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Abstract This study examines the effect of seasonally
varying chlorophyll on the climate of the Arabian Sea and
South Asian monsoon. The effect of such seasonality on
the radiative properties of the upper ocean is often a
missing process in coupled general circulation models and
its large amplitude in the region makes it a pertinent choice
for study to determine any impact on systematic biases in
the mean and seasonality of the Arabian Sea. In this study
we examine the effects of incorporating a seasonal cycle in
chlorophyll due to phytoplankton blooms in the UK Met
Office coupled atmosphere-ocean GCM HadCM3. This is
achieved by performing experiments in which the optical
properties of water in the Arabian Sea—a key signal of the
semi-annual cycle of phytoplankton blooms in the region—
are calculated from a chlorophyll climatology derived from
Sea-viewing Wide Field-of-View Sensor (SeaWiFS) data.
The SeaWiFS chlorophyll is prescribed in annual mean and
seasonally-varying experiments. In response to the chlo-
rophyll bloom in late spring, biases in mixed layer depth
are reduced by up to 50% and the surface is warmed,
leading to increases in monsoon rainfall during the onset
period. However when the monsoons are fully established
in boreal winter and summer and there are strong surface
winds and a deep mixed layer, biases in the mixed layer
depth are reduced but the surface undergoes cooling. The
seasonality of the response of SST to chlorophyll is found
to depend on the relative depth of the mixed layer to that of
the anomalous penetration depth of solar fluxes. Thus the
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inclusion of the effects of chlorophyll on radiative prop-
erties of the upper ocean acts to reduce biases in mixed
layer depth and increase seasonality in SST.
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1 Introduction

Winds in the northern Indian Ocean undergo one of the
largest seasonal cycles on the planet thanks to the Asian
monsoons during boreal summer and winter. In summer,
south—westerly monsoon winds provide India with
around 80% (~850 mm) of its annual rainfall, while
north—easterly winds bring predominantly dry air across
the Arabian Sea in winter. The ability to simulate and
predict the timing, duration and intensity of the mon-
soons is vital for agriculture and other water resource
users such as industry. The large seasonality in monsoon
winds across the Arabian Sea is strongly coupled with
the underlying ocean. As demonstrated in Ju and Slingo
(1995) Figure 15, sea surface temperatures (SST) reach
around 29.5°C under clear-sky conditions in May. This
maximum subsequently falls to around 27°C following
the rapid onset of the monsoon winds, almost as low as
in boreal winter. As Ju and Slingo (1995) describe, this
onset brings strong coastal upwelling off Somalia, as
well as enhanced evaporation and ocean mixing. As the
monsoon begins to wane, solar heating once again
warms the region prior to the autumn equinox. Com-
prehensive studies such as Schott and McCreary (2001)
also describe in detail the complex seasonal cycle of
ocean currents in the region, such as the Somali current,
which we shall not discuss here.
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While many coupled general circulation models
(GCMs) can capture the basic seasonality of the mon-
soons, there are clear biases in the Arabian Sea in the
Third Coupled Model Intercomparison Project (CMIP3)
models (Meehl et al. 2007). Marathayil et al. (2011) have
shown these to consist of cold biases in the northern and
central Arabian Sea (of order 2—-3°C) during boreal winter
and spring, concurrent with excessive north—easterly
monsoon winds, mixed layers that are too deep in the
north, and enhanced low-level convergence over the west
equatorial Indian Ocean. Ju and Slingo (1995) selected
anomalous monsoon seasons using a dynamical index and
suggested that the surface of the Arabian Sea may act
passively, as a regulator, to weakened monsoon flow.
After the onset of dynamically strong monsoons, they
show reduced Arabian Sea SST for the remainder of the
season. Via Clausius-Clapeyron, this could yield reduced
moisture transport to India, constraining rainfall variabil-
ity on interannual timescales. (The interannual variability
in monsoon rainfall is surprisingly low at around 85 mm,
10% of the seasonal total.) Some studies have considered
the importance of Arabian Sea SST to monsoon rainfall at
particular locations over India. In particular, Izumo et al.
(2008) found that upwelling-related changes in SST along
the Oman and Somali coasts led to variability in rainfall
over the Western Ghats (near the west coast of India),
with reduced upwelling leading to higher SST and
increased moisture transport to the region. Reductions in
this upwelling were themselves related to anomalously
weak south—westerlies in late spring, caused by high SST
in the Seychelles-Chagos thermocline ridge region. Vec-
chi and Harrison (2004) also showed a relationship in
observations between anomalously cold SST in the wes-
tern Arabian Sea and reduced rainfall in June and July
along the Western Ghats.

More generally, summer monsoon area-average rainfall
can be shown to have a clear relationship with moisture
advected across the Arabian Sea. Using European Centre
for Medium Range Weather Forecasts (ECMWF) 40-year
Reanalysis (ERA-40) vertically integrated moisture flux
and India Meteorological Department (IMD) 1°-gridded
rainfall data for the 1958-2001 period, Fig. 1 shows the
composite difference between strong and weak monsoon
summers (June to September) based on the All India
Rainfall index. The figure shows clear evidence of
enhanced moisture advection across the Arabian Sea rem-
iniscent of the Somali jet in the lower troposphere, during
strong monsoon summers. This coincides with enhanced
precipitation over the Western Ghats. The south—westerly
moisture flux anomaly turns cyclonically around the
monsoon trough leading to enhanced precipitation over
central/northern India. Thus conditions over the Arabian
Sea are clearly important for monsoon rainfall.
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Fig. 1 Composite difference of vertically integrated moisture fluxes
from ERA-40 (vectors) and IMD 1°-gridded Indian precipitation
(shading) for strong minus weak monsoon years, for 1958-2001. The
All-India rainfall area-averaged index is used to compute this

difference, using a £ 1 ¢ threshold. Units are mm/day for rainfall
and the unit vector for moisture flux is 75 kg m~' s™!

Given the large seasonal cycle in SST, surface winds
and mixed layer depth, the Arabian Sea undergoes a large
seasonal cycle in chlorophyll owing to phytoplankton
blooms. Furthermore, given that the forcing is semi-annual
(monsoonal), two seasonal blooms occur. As the initial
review in Lévy et al. (2007) describes, these regular sign
changes in vertical mixing and upwelling affect the pro-
vision of nutrients at the surface. Based on the assumption
that bloom onset occurs owing to physical processes, Lévy
et al. (2007) performed a spatio-temporal comparison of
bloom onsets (as measured by surface chlorophyll data
from the Sea-viewing Wide Field-of-View Sensor
(SeaWiFS) platform) with physical processes in the high
resolution NEMO ocean GCM. The regional diversity of
processes (coastal upwelling; interior upwelling; vertical
mixing; horizontal advection) even within the Arabian Sea
leads to dramatic contrasts in the timing and intensity of
phytoplankton blooms in the region. Lévy et al. (2007)
showed seasonal variations in chlorophyll concentrations at
various locations in the Indian Ocean based on the
SeaWiFS chlorophyll climatology and we reproduce this
here, from their data, in Fig. 2 (this version has been cal-
culated on the 1.25° resolution grid of the HadCM3 ocean
model; see Sect. 2 for details). Clear evidence of a semi-
annual cycle in concentration can be seen in the western
(Somali coast) and central Arabian Sea regions (marked A
and B respectively). For the central Arabian Sea (the
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Fig. 2 Annual cycle of chlorophyll concentrations derived from the
monthly 1.25° resolution SeaWiFS climatology supplied to the ocean
model, derived from the data at http://www.nio.org. The regions
A-F are chosen to approximately match those in Figs. 1 and 2 of
Lévy et al. (2007). A: western Arabian Sea (60°E, 19°N; the main
upwelling region), B: central Arabian Sea (66°E, 15°N). C: Lak-
shadweep Sea (73°E, 10°N; west of Kerala), D: southwest Bay of
Bengal (85°E, 9°N), E: central Bay of Bengal (90°E, 14°N), and F:
south central Indian Ocean (75°E, 21°S). Annual mean values are
indicated by horizontal lines for the A and B stations only

largest summer bloom area), Lévy et al. (2007) show
mixed layer processes to be fundamental in driving the
summer bloom onset: rapid deepening of the mixed layer
leading to mixing of nutrients to the surface and phyto-
plankton blooming. Horizontal advection also brings in
nutrient-rich waters from the adjacent coastal upwelling
region. For the main winter blooms over the north—east and
north-west Arabian Sea, Lévy et al. (2007) also showed
mixed layer processes rather than upwelling to be the
cause.

The seasonality in chlorophyll near the ocean surface
can perturb the penetration of solar fluxes into the upper
ocean and hence its vertical temperature profile. Such
perturbations to the temperature profile of the Arabian Sea
could potentially alter conditions at the surface, ultimately
impacting on SST and the supply of moisture to the
monsoon. Seasonally varying chlorophyll is an example of
a missing biogeochemical process that is only recently
beginning to be implemented in the latest Earth System
models. Historically, coupled ocean-atmosphere GCMs
such as HadCM3 controlled the radiative properties of the
ocean via solar attenuation rates, such as the penetration
curves at red and blue wavelengths fitted by Paulson and
Simpson (1977) to various Jerlov water types (Jerlov
1968). These curves feature assigned length scales ((;)
associated with exponential decay for the transmission of
light at depth z in each of the wavelength bands
(I = Iyexp~</% for bands i = 1, 2). For Jerlov Type 1B
(approximating clear water) they suggest decay scales of

1 and 17 m for red and blue wavelengths respectively,
while for Jerlov Type III (more turbid waters perhaps
associated with high chlorophyll concentrations) they
suggest 1.4 and 7.9 m respectively. Thus they demonstrated
much weaker penetration at the blue end of the spectrum in
more turbid waters. GCMs typically feature a uniform
water type throughout the ocean. Moving beyond this
simple method, the effects of chlorophyll on the radiative
properties of the ocean can be determined empirically and
hence incorporated into GCMs. For example, Ohlmann
(2003) examined penetration depth scales associated with
chlorophyll concentrations and outlined a pair of expo-
nential equations suitable for chlorophyll-dependent solar
transmission. Such a chlorophyll-dependent radiation
scheme has already been demonstrated in a study of the
tropical Pacific Ocean in experiments with the LICOM
coupled model (Lin et al. 2007).

In an early study, Sathyendranath et al. (1991) used
remotely sensed information on ocean colour and a 1D
model to suggest the importance of chlorophyll for con-
trolling SST and atmosphere-ocean interactions, motivat-
ing more detailed study. Some studies have examined the
impact of chlorophyll on the Arabian Sea in a variety of
GCM component models. Nakamoto et al. (2000) used
satellite-derived chlorophyll to drive the OPYC ocean
GCM (OGCM) and showed amplification of the seasonal
cycle at 20°N. This consisted of slight cooling during the
summer and winter monsoon seasons and warming during
the inter-monsoon periods. To determine possible effects of
chlorophyll-forced SST changes on the atmosphere, Shell
et al. (2003) forced the CCM3 atmosphere-only GCM
(AGCM) with SSTs derived from an OGCM, themselves
generated by applying chlorophyll perturbations globally.
In their study, very small changes to July precipitation in
India were noted, although a general increase in tropical
convection was found in the summer hemisphere due to
near-surface warming. However, we reiterate the impor-
tance of coupled feedbacks in the Arabian Sea to its cli-
mate and to the monsoon, as described earlier in this
introduction. Wetzel et al. (2006) were among the first to
perform a fully coupled global study, also incorporating a
biogeochemical model to determine solar attenuation rates.
In addition to the impacts on ENSO such as a reduction in
variability, their brief examination of the Arabian Sea at
20°N reveals an improvement in the seasonal cycle of SST,
with the largest difference found in autumn with a chlo-
rophyll-induced warming of over 1°C in the west. For the
summer monsoon (defined therein as July to September),
increases in rainfall of around 3 mm/day were noted.
Finally, Gnanadesikan and Anderson (2009) used a cou-
pled GCM forced with satellite chlorophyll to show annual
mean cooling of between 0.2 and 0.6 K in the Arabian Sea,
attributable to the local or remote effects of tropical
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chlorophyll concentrations in excess of 0.2 mg m >,

although no effects on the monsoon were noted.

Other studies have examined the effects of chlorophyll
on the tropical Pacific, focusing on the equatorial cold
tongue region and upwelling in the east. In the OPYC
OGCM, Nakamoto et al. (2001) showed additional heating
and a shoaled mixed layer that led to increased upwelling
further east via interactions with currents. Lin et al. (2007)
also noted the enhanced upwelling using the coupled LI-
COM model. However, Lengaigne et al. (2007) used two
different coupled models to show warming of the eastern
equatorial Pacific by around 0.5°C, particularly during the
main upwelling season, hence damping the seasonal cycle.
Lengaigne et al. (2007) and Anderson et al. (2009) both
highlighted the importance of the distribution of chloro-
phyll and Gnanadesikan et al. (2010) show the clear impact
of its distribution on the positioning of subtropical cyclones
in the northwest Pacific, using the GFDL CM2.1 coupled
model. Thus changes in chlorophyll behaviour can have
clear implications for atmospheric convection and the
ocean mean state at various locations throughout the
tropics.

The purpose of this study is to examine the role of local
seasonal chlorophyll blooms on the mean climate of the
Arabian Sea and determine any impact on the South Asian
summer monsoon via changes in Arabian Sea SST. Pre-
vious studies have either not used fully coupled ocean-
atmosphere models, or have considered the Arabian Sea
and its impact on the mean monsoon only briefly. Here we
isolate the effect of chlorophyll in the Arabian Sea by
looking at first order (its presence) and seasonal
considerations.

In Sect. 2 we describe the model and observed datasets
used before detailing the experimental design, and in Sect.
3 we compare the model against observations. In Sect. 4 we
describe and discuss the results of experiments using
SeaWiFS chlorophyll forcing. Finally conclusions are dis-
cussed in Sect. 5. We will not consider feedbacks on the
biology itself, nor wider biogeochemical feedbacks beyond
the scope of this study.

2 Methods

This section describes the model and observed datasets
used for comparison and gives details of the experimental
design.

2.1 The model

In this study we use the HadCM3 coupled ocean-atmo-

sphere model, consisting of the HadAM3 atmospheric
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component (Pope et al. 2000) solved on a 3.75° longi-
tude x 2.5° latitude grid on 19 vertical levels and an ocean
model at 1.25° resolution in the horizontal on 20 vertical
levels (Gordon et al. 2000). This model can be integrated
for long periods without the need for flux adjustments to
counteract climate drift, since the drift is less than a hun-
dredth of a degree per century (Gordon et al. 2000). Upper
ocean resolution is approximately 10 m in the top few
layers, and the mixing scheme is based upon the Kraus-
Turner formulation (Kraus and Turner 1967). The scheme
seeks to balance the energy available for mixing (e.g., via
surface winds) with buoyancy anomalies at the ocean
surface. Mixing occurs down from the surface until such a
depth as no more energy is available for mixing (Foreman
1990): at this point, the mixed layer depth is defined. In the
standard version of the model, absorption of solar radiation
in the upper ocean is governed by a two-band scheme
based on Paulson and Simpson (1977) with approximately
clear water in all oceans, although all red wavelengths
above a certain cut-off (689 nm) are assumed to be
absorbed in the surface layer. Modifications to this scheme
as used in the experiments here are discussed in Sect. 2.3.

A distinct advantage of this model over more recent
higher resolution models is its relatively cheap computa-
tional cost, allowing experiments lasting several decades to
be run relatively easily. As we are not expecting the model
to reproduce with high fidelity the necessary fine-scale
physical processes necessary for producing basin wide
variations in chlorophyll (e.g., the structure of upwelling),
a chlorophyll climatology shall be imposed directly. Thus
the dynamics of the system will not feed back on phyto-
plankton development. Basic details of the monsoon sim-
ulation and its validation against observations will be
discussed in Sect. 3.

2.2 Observed data used

Comparisons with observed sea-surface temperature are
made with the HadISST dataset (Rayner et al. 2003),
originally on a one-degree grid. For atmospheric dynamical
fields, the ECMWF ERA-40 re-analysis is used (Uppala
et al. 2005) covering the period 1958-2001. Vertically
integrated moisture fluxes are calculated between the sur-
face and 100 hPa using these data following:

100

/ ugdp. (1)
1,000

VIMF = !
8

For comparisons with observed mixed layer profiles the
L’OCEAN monthly climatology prepared by de Boyer
Montégut et al. (2004) has been used, comprising around
five million profiles of mechanical bathythermograph (MBT)
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and Argo data from 1941 to September 2008. These data define
the mixed layer depth based on excursions in temperature of
0.2°C from that at 10 m depth, and were obtained from
http://www.locean-ipsl.upmc.fr/ ~ cdblod/mld.html.

In Fig. 1, we also used the All-India Rainfall index of
seasonal area-mean rainfall for India (Parthasarathy et al.
1994), and daily 1°-gridded rainfall data from IMD
(Rajeevan et al. 2006). We use an enhanced version of this
dataset (M. Rajeevan, personal communication 2007),
comprising 2,140 stations and increased density over the
northern plains.

Proxy data for chlorophyll concentrations (in mg m™>)
in the ocean mixed layer are taken from the Sea-viewing
Wide Field-of-View Sensor (SeaWiFS) data compiled by
Lévy et al. (2007) into an eight-daily climatology based on
April 1998-March 2005 inputs. Variations associated with
the large El Nifio of 1997 have been avoided, and Lévy
et al. (2007) have interpolated carefully over missing data
in the far north Arabian Sea during boreal summer, absent
due to cloudiness and dust storms during the period. This
climatology, gridded at 0.5° resolution over the Indian
Ocean, has been obtained from http://www.nio.org. To
incorporate these data into the ocean component of Had-
CM3 in experiments to be described later, we bi-linearly
interpolate to the model resolution of 1.25° and generate a
monthly-mean climatology.

Assessing the accuracy of SeaWiFS chlorophyll data in
the Arabian Sea is difficult due to the paucity of in situ
observed data. In a research cruise south of Gujarat on the
west coast of India in November 1999, Desa et al. (2001)
suggested that SeaWiFS was overestimating chlorophyll
concentrations there due to backscatter from other con-
stituents (perhaps from river discharge). Despite this, Desa
etal. (2001) did measure values in the range 0.2—4
mg m™ >, consistent with typical values in SeaWiFS. More
generally, Gregg and Casey (2004) noted the SeaWiFS
product to be more reliable over the open ocean (bottom
depths over 200 m, which includes the Arabian Sea away
from the coasts). They did caution that Arabian Sea in situ
measurements were only available during winter. Conk-
right and Gregg (2003) noted that SeaWiFS data were also
likely to be reliable over the open oceans, being within
10% of blended products constructed from in-situ obser-
vations and Coastal Zone Color Scanner data. Finally, in a
comparison of SeaWiFS chlorophyll data with retrievals
from the MODIS satellite and despite a global mean bias in
both datasets, Gregg and Casey (2007) suggested that the
poor temporal sampling of the satellite products (biased
toward periods free of thick atmospheric aerosol, which
also coincide with the highest phytoplankton growth peri-
ods) could lead to underestimates in chlorophyll concen-
trations of up to 30%. This is particularly pertinent to the
Arabian Sea region.

2.3 Experimental design

We perform 50-year experiments with HadCM3 under
various conditions, in addition to a control integration for
comparison.

In the experiments, observed chlorophyll concentrations
are read directly into the model. Using empirical relationships
fitted by Ohlmann (2003), these concentrations are converted
to penetration depth scales and relative weights suitable for
implementation in a two-band solar absorption scheme (their
Eqns. 6a—d, as also used in Lin et al. 2007). In the first
experiment, time-invariant annual mean chlorophyll concen-
trations are prescribed in the Arabian Sea only, and set to 0.05
mg m > elsewhere. Using an example high chlorophyll con-
centration of 1 mg m >, the relationships fitted by Ohlmann
(2003) (reciprocals of their Eqns. 6c, d) yield exponential
decay length scales of 1.8 and 7.4 m for red and blue light
respectively. This experiment is compared to a control inte-
gration (chl_control) using 0.05 mg m ™ chlorophyll globally
and solar penetration determined by the Ohlmann (2003)
equations (scales 2.6 and 24.0 m for red and blue wave-
lengths). Some authors (e.g., Gnanadesikan and Anderson
2009) have used completely clear conditions for their control
experiments to determine the full physical impact of chloro-
phyll, however others (e.g., Shell et al. 2003) use small finite
values. In this way, a more realistic evaluation of its impact in
the GCM framework can be derived. In a second experiment,
the annual cycle of chlorophyll concentrations in the Arabian
Sea is read by the model, and linearly interpolated to daily
values. The annual cycle of chlorophyll, as determined from
the Lévy et al. (2007) climatology and interpolated to the
ocean model grid, is shown in Fig. 3. (The annual cycles at
various points in these data were earlier shown in Fig. 2.) Note
that only those values in the Arabian Sea are considered.
Comparison of transmission profiles using the chlorophyll-
dependent method of Ohlmann (2003) and the simple water-
type scheme of Paulson and Simpson (1977) reveals that at 50
m depth, Jerlov type 1B is roughly equivalent to 0.1-0.3
mg m >, and type III to 1.0-1.3 mg m ™ chlorophyll. Thus
the range of observed chlorophyll values in the Arabian Sea
(see curves A, B in Fig. 2) is roughly consistent with a tran-
sistion between clear and turbid water (these two water types).
The effect of variations in chlorophyll on surface albedo have
been neglected but these are of much smaller magnitude than
any projected changes in absorption of solar radiation. A
summary of the experiments performed is shown in Table 1.

3 The Arabian Sea and South Asian summer
monsoon in HadCM3

The monsoon simulation in HadCM3 has been studied
extensively (e.g., Turner et al. 2005, 2007; Turner and
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Fig. 3 Monthly spatial variations in the prescribed seasonal cycle of chlorophyll in the SeaWiFS experiments on the 1.25° ocean model grid.
Climatology derived from the April 1998—March 2005 data constructed by Lévy et al. (2007)

Table 1 Summary of 50-year experiments performed with HadCM3

Name Description

chl_control 0.05 mg m~> chlorophyll applied globally

ann_mean Annual mean SeaWiFS chlorophyll in Arabian Sea

ann_cycle Varying SeaWiFS chlorophyll in Arabian Sea

Slingo 2009) and inter-model comparisons have shown the
seasonal cycle in the broad Asian monsoon rainfall to be
among the best of the CMIP3 models (Annamalai et al.
2007). The seasonal cycles of lower and upper tropospheric
zonal winds are very close to reanalysis products over the
broad domain (Turner et al. 2005). The main biases during
summer (JJAS) consist of an excessive Somali jet at low
levels (Turner et al. 2005) and a slightly delayed monsoon
resulting in weak June rainfall (Turner and Slingo 2009).
A thorough examination of the mean state in HadCM3
will not be carried out here (see Pope et al. 2000; Gordon
et al. 2000, for the global picture in addition to earlier
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studies by the lead author) however Fig. 4 shows boreal
winter (DJF) and summer (JJAS) mean conditions in the
Indian region for the chl_control integration, although this
is very similar to the standard version of the model. During
boreal summer, HadCM3 well simulates the gross features
of the monsoon flow, although it is slightly excessive,
especially as it hits northern peninsular India. Into the Bay
of Bengal, the meridional component of the flow is slightly
weaker than in observations, perhaps reflecting an imper-
fect response of the Somali jet to orographic forcing around
the East African Highlands (Slingo et al. 2005). The
summer precipitation structure over the Indian region is
rather good: the maximum near the Western Ghats is well
simulated considering the horizontal resolution, although
the rain shadow over south-east India is too dry. Strong wet
biases in the western Indian Ocean just north of the equator
are present here and common among current coupled
GCMs (Marathayil et al. 2011). Although some of the
coastal upwelling off Somalia associated with the mon-
soon jet is captured, the 1.25° horizontal resolution and
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Fig. 4 Seasonal mean lower
tropospheric (850 hPa) wind
and precipitation (left) and SST
(right) in boreal summer (JJAS;
a—d) and winter (DJF; e-h) in
the 50-year coupled model
chl_control run (a, b; e, f) and
observations (c, d; g, h). Winds
are taken from the ERA-40
reanalysis over 1958-2001.
Precipitation is from GPCP
(1979—2008) whilst HadISST
SSTs are used. Units are ms™ ",
mm/day and °C
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inadequate response of the surface to upwelling mean that  to over the South China Sea. However the structure is good
much of the western Indian Ocean near the coast is too  over the Arabian Sea and Bay of Bengal. At the ocean

warm.

surface, temperatures are too warm, particularly along the

In boreal winter (DJF), the precipitation signal again  equator, perhaps forcing the precipitation wet bias there.
reveals a wet bias in the western Indian Ocean, in addition =~ The north-south gradient is correctly simulated in the
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Arabian Sea. SST variations though the annual cycle are
described later.

We note that particular biases outlined here are unlikely
to affect experimental results, as ultimately we are pre-
scribing chlorophyll concentrations, rather than allowing
their evolution according to physical processes.

On interannual timescales, variability is too large, as
found in Turner et al. (2005). Teleconnections with ENSO
are also too weak and mistimed, leading to spring (rather
than summer) surface temperatures in the East Pacific
correlating most strongly with monsoon rainfall. This bias
relates to a poor mean state in the equatorial west-central
Pacific in HadCM3, displacing the anomalous diabatic
heating and ascent associated with ENSO (Turner et al.
2005). The teleconnection was only simulated well in four
CMIP3 coupled GCMs (Annamalai et al. 2007) and will
not unduly affect results here, given that the focus is on
local processes in long integrations and perturbations are
not being made outside of the Arabian Sea region.

4 Results of prescribing chlorophyll concentrations
in the Arabian Sea

In this section we describe the results of experiments in
which chlorophyll concentrations are prescribed directly
using a monthly climatology based on the SeaWiFS data
produced for Lévy et al. (2007) and converted to pene-
trating solar fluxes using the Ohlmann (2003) method as
described in Sect. 2. We test the impact of imposing an
annual mean chlorophyll concentration on the Arabian Sea
(ann_mean), and further the impact of the seasonal cycle of
chlorophyll (ann_cycle) on the climatology of the region
and of the Asian monsoon in comparison with the
chl_control experiment.

4.1 Annual mean SeaWiFS climatology forcing

Here we describe the results of the comparison between
applying a fixed annual mean of chlorophyll (ann_mean) in
the Arabian Sea against the control integration in which
chlorophyll is held constant globally at the low value of
0.05 mg m ™~ (chl_control). Results for boreal spring and
summer can be seen in Fig. 5. In response to the increased
absorption by solar radiation near the surface, the mixed
layer is stabilized and hence shoals in all months (Fig. Sa—f).
Immediately obvious is the complex spatial structure in
the mixed layer depth signal reflecting the large spatial
inhomogeneity in chlorophyll concentration described in
Figs. 2 and 3. In particular, the shoaling response of the
mixed layer is not spread evenly over the Arabian Sea in all
months. Statistically significant SST warming occurs over
much of the Arabian Sea in April and May and over a

@ Springer

smaller region in June (Fig. 5h—j), culminating in increased
evaporation and increases in column vertically integrated
moisture advected across India and Southeast Asia
(Fig. 5n). Enhanced moisture convergence during June
leads to significant increases in precipitation (Fig. 5r)
strengthening the monsoon onset. During May, moisture
fluxes are also enhanced consistent with earlier develop-
ment of the monsoon. A small region of slight but signif-
icant cooling in the western Arabian Sea in July and
August (Fig. 5k, 1) results in weakened advection of
moisture to India and a reduction of August monsoon
rainfall by around 1 mm/day over central India, although
this change is not statistically significant.

To examine the cause of the changes in early summer
moisture flux and monsoon precipitation in more detail,
Fig. 6 shows changes in surface latent heat flux and
lower tropospheric wind in June and July, months with
contrasting precipitation signals. In June, large increases
in evaporative flux are found over the Arabian Sea,
passing more moisture to the atmosphere; the additional
moisture is then advected over India. The increases in
SST and latent heat flux are consistent with the atmo-
sphere being forced by the ocean. The low-level mon-
soon flow is also enhanced by around 1 m s™', resulting
from the stronger meridional temperature gradient in
May/June and as a feedback on the enhanced precipita-
tion itself. Thus both winds and evaporative fluxes have
contributed to the increase in moisture advected to India.
In July, colder SSTs in the west of the Arabian Sea
(Fig. 5k) lead to reduced latent heat fluxes at the surface,
leaving only a small region of additional moisture by the
Indian coast (Fig. 6b).

Significant signals of reduced precipitation in the east
equatorial Indian Ocean in June and July (and extending to
the west but of smaller magnitude) are consistent with
enhanced ascent over the Indian region (e.g., Krishnan
et al. 2000) and act to partially ameliorate model precipi-
tation biases shown in Fig. 4. The enhanced ascent over
India leads to anomalous subsidence occurring over the
equatorial Indian Ocean via the monsoon Hadley circula-
tion (tested using vertical winds at the model level closest
to 500 hPa, not shown).

4.2 Seasonally varying SeaWiFS climatology forcing

In the second experiment (ann_cycle), we allow the full
annual cycle of chlorophyll concentration (Figs. 2 and 3) to
be input to the ocean model over the Arabian Sea. The
complex spatio-temporal evolution of this field is reflected
in the climatological response of the northern Indian Ocean
region as seen in Fig. 7. Slightly weaker mixed layer
shoaling than in the annual mean case is noted from April
to June (Fig. 7b—d). This occurs because the overall
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Fig. 5 Spring and summer monthly composite differences between the
annual mean SeaWiFS experiment (ann_mean) and global chlorophyll
control integration (chl_control) for mixed layer depth (a—f), SST (g-1),
vertically integrated moisture flux (m—p) and precipitation (g—t). Units
are m, °C, kg m~' s~ and mm/day respectively. Months March to

Fig. 6 Early summer monthly
composite differences of latent

August >

August are shown from left to right, although March/April moisture flux
and precipitation panels are omitted for clarity as they are well before
the rainy season. In the contoured plots, differences statistically
significant above the 90% (95%) level are shown by red (black) stipples.
The unit moisture flux vector is 50 kg m~' s~

(b)

heat flux and lower tropospheric
(850 hPa) wind between the
ann_mean and chl_control
integrations during (a) June and
(b) July. Units are Wm~?2 and
ms™! respectively

increase in chlorophyll concentration over the 0.05
mg m > control experiment is less during these months
than in the annual mean case for points in the Arabian Sea
(compare curves A, B in Fig. 2 with their annual mean
counterparts A, B). Following July, increased chlorophyll

W/m?

forcing compared to the annual mean experiment yields
only slightly more shoaling owing to the cumulative effects
of previous months. In SST, April and May temperature
anomalies of up to 0.5°C cover much of the Arabian Sea,
reaching 1°C in places (Fig. 7h, i), but these reduce to only
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Fig. 7 As in Fig. 5 but for the summer monthly composite difference between the seasonally varying SeaWiFS experiment (ann_cycle) and

global chlorophyll control integration (chi_control)

a small region at the north of the Arabian Sea by June,
significant at the 90—95% level. The cumulative effect of
increased SST through late spring is one of increased
atmospheric moisture, and stronger moisture fluxes inci-
dent upon southern India result in precipitation increases
over Kerala of up to 2 mm/day in June, significant at the
95% level. The contributions to the enhanced moisture flux
from evaporative fluxes and strengthened monsoon flow
are similar to those in Fig. 6 for the ann_mean experiment
(not shown). Changes during the mature monsoon season
are consistent with anomalous moisture flux signals and
results shown earlier, but are statistically insignificant. We
do not see the consistent large increases in rainfall on the
west coast of India that Wetzel et al. (2006) noted from
July to September, likely due to the different SST response
in their study (see later for further details). We have
therefore demonstrated that by perturbing the solar
absorptive properties of the Arabian Sea in accordance
with an observed seasonal cycle of chlorophyll from
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SeaWiFS data, significant impacts can be found on the
monsoon onset and the climate of the Arabian Sea.

We examine the seasonal cycle of SST in the Arabian
Sea over the west central region in the SeaWiFS pertur-
bation experiments in Fig. 8. This is calculated over
58—62°E, 15—18°N: chosen as it represents one of the largest
regions of chlorophyll and SST variability in the central
Arabian Sea, while being some distance from the coast.
Most notable are the large biases with respect to observa-
tions, particularly the large cold bias in boreal winter and
spring, and the warm bias following the monsoon onset,
potentially owing to a poor response of upwelling to the
Somali jet. Figure 8 shows a clear increase in seasonality
from late boreal spring to the monsoon onset in June, with
SSTs warmer by up to 0.5°C in the ann_mean experiment.
Similarly, during boreal winter and summer when the
annual cycle in SST recedes, the ann_mean and ann_cycle
experiments show increased reductions in SST. We note
that the largest impact on SST is in boreal spring and
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Fig. 8 Mean seasonal cycle of SST in the 58—62°E, 15—18°N region
of the west—central Arabian Sea in the ann_mean (solid circle) and
ann_cycle (white circle) SeaWiFS-forced integrations with the
chl_control integration (solid) and HadISST observations (dotted).
Units are °C

summer, unlike autumn as in Wetzel et al. (2006). This
may relate to slight differences in the region of study or our
prescription of accurate observed chlorophyll concentra-
tions here compared to those produced by un-coupled
biogeochemical modelling. While we have found that
inclusion of this physical process has partially ameliorated
biases in the seasonal cycle of the Arabian Sea, it is clear
from Fig. 8 that substantial problems remain. These per-
haps relate to other factors such as cold dry air advection
from Pakistan and northwest India during the boreal winter
monsoon, leading to large latent heat flux errors in the
region among the CMIP3 models (Marathayil et al. 2011).
The seasonal radiative effects of atmospheric dust are also
likely to be a key process over the Arabian Sea owing to
transport from desert regions in central and eastern Africa,
and more locally from north-west India.

To explain the behaviour of surface temperature in this
region more clearly, in Fig. 9 we show the evolution of
turbulent surface heat fluxes in the SeaWiFS perturbation
experiments. These clearly show the seasonal cycle of
surface fluxes to be brought forward, with increases during
April and May and reductions in July and August in the
SeaWiFS experiments. The stronger upward fluxes centred
on May in the ann_mean experiment relative to ann_cycle
help explain the negative tendency in ann_mean SST
between May and June in Fig. 8.

We now focus on the impact of the SeaWiFS experi-
ments on the mixed layer, which, so far, has been shown to
undergo general shoaling. In Fig. 10 we show the seasonal
cycle of mixed layer depth in the west—central Arabian Sea
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Fig. 9 Mean seasonal cycle of turbulent surface fluxes (sum of latent
and sensible heat) in ann_mean (solid circle) and ann_cycle (white
circle) SeaWiFS-forced integrations and the global chlorophyll
control integration (solid) over the 58—62°E, 15—18°N region. Units
are Wm ™2 and positive represents upwards fluxes
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Fig. 10 Monthly climatological mixed layer depth in ann_mean
(solid circle) and ann_cycle (white circle) SeaWiFS-forced integra-
tions and the global chlorophyll control integration (solid) over the
58—62°E, 15—18°N region. Comparisons are made with an observed
L’OCEAN climatology (dotted). Note that depth increases in the
upwards direction on the y axis

in the SeaWiFS experiments compared with the L’OCEAN
observed dataset. While there are clearly errors in the
modelled mixed layer depth (it is too deep during boreal
summer and winter) the pronounced seasonal cycle is
captured. The SeaWiFS perturbation experiments go some
way to overcoming the bias, reducing it by around 50%
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during boreal summer. Given the size of the summer and
winter biases, this comparison is unlikely to be affected by
using an alternative algorithm for calculating the observed
mixed layer depth climatology.

4.3 Discussion

We now turn to the apparent disparity between consistent
mixed layer shoaling and differing changes in temperature
at the sea surface outlined in the above experiments (e.g.,
comparing SST changes in June and July in Figs. 5, 7). We
also show an example of changes in a winter case: Fig. 11
shows the MLD and SST changes during December in the
SeaWiFS ann_cycle experiment. Unlike boreal summer,
the prevailing wind direction is not conducive to coastal
upwelling, yet the wind speed is strong. In December the
deep mixed layer is shoaled by chlorophyll forcing, yet
SST reduces over parts of the west central Arabian Sea.
This cooling persists over substantial areas of the basin in
January.

The discrepancy between consistent mixed layer shoal-
ing and changes in SST of either sign in different months
can be explained by the relative depth of the climatological
mixed layer and penetration depth of anomalous incoming
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Fig. 11 Composite differences between the seasonally varying
SeaWiFS experiment (ann_cycle) and fixed global chlorophyll control
integration (chl_control) in December for mixed layer depth (a) and
SST (b). Units are m and °C respectively. Differences statistically
significant above the 95% level are shown by solid stipples
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solar radiation. We explore this by examining the dominant
contributions to ocean temperature tendencies as diagnosed
by the GCM in case studies of the ann_cycle experiment.
The cases chosen are: December, in which the mixed layer
is deep and we have shown SST to decrease; April, in
which the mixed layer is shallow and SST has increased;
and July during the mature monsoon season, in which the
mixed layer is again deep and the surface has cooled.
Although the circumstances during December and July
appear similar, they occur during winter monsoon (coastal
downwelling) and summer monsoon (coastal upwelling)
regimes respectively. In Fig. 12 we show the contributions
in the top 100 m in the global chlorophyll control experi-
ment (chl_control): from penetrating solar radiation (d7/
dtsw); from a combination of mixing processes and surface
fluxes (d7/dtypsp); and the sum of other terms such as
advection, diffusion and convection. The difference in
these tendencies between the ann_cycle and chl_control
experiments is also shown in the lower panels.

During December, strong winter monsoon winds and
surface fluxes act to cool the surface maintaining a deep
mixed layer (Fig. 12a). Near the surface, attenuation
caused by chlorophyll suggests a warming tendency (red
curve in Fig. 12d) however beneath this there is a negative
tendency since the chlorophyll causes a shadow beneath it.
The climatological mixed layer extends far beneath the
depth to which solar radiation perturbs the ocean temper-
ature (even following the significant mixed layer shoaling
due to stabilization of the vertical temperature profile),
encompassing also the negative tendency in the shadow
region. Thus following mixing processes there is no net
warming of the surface due to chlorophyll. In fact, the net
surface cooling at this time of year forced by strong wind-
driven evaporation means that these upward fluxes of heat
now act on a more shallow mixed layer of lower heat
capacity. This enhanced cooling tendency leads to anom-
alously large negative surface temperature perturbations as
indicated in Figs. 12d (black curve) and 11b. The green
curve in Fig. 12d also shows clear evidence of mixing
processes at work, which act to cool the near surface layers
while warming the lower part of the mixed layer. Thus
chlorophyll has not acted to change the surface temperature
directly but its stabilizing impact on the vertical tempera-
ture profile shoals the mixed layer and reduces the heat
capacity, exacerbating the climatological surface cooling in
December. We note that other processes including advec-
tion play a negligible role in temperature tendencies during
December.

During April, winds are weak, the mixed layer is shal-
low and the surface undergoes net warming. The additional
ocean temperature increment due to solar fluxes (d7/dtsw)
caused by the high chlorophyll concentration is encom-
passed entirely within the mixed layer, above the diagnosed
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Fig. 12 Monthly temperature tendencies during a) December performed over the 58—62°E, 15—18°N region as in other figures.

(b) April and (c) July caused by penetrative solar fluxes (termed
dT/dtsyw in the text), a combination of surface fluxes and mixing (d7/
dtyisr) and the sum of all other processes (advection, diffusion and
convection) in the global chlorophyll control integration (chl_con-
trol). The total tendency is shown by the thick black line. Averaging is

MLD. The mixed layer is shoaled only partially in the east
(Fig. 7b). Less radiation penetrates beneath the chlorophyll
in its shadow (see the red curve below ~20 m in Fig. 12e;
also noted in Nakamoto et al. 2000). However since this is
isolated from the mixed layer it does not affect SST. Rather
than a heat capacity effect as in December, the solar term
acts to enhance the total positive temperature tendency in
this part of the season, ultimately leading to warmer SST in
April. In the mixed layer, there is also a positive contri-
bution from horizontal advection, balanced by a smaller
increase in cooling from vertical advection (sum shown by
the light blue curve in Fig. 12e).

In July the monsoon is well underway and its strong
winds have already acted to deepen the mixed layer sub-
stantially. As in December, both the additional near-surface
warming caused by the chlorophyll and the cooling beneath
this are encompassed within the mixed layer (red curve in
Fig. 12f). The near-surface warming perturbation from
solar fluxes acts to stabilize the profile, shoaling the mixed
layer slightly. Thus the net cooling tendencies at this time

The perturbations to these tendencies in the ann_cycle SeaWiFS
experiment are also shown for (d) December, (e) April and (f) July.
Units are °C/month. Each panel also shows the mean mixed layer
depth in chi_control (ann_cycle) experiments as a solid (empty) star

of year act on a reduced heat capacity, resulting in
enhanced cooling of SST. This occurs despite the high
chlorophyll concentration and contribution from solar
radiation near the surface. Unlike December, coastal
upwelling is a key feature of July’s surface heat budget.
The net effect of vertical over horizontal advection in July
thus brings a significant negative contribution to near-sur-
face temperatures.

Thus during periods of seasonally deep mixing (once the
monsoons are well established) increased chlorophyll
concentrations act to increase the surface cooling tendency
and lead to colder SST. We note that the deep mixed layer
bias of HadCM3 is not large enough to affect this result for
enhanced surface cooling in December and July since the
changes to the vertical temperature profile caused by
chlorophyll would still be entirely encompassed within the
layer itself.

In summary, additional SST warming due to chlorophyll
occurs only during the equinoctial periods of shallow
mixed layers, and thus can only yield positive impacts on
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monsoon rainfall during the onset in the transition from
spring to summer. The enhancement to climatological
temperature tendencies at the surface, as shown for
December, April and July cases, acts to strengthen the
seasonal cycle of SST in the Arabian Sea.

5 Conclusions

In this study we have examined the effect of changing the
solar absorption properties in the Arabian Sea region on its
climate and that of the South Asian summer monsoon. This
is motivated by the large seasonal cycle of chlorophyll in
the region, which is partly forced by rapid deepening of the
mixed layer as the seasonal monsoon winds develop (Lévy
et al. 2007).

A high spatial and temporal resolution chlorophyll cli-
matology generated for the Indian Ocean by Lévy et al.
(2007) from SeaWiFsS retrievals has been used to supply a
seasonal cycle of concentrations to the ocean model. These
concentrations are converted directly to penetration length
scales appropriate for the two-band radiation scheme in the
upper ocean following Ohlmann (2003). In these experi-
ments, in which the high spatial inhomogeneity of the dataset
is captured across the Arabian Sea despite the 1.25° hori-
zontal resolution, we have shown clear evidence that the
increased stability of the upper ocean shoals the mixed layer,
significantly warming SST in late spring. This leads to
additional westerly moisture advection incident upon pen-
insular India, and significant increases in precipitation dur-
ing the onset of up to 2.5 mm/day. Such increases partially
reduce the weak precipitation bias of this model during the
onset noted in other work (Annamalai et al. 2007; Turner and
Slingo 2009). Unlike the study of Wetzel et al. (2006) in
which consistent increases were noted in precipitation over
coastal India from July to September, the SST cooling in July
and August in this study restricts the flow of moisture
available to the monsoon in those months. As Wetzel et al.
(2006) acknowledge, other studies including Nakamoto
et al. (2000) also showed slight cooling from July to August.
Thus incorporating atmospheric feedbacks, as we do here,
leads to a complex response of the monsoon through the
season.

Unlike the SST warming in late boreal spring, during
strong monsoon wind regimes in July and December, SST
is reduced by the inclusion of chlorophyll. Thus there is
clear evidence that chlorophyll processes play an important
role in the seasonality of the Arabian Sea, which supports
the earlier results of Nakamoto et al. (2000) using only a
forced OGCM. The seasonality and bias in mixed layer
depth are also significantly improved, and we note that the
deep mixed layer bias in HadCM3 is not large enough to
alter the differing effects of chlorophyll on surface cooling
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or warming. (The reduced solar penetration in the shadow
beneath the chlorophyll layer will still occur either above
or below the base of the layer in December/July and April
respectively). Other studies such as Marathayil et al.
(2011) show the prevalence of large cold biases in the
northern Arabian Sea during boreal winter and spring
among the CMIP3 models. Rather than chlorophyll pro-
cesses, other sources are clearly implicated in such biases
(e.g., cold dry air advection from the north as in Marathayil
et al. 2011). Levine and Turner (2011) have already shown
such coupled model SST biases to have clear and signifi-
cant impacts on monsoon precipitation, thus addressing
them should be given a clear priority in order to improve
dynamical seasonal prediction and long term climate pro-
jections of the South Asian summer monsoon.

This study has not considered the effect of seasonally
varying chlorophyll in other regions. The Arabian Sea was
chosen as a focus region because of the large magnitude of
chlorophyll variability relative to that elsewhere in the
Indian Ocean (see Fig. 2), and because of its proximity to
the major centres of convection of the South Asian summer
monsoon. Further experiments have been carried out in
which the seasonal cycle of SeaWiFS chlorophyll con-
structed from the Lévy et al. (2007) data is prescribed over
the whole Indian Ocean. In these experiments very similar
results are found for the SST changes in the Arabian Sea
and redistribution of moisture during the monsoon, further
strengthening the case for inclusion of chlorophyll vari-
ability in coupled GCMs.

This study has also not evaluated the potential impact on
variability in the Arabian Sea and thus the monsoon. The
overly deep mixed layer in HadCM3 may restrict vari-
ability in SST and moisture over the Arabian Sea on in-
traseasonal timescales. The once per day atmosphere-ocean
coupling frequency used in this model and in many other
state-of-the-art CMIP3 GCMs will also inhibit diurnal
variability in the mixed layer and hence variability in both
SST and chlorophyll production.

A further enhancement to this study could consider
feedbacks on phytoplankton development by coupling with
ocean biology models, although considerable uncertainties
remain in their simulation of phytoplankton growth. Lévy
et al. (2007) showed that the seasonal phytoplankton
bloom was caused by rapid deepening of the mixed layer at
the onset of the monsoon, thus inconsistencies between the
timing of a prescribed chlorophyll bloom and that of
the monsoon onset of the coupled GCM will cause errors in
the SST response to chlorophyll. At the time of the mon-
soon onset, interannual variability in SeaWiFS-derived
chlorophyll averaged over a broad region of the central
Arabian Sea is at its lowest (around 10%, Robertson 2011).
However in recent work using a 1D mixed layer model,
Robertson (2011) found that this variability causes SST
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changes of up to +0.2 K over the Arabian Sea at this time.
This gives an estimate of the error one might expect from
inconsistencies between the timing of the bloom and the
monsoon onset. Interannual variability of chlorophyll
reaches almost as high as 35% between June and July, but
its effect on SST variability is lower owing to the clima-
tologically deep mixed layer. Realistic modelling of chlo-
rophyll concentrations in the Arabian Sea might lead to
better simulation of interannual variability in the monsoon
and improved seasonal forecasts. The inclusion of such
Earth System feedbacks in the latest high resolution cou-
pled GCMs will eventually allow the effects of ocean
chlorophyll on climate to be addressed in more detail.
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