 1980-2009 climatology of Smith and 
Murphy (2007). A relaxation timescale of 15 days is optimal to produce temperature 
and salinity tendency terms that minimise biases in the free-running simulations 
(Hirons et al., 2015).” 

 
Lines 155 and later line 181: why say “h2 values (i.e. chlorophyll concentration)”? It is clearly 
not the same quantity.  
This statement was used to reinforce the idea that prescribed h2 values in MC-KPP represent 
chlorophyll concentrations. We have removed the statement “h2 values (i.e. chlorophyll 
concentration)” from line 155, as it was clearly stated at the beginning of the paragraph that h2 
is representative of chlorophyll concentration. On line 181, we have replaced “h2 values 
(chlorophyll concentration)” with “h2 values (representative of chlorophyll concentration)” to 
remind the reader what h2 represents. 
 

“…with differing prescribed h2 (representative of chlorophyll concentration):…” 
 
Line 173: Fig. 1 could show in gray shading the grid points in which chl-a was not determined 
by satellite.  
Thank you for the good suggestion. The location of undetermined chlorophyll concentrations 
from satellite has now been shaded in grey and the missing h2 model grid points in MC-KPP 
are now shown by the black hatching. Undetermined chlorophyll concentrations shown by the 
grey shading in Fig. 1 are mentioned. 
 

“Hence, remotely sensed chlorophyll-a concentrations were not determined in the 
eutrophic coastal regions of the Ganges and Irrawaddy river deltas because of the 
large amount of suspended organic and terrestrial material (grey shading; Fig. 1; 
Tilstone et al., 2011).” 

 
The missing h2 data in MC-KPP shown in Fig. 1 is now also mentioned. 
 

“The missing h2 data in MC-KPP were typically associated with coastal regions where 
the land fraction was between 1 and 0, which includes the narrow isthmus of Thailand 
and the low-lying land of the Ganges delta (black hatching; Fig. 1).” 

 
Lines 184-185: 30-years of simulation sounds quite short, also considering that computational 
costs are not very high (line 149). Is the model in an adjusted state?  
After the 10-year relaxation simulation and computation of temperature and salinity 
corrections, the two 30-year free-running simulations require a small spin-up time (1 year) as 
the ocean is by then adjusted to a mean state. A 30-year simulation is an adequate climate-
length simulation that has demonstrated a clear chlorophyll-induced signal over the BoB. The 
low computational costs are judged relative to a simulation with a fully dynamic ocean. At the 
90 km resolution used here, MetUM-GOML still requires considerable supercomputing 
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resources that limits the length of simulation we can perform. For reference, MetUM with a 
dynamical ocean costs approximately 30% more per model year than MetUM-GOML. 
 

“A mean seasonal cycle of daily temperature and salinity tendencies that is computed 
from this relaxation simulation is applied to the 30-year chlorophyll perturbation 
simulations. The spin-up time is small (1 year) as the ocean is adjusted to a mean state 
after the relaxation simulation.” 

 
Lines 200-212: I think these two paragraphs should go in Section 2.2. Indeed, at the first 
sentence of Section 2.2 I was already wondering how you compute h2 based on chlorophyll 
data.  
We respectfully disagree with Reviewer 1 about moving the two paragraphs (lines 200-212) 
from Section 2.3 to 2.2. Section 2.2 focuses on the satellite chlorophyll-a data used, such as 
how the satellite product is derived and reasons why chlorophyll-a is undetermined in turbid 
coastal waters. Section 2.3 presents the experiment set-up in chronological order starting with 
the experiment design, then the explanation of the BoB domain and regridding scheme, then 
h2 conversion and finally the method to interpolate missing h2 values. Moving the paragraphs 
would remove the methodological order and possibly further confuse the reader.  
 
Lines 213-226: This section doesn’t read well, as it contains three very different sets of 
information (statistical significance computation, VIMF computation, regridding of observed 
precipitation). Please restructure. Part of the information could maybe go in the figure captions.  
We have attempted to improve the organisation and structure of this section. We have moved 
the statistical significance sentence (Line 213) to Fig. 4 caption (see end of document). A 
paragraph break was added on line 222 to separate VIMF computation and TRMM regridding 
description. Sentences have been rearranged to improve the description of the regridded 
TRMM product.  
 

“Vertically integrated moisture fluxes (VIMF) were used to evaluate the water vapour 
transport sourced from the chlorophyll-forced BoB to the surrounding Indian 
subcontinent. The VIMF was calculated as  
VIMF =	 !

" ∫𝑢%⃗ 𝑞 	𝑑𝑝               (2) 
where 𝑢%⃗  is the horizontal wind velocity, q is the specific humidity, g is the acceleration 
due to gravity, p is pressure and the integration was between 1000 and 100 hPa. Note 
that 𝑢%⃗ q was output directly by the model as monthly mean values. VIMF divergence 
was used to evaluate the precipitation rate changes that are due to changes in water 
vapour divergence. The VIMF divergence was calculated as 
VIMFD =	 !

" ∫
#$%%⃗ '
#(
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	𝑑𝑝             (3) 

where the integration was between 1000 and 100 hPa.  
“The observed monthly 18-year (1998–2015) climatological precipitation rate 

measured from the Tropical Rainfall Measuring Mission (TRMM) 3B42 satellite 
product (Huffman et al., 2007) was used to diagnose the bias in the model precipitation 
rate. An area-weighted re-gridding scheme was used to reduce the 0.25° horizontal 
resolution of the observed monthly climatological precipitation rate to match the 
horizontal resolution of MetUM-GOML.” 

 
Line 245: Unless I’m mistaken, Fig. 6 is cited before Fig. 5.  
Reviewer 1 is correct, and we have changed the Figure numbers to ensure that Fig. 5 is cited 
before Fig. 6.  
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Lines 251-252: please explain the mechanism better: despite the SST increase, evaporation 
decreases because air humidity increases?  
We have improved the explanation of the mechanism counteracting an increase in SST. 
 

“The upward latent heat flux increases (Fig. 4k and 4l) due to an increase in the specific 
humidity at the surface, which is associated with the higher SST. This increase in SST 
is therefore offset by the negative feedback from the latent heat flux increase.” 

 
Line 255 and 265: “caused by” instead of “corresponds”?  
We have replaced “corresponds” with “caused by”. 
 
Lines 255-259 (same for 289-291): I suggest not mixing mechanism understanding and bias 
improvement in one paragraph. Indeed, maybe all the part on bias improvement could be 
shifted to the discussion?  
We have moved the bias improvement to the Discussion and Conclusions section. As Fig. 7 is 
mentioned later in the manuscript, we have now re-numbered it to Fig. 13 (see end of 
document).  
 
Lines 263-272: This paragraph is somewhat cumbersome. I suggest condensing the relevant 
information in fewer sentences.  
We have condensed and restructured this paragraph. Please note Fig. 8 has been renumbered 
to Fig. 7. 
 

“The values of h2 continue to decrease in the BoB open ocean into July and August 
(Fig. 7a and 7b), as high chlorophyll concentrations off the continental shelf and SMC 
encroach further into the central BoB. The lowest monthly average h2 in the SMC 
region and the central BoB occurs in August with a value of 12 m and 15 m, respectively 
(Fig. 7b). During September and October the SMC weakens and the observed high 
chlorophyll concentrations retreat back to the coast, increasing average h2 in the SMC 
region and the central BoB to around 16 m (Fig. 7c and 7d). Meanwhile, along the 
northwest BoB during October, monthly average h2 decreases to 13 m, as observed 
high chlorophyll concentrations retreat back onto the continental shelf (Fig. 7d).” 

 
Line 274: co-located?  
We have replaced “collocated” with “co-located”. 
 
Line 274: no comma after whereas?  
We have removed the comma after “whereas”. 
 
Line 275: Increased SST also speeds up evaporation.  
We have added the increase in SST as another factor in increasing latent heat flux. 
 

“In July, an increase in SST and a slight increase in alongshore windspeed over the 
west BoB increases the upward latent heat flux (Fig. 7m), but this does not significantly 
change precipitation rate (Fig. 7q).” 

 
Lines 300-306: This part seems more suitable for the Discussion section.  
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We have moved lines 300-306 into the Discussion and Conclusions section. We have slightly 
expanded the sentence on line 300 to include the effect of the Silk Road pattern on air 
temperature and rainfall anomalies in east Asia, as stated by Ding and Wang (2005).  
 

“This indirect remote response resembles the effect of the “Silk Road” pattern; a 
stationary Eurasian-Pacific Rossby wave train that occurs during the Northern 
Hemisphere summer and produces significant air temperature and rainfall anomalies 
in east Asia (Ding and Wang, 2005).” 

 
Section 3.3 (lines 309-371): if I understand correctly, Eq. 4 is used to estimate the relative 
contribution of attenuation depth, incoming shortwave radiation and MLD changes on the 
radiative heating. Throughout the section, you then refer to these results only in the text. I think 
it would be more useful to see the relative contribution of these processes in a separate figure. 
For instance, in Fig. 11 you could show, instead of the Qsw and MLD changes, the relative 
contribution that Qsw and MLD have on the RHR.  
We agree with Reviewer 1 that it would be useful to the show the relative contributions of Qsw, 
MLD and h2 on the RHR. Please see new Fig. 11 at end of the document.  
 
Line 320: I’m acquainted with cp=3850 J/(kg*K). Please clarify.  
We erroneously used the cp value for freshwater. We have now changed this to the cp value of 
seawater (3850 J kg-1 K-1). Figures and values of calculated radiant heating rates have been 
corrected, but this relatively minor change does not affect our conclusions.  
 
Line 324: “in” too much. 
We have removed unnecessary instances of “in”. 
 
Lines 329-330: please be more explicit on why you selected these two regions.  
We have been more explicit as to why we have selected the SMC and Irrawaddy Delta regions. 
 

“The two regions are an important source of heat and moisture for the June and 
October precipitation rate perturbations and display distinctive chlorophyll regimes. 
The SMC is an open ocean region that displays large seasonal changes in h2, whilst the 
Irrawaddy Delta is a coastal region that displays continuously low h2.” 

 
Lines 356-370: please state more explicitly why a deeper MLD leads to smaller biologically-
driven changes in SST. If I understand correctly, the mechanism you are referring to is: an 
increased radiative heating in the upper levels caused by biology leads to radiative cooling in 
the layers below. A MLD deeper than the attenuation depth causes this dipole to mix, and 
therefore (assuming constant Qsw) the net effect of biological heating on ML temperature 
should be null. To that one should also add the fact that higher surface SSTs lead to increased 
ocean heat losses by evaporation. Therefore, on annual average the areas of high biology (and 
deep MLD) should actually experience surface cooling. I wonder whether you see this effect 
in your model?  
Reviewer 1 is correct about the mechanism. We have stated why a deeper MLD reduces the 
effect of biological heating in a separate sentence.  
 

“When the MLD deepens below 10 m, the biological-induced effects of the increased 
radiant heating rates above 10 m and reduced radiant heating rates below 10 m are 
mixed, reducing the net effect of biological heating on mixed layer temperature. In 
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June, the MLD deepens to 16 m (Fig. 12a), resulting in a smaller average radiant 
heating rate change of 0.4°C month-1 (Fig. 12e).” 

 
What the reviewer has highlighted at the end of their comment is the first link in a complex 
chain of events and possible feedbacks through changes in latent heat flux. However, please 
note that if the SST is not increased due to a deep MLD, then there would be no local reason 
for enhanced latent heat fluxes, thus we would not expect negative SST anomalies. The SST 
and latent heat flux respond rapidly to dynamical feedbacks from atmospheric circulation 
changes that are induced by biological warming both locally and remotely.  
 
Lines 356-371: It is intriguing to see that the presence of biology and associated radiative 
heating do not modify the MLD. Could you comment on that?  
We have added sentences about the MLD not responding to changes associated with the radiant 
heating in the SMC and Irrawaddy Delta regions.  
 

“There is also no change in MLD in response to reduced h2 in the perturbation run. 
The increase in local wind speed of 0.8 m s-1 is likely to have de-stratifying effects on 
the upper ocean that oppose the stratifying effects of increased mixed layer radiant 
heating.”  
 
“As in the Irrawaddy Delta region, there is no change in MLD in response to biological 
warming in the SMC region due to an increase in local wind speed of 0.8 m s-1, which 
is likely to oppose the stratifying effects of increased mixed layer radiant heating.” 

 
Discussion-Conclusions: The authors could consider joining the Discussion and the 
Conclusions. My suggestion: first start with a paragraph summarizing the main results (as in 
lines 435-455), then continue with the discussion points, and finally conclude with the open 
questions and outlook. As it is now, some parts of the Conclusions seem more apt to be in the 
Discussion.  
We agree that some parts of the conclusion are more suitable for the discussion. We therefore 
adopted the suggestion to combine the Discussion and Conclusion sections together. The 
summary of the main results from the Conclusions section has been moved to the beginning of 
the Discussion and Conclusion section, followed by a paragraph on the Silk Road pattern 
moved from Section 3.2. This is then followed by a new paragraph explaining the schematic 
that summarises the effect of chlorophyll-induced warming on monsoon precipitation (See Fig. 
14 at end of document).  
 
Lines 388-389: The MLD changes of 1 m cannot readily be seen in Fig. 11. It would be more 
useful to show spatially averaged MLD anomalies as suggested in point 3 of my specific 
comments.  
As mentioned in the third specific comment, we have reduced the size of the domain and 
removed political boundaries to improve the extraction of relevant information from Figs. 10 
and 11.  
 
Lines 390-391: This is an interesting statement, which would imply that in coastal regions the 
local effect of high chlorophyll dominates the perturbation minus control anomalies in 
stratification, whereas in the open ocean remote effects through wind speed changes play a 
leading role. Some more analysis should be shown to substantiate this statement.  
Upon further analysis we have identified that the stratifying effect of biological warming 
occurs in localised regions where h2 is very low (< 8 m) and where there is little or no change 
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in windspeed. Therefore, windspeed changes still dominate upper ocean stratification and air-
sea exchange in both coastal and open ocean regions. We have corrected line 390 below. 
 

“The effect of high chlorophyll concentrations in these localised coastal regions 
appears to have altered upper-ocean thermal stratification when there is little or no 
change in windspeed, while in the majority of the BoB, changes in windspeed primarily 
alter upper-ocean thermal stratification.” 

 
Lines 423-425: The discussion on the effect of subseasonal chlorophyll variability on the 
Boreal Summer Intraseasonal Oscillation comes somewhat out of the blue, since you have not 
mentioned any form of intraseasonal or interannual variability in the paper. Please introduce 
this paragraph better to put the reader in the picture.  
We have removed this paragraph from the manuscript as it diverges from the main focus of the 
study, which is the effect of chlorophyll on the seasonality of the monsoon.  
 
Lines 430-431: Which feedbacks and processes are you missing by using an ocean mixed layer 
model instead of an ocean GCM (and by using an imposed chlorophyll distribution instead of 
an interactive biogeochemical model)? Do you expect the results from your modeling setting 
to be rather overestimating or underestimating the “true” response?  
By using an ocean mixed layer model instead of an ocean GCM we do not simulate any 
dynamical changes to the modified vertical profile of solar absorption, which might further 
influence SST and thus create feedbacks with the atmosphere. By not simulating the 
chlorophyll in an interactive biogeochemical model we miss any potential biological feedbacks 
between solar absorption, mixed-layer depth, nutrient availability and the depth of the 
chlorophyll maximum. However, these feedbacks would be complex and vary in both space 
and time, with subsequent feedbacks. Therefore, it would not be appropriate to speculate on 
the “true” response without conducting such experiments, which would be beyond the scope 
of this study. Nevertheless, by including the observed chlorophyll variability and simulating 
the thermodynamic air-sea interaction and its subsequent impact on monsoon rainfall, we 
believe we capture the most important processes that are missed by coupled climate models 
with fixed values for solar absorption.  
 
We have discussed the feedbacks and processes that are missing from MC-KPP in a new 
separate paragraph:  
 

“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 to ocean properties (e.g., changes to 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 perhaps modified solar radiation 
penetration below the mixed layer could affect the dynamics of 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 non-linearly with the ocean anomalies induced 
by biological warming, with implications for monsoon rainfall. 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.”  
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Line 459 onwards already outlines the missing biological feedbacks of an imposed chlorophyll 
distribution and how a coupled interactive biogeochemisty model might represent those 
feedbacks. We have added a sentence to line 458 to acknowledge that an imposed chlorophyll 
distribution in MC-KPP leads to missing biological feedbacks.  
 

“The imposed seasonally and spatially varying h2 in MC-KPP eliminates any 
biological response to secondary feedbacks in the ocean. A coupled biogeochemistry 
model linked to an ocean-atmosphere GCM would be needed to further understand 
secondary feedbacks on phytoplankton productivity.” 

 
Line 436: Please be more specific on the model you used. (Coupled ocean-atmosphere GCM 
is misleading).  
This sentence has been removed. 
 
Lines 450-454: The inclusion of biological heating reduces the precipitation biases in some 
locations, which is good, but does it increase the biases elsewhere? (e.g. over Myanmar?)  
The model bias worsens in central Myanmar during June by approximately 2 mm day-1, 
however, the increase in precipitation rate in the perturbation run is not significant and therefore 
unlikely to be directly or indirectly caused by changes in biological warming. We therefore 
don’t draw attention to this in the text. 
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Figure 1: The Bay of Bengal (BoB) and surrounding region of interest. Average JJAS chlorophyll-a concentration 
climatology measured from MODIS-Aqua at 4 km horizontal resolution is shown. The locations of major rivers 
are represented as blue lines. The Sri Lanka Dome (SLD) is shown as a cyclonic (anticlockwise) black circle and 
the Southwest Monsoon Current (SMC) is shown as the solid black arrow. South westerly monsoon winds are 
shown as the solid grey arrows. Missing chlorophyll concentration data is shown in grey. Location of missing h2 
grid points in MC-KPP are shown by the black hatching.  
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Figure 4: Monsoon onset season (April to June). (a-c) Monthly average h2 (m) in the perturbation run. Monthly 
29-year average difference (perturbation minus control) of: (d-f) SST (°C); (g-i) 1.5 m air temperature (°C); (j-l) 
upward latent heat flux (W m-2) and 10 m wind velocity (m s-1); (m-o) precipitation rate (mm day-1) and VIMF 
(kg m-1 s-1). The statistical significance of the differences between the two simulations was examined using the 
two-tailed Student’s t-test. The magenta line shows the 10% significance level and the black stippling shows the 
5% significance level. 
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Figure 5: Monthly 29-year average difference (perturbation minus control) of VIMF (vector arrows) and VIMF 
divergence (shaded) for: (a) April; (b) June; (c) September; (d) October. 
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Figure 6: Monthly 29-year average VIMF from the control run for: (a) April; (b) June; (c) September; (d) October. 
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Figure 7: As Figure 4 but for the southwest monsoon season (July to October). (t) The location of the monthly 29-
year area-weighted average precipitation rate in Figure 8 is shown as a black dashed box (85–90° E, 20–25° N). 
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Figure 9: October 29-year average difference (perturbation minus control) of: (a) 500 hPa vertical velocity (m s-
1); (b) 200 hPa horizontal vector wind (m s-1); (c) 1.5 m air temperature (°C); (d) precipitation rate (mm day-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. 
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Figure 10: Monthly 29-year average difference (perturbation minus control) for June and October of: (a,b) radiant 
heating rate (°C month-1); (c,d) downward shortwave radiation flux (W m-2); (e,f) MLD (m). The black boxes 
show the location of the open ocean region of the SMC (southwest BoB; 83–86° E, 5–8° N) and the coastal region 
of the Irrawaddy Delta (northeast BoB; 95–98° E, 14–17° N). The magenta line shows the 10% significance level 
and the black stippling shows the 5% significance level. 
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Figure 11: Monthly 29-year average difference (perturbation minus control) for June and October of the estimated 
relative contribution to changes in the radiant heating rate (°C month-1) from: (a,b) h2; (c,d) downward shortwave 
radiation flux; (e,f) MLD. As in Figure 10, the black boxes show the location of the open ocean SMC region and 
the coastal Irrawaddy Delta region.  
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Figure 13: Model bias of precipitation rate for: (a) June; (b) October. Bias calculated as the monthly 29-year 
average precipitation rate from the control run minus the monthly climatological precipitation rate observed 
from TRMM satellite.  
 

 
 
Figure 14: Schematic of the effect of chlorophyll-induced heating on monsoon rainfall in the interior of the BoB. 
High chlorophyll concentration in the mixed layer (ML) affects the penetration of shortwave radiative heat flux 
(Qsw), the scale depth of blue light (h2), and the difference in mixed layer radiant heating rate (∆RHR) and SST 
(∆SST) 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 illustrates the preferential absorption of the 
shallow penetrating red light and the deep penetrating blue light. 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 represents the south 
westerly monsoon winds transporting heat and moisture that sustains enhanced convection and precipitation over 
the BoB interior.  


