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• SW monsoon season: Net freshwater gain from rainfall; ~>30 cm / month
• NE monsoon season: Net freshwater loss by evaporation: 10-20 cm / month
• In BOB, river discharges play an important role in hydrography, SST, and ocean-

atmosphere system [e.g., Shetye et al. 1996;  Vinayachandran et al. 2002; 
Sanilkumar et al. 1994].

OAFLUX (Yu and Weller 2007) E minus GPCP P, NCEP2 10m wind

E-P JJA E-P DJF

Freshwater forcing in Bay of Bengal:
Evaporation minus precipitation

cm/month cm/month



• BOB is the freshest region in 
the Indian Ocean.

• Receives large quantities of 
freshwater from river 
discharges (1500-3000 km3 

annually), more in summer 
than winter [e.g., Martin et 
al. 1981; Varkey et al.1996].
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Figure 1. The Bay of Bengal. The bottom topography contours are in meters. The hydrographic stations, shown by 
dots, were divided into eight legs labeled A-H. The circled station of leg H is used in Figure 4 and that of leg C is 
used in Figure 6. 

al., 1993], and its equatorward phase begins as the southwest mon- 
soon withdraws. The formation and decay of the latter can be seen 
in the ship-drift climatology of Cutler and Swallow [1984], shown 
in Figure 2. Equatorward coastal flow appears first in the north in 
September; by November it is present along the entire east coast, 
and after making its way around Sri Lanka, it flows as a poleward 
current along the west coast of India. The EICC weakens in 
December in the north but is still present along the rest of the 
coast. It decays in January and begins flowing poleward in 
February. The first half of December is thus about midway 
through the equatorward phase of the EICC. 

The next section discusses the methods of collection and 

analysis of data. Section 3 examines the winds over the bay during 
the northeast monsoon. Section 4 describes characteristics of the 

near-surface stratification arising from high freshwater influx into 
the bay. The largest impact of the influx is seen in the nearshore 
region, which is examined in section 5. Major features of the fields 
of geostrophic velocity and transport are described in section 6, 
and their likely causes are discussed in section 7. Section 8 sum- 
marizes the main findings. 

2. Sampling and Analytic Methods 
During December 1-25, 1991, on board ORV Sagar Kanya, 

vertical profiles of temperature and salinity were measured using a 
SeaBird Conductivity-Temperture-Depth (CTD) profiler SBE 9 
equipped with twelve 1.8 L General Oceanic rosette samplers. The 
observations were made at 91 stations distributed along eight legs, 

Figure 2. Ship drifts (1 ø squares) in the westem bay of Bengal based on the 10-day averages compiled by Cutler and 
Swallow [1984]. The 10-day drifts over three consecutive 10-day periods, taking note of the number of observations 
that go into each 10-day ship-drift vector, were averaged herein to construct the monthly mean drifts. July (Jart_ uary) 
represents the average during days of the year 181-210 (1-30). To avoid clutter, ship drifts less than 0.2 m s -• have 
not been plotted. The scale shown for July applies for other months also. 

• Major Rivers discharges from the Ganga, 
Brahmaputra, Irrawaddy, Mahanadi, Krishna, 
Godavari, etc.

Shetye et al. 1996

Annual Mean WOA05 SSS
Freshwater forcing in Bay of Bengal



Isothermal layer depth, mixed later depth
and barrier layer thickness

interactions and important potential climatic impact. When
they occur, the energy transferred from the atmosphere to
the ocean by wind and buoyancy forcing is trapped in the
upper mixed layer limited by the salt stratification, which is
thinner and thus more reactive than the one defined by the
temperature mixed layer [Vialard and Delecluse, 1998a].
Vialard and Delecluse [1998a] also showed that the BL
could protect the surface layer from heat exchanges with the
thermocline and thus inhibit the surface cooling. Further-
more, the warm reservoir below the upper mixed layer
associated to a classical BL or an inversed temperature
profile can potentially be eroded by intense atmospheric
forcing and thus induce a positive sea surface temperature
anomaly that was suggested to significantly influence the
onset of El Niño-Southern Oscillation (ENSO) events [e.g.,
Maes et al., 2002; Maes et al., 2004] or the development of
the Indian monsoon [Masson et al., 2005], the Madden
Julian Oscillation, and tropical cyclones.
[5] It is both because the mixed layer is relatively shallow

and can thus be eroded relatively easily and because ocean-
atmosphere coupling is strongest at low latitudes that studies
of the BL have mainly focused on the tropical oceans.
Recently, however, Kara et al. [2000] pointed out the

existence of thick BLs in the subpolar North Pacific. Fur-
thermore, several studies showed the importance of salinity
in controlling the stratification and the mixed layer depth in
the middle to high latitudes [e.g., Reverdin et al., 1997].
[6] In spite of this possible global occurrence of the

potential climatic impacts and of the fundamental impor-
tance of correctly diagnosing the upper ocean heat budget,
global seasonal maps of the differences between the upper
density and temperature stratification have, to our knowl-
edge, only been presented twice. Tomczak and Godfrey
[1994] presented global maps for two seasons, winter and
summer, using the Levitus [1982] world ocean data set.
Monterey and Levitus [1997] subsequently showed maps
based on the more recent Levitus and Boyer [1994] World
Ocean Atlas. In addition, we have to mention the milestone
analysis of Sprintall and Tomczak [1992] dedicated to the
tropical areas. These previous studies greatly contributed to
the knowledge and understanding of global BL climatology.
Yet, primarily because of the lack of data, they were all
based on already averaged and interpolated data sets. This
approach results in smoothed vertical profiles and can thus
create artificial mixing of water masses. It can also intro-
duce biases in estimating subsurface quantities such as

Figure 1. Examples of profiles where salinity controls the depth of the mixed layer. Temperature
(black), salinity (blue), and density (red) profiles are measured (a) from an Argo float on 31 January 2002
in the southeastern Arabian Sea (67.3!E, 7.4!N) and (b) from a CTD probe on 21 February 1999 in the
northeastern Pacific Basin (136.3!W, 47.7!N). Note the different vertical and horizontal scales used for
the two profiles. The red solid dot shows the depth where the density criteria is reached, thus defining Ds
(see text). The black solid dot shows the depth where the temperature criteria is reached, thus defining
DT!02 (see text). Ds and DT!02 limit the barrier layer (BL). Figure 1a is an example of classic BL case,
where the temperature is approximately homogeneous below the density mixed layer. Figure 1b is an
example of vertical temperature inversion (section 3.2). The grey solid dot shows the depth of the
maximum temperature inversion below the mixed layer. The amplitude of the inversion as compared to
the surface (10 m depth reference level) is indicated by DTinv.
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de Boyer Montegut et al. 2007, SEAS 

• ILD=depth where T=SST-�T

–�T=0.2C~1.0C  [e.g., Wyrtki 1971; 
Thadathil et al. 2007]

• MLD = depth where σθ=σθref + �σ 

–�σ= σθ(Tref-�T, Sref, P0) - σθ(Tref, Sref, P0)

– [e.g., Lukas and Lindstrom 1991; Sprintall 
and Tomczak 1992; Vialard and Delecluse 
1998]

• BLT=ILD-MLD

• BLs have important impacts on air-sea 
interactions and climate.



Seasonal cycle of BLT (1) [Thadathil et al. 2007]

• Based on ARGO, historical 
hydrographic datasets 
(IODC) and WOA stations

• Quasi-permanent BL 
persisting throughout the 
year (>10 months) 

•  Summer: Develops from 
the northern tip by river 
and rainfall 

•  Winter: Maximum in 
thickness and horizontal 
extent [Rao and Sivakumar 
2003], despite E-P>0

Figure 3. Annual distribution of barrier layer thickness (BLT) in meters. The contour interval is 10 m,
and the contour labels are provided at 20 m intervals. The red dots represent observation locations.
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Seasonal cycle of BLT (2) [Mignot et al. 2007]

waters carried by the North Equatorial Countercurrent. In
early spring, it is located farther south, in the vicinity of the
equator (thick black contours in Figure 4). Thus it crosses
twice a year the latitude band around 3–4!N where a BL
that, according to the currents direction, cannot be due to the
advection of fresh waters of Amazon origin is additionally
detected in boreal winter. This BL of 5 to 10 m thickness
and its link to the ITCZ-induced precipitations was already
described by Foltz et al. [2004].
[18] Large BL areas are additionally located farther pole-

ward in winter (boxes in Figure 4). These are discussed in
section 6. Finally, the thick BL located in the western
tropical Atlantic is analyzed separately in section 7.

5. Northern Tropical Indian Ocean

[19] In the northern Indian Ocean (north of 10!S), the
combined effect of large river runoffs, equatorial dynamics
and the monsoon phenomenon results in a wide variety of
processes leading to salinity anomalies and BL formations.
Sprintall and Tomczak [1992] diagnosed three BL areas in
the Indian Ocean: the Bay of Bengal, the southeastern
Arabian Sea and the area off Sumatra. Below, we propose
to revisit successively the seasonality of these three areas in
the light of our product (Figure 5).

5.1. Bay of Bengal

[20] In agreement with observations [Rao and Sivakumar,
2003; Thadathil et al., 2007] and model analysis [Masson et
al., 2002], BLs in the Bay of Bengal appear in fall in the
east of the Bay with thicknesses of about 25 m, and later in
winter in the west, reaching maximum thicknesses of 50 m.
Using observed profiles of the upper ocean temperature and

salinity, Vinayachandran et al. [2002] proposed that the
initial freshwater input comes from river discharge and
rainfall, during the summer monsoon. The freshwater plume
is spread in the Bay by an eastward Ekman flow induced by
the monsoon winds. Contrary to early findings [Sprintall
and Tomczak, 1992], the BL thickness is maximum in
January–February, confirming the findings of Rao and
Sivakumar [2003] and Thadathil et al. [2007]. The BL that
has built up from June to July becomes prominent by
February in the following year (Figure 5), when the effects
of hydrological forcing through intensified river discharges
and local rainfall are felt the most on the near-surface layers.
The different results obtained by Sprintall and Tomczak
[1992] might be due to their time averaging. Note that the
warm summer waters that have been trapped below the
mixed layer and thus protected from the surface seasonal
cooling are then responsible for observed subsurface max-
ima of more than 1.5!C [de Boyer Montégut et al., 2007a,
Figure 6]. This heat stored below the mixed layer contrib-
utes to counteract the following winter cooling through
vertical entrainment of warm waters [de Boyer Montégut
et al., 2007b]. Thinner barrier layers are also present in July
and August in the north of the Bay, consistent with
observations of Shetye et al. [1996].

5.2. Southeastern Arabian Sea

[21] On the other side of the Indian Peninsula, in the
southeastern Arabian Sea (65!–80!W), our climatology
clearly show a barrier layer between October and March
(Figure 5). As described by Masson et al. [2005] the low-
salinity surface waters are not created locally by atmospheric
fluxes, which are in the way of a net evaporation during those
months over the area. Fresh surface water is advected out of

Figure 5. Monthly seasonal cycle of the barrier layer thickness (meters) in the tropical Indian Ocean.
Grid points with no data are contoured in black. The boxes show the three main areas of BL occurrence in
this ocean (see text for details).
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• BL developing from summer, but reaching the maximum in winter.

• BL (and inversion) in winter [Thadathil and Gosh 1992] by monsoon current 
and downwelling Rossby wave [e.g., Thadathil et al. 2008].

• Known to contribute to the formation of boreal spring mini warm pool, 
warming faster than other Arabian Sea [Shenoi et al. 1999].



 How would the SW monsoon respond to the BL in SEAS? 
Masson et al. 2005 GRL

increasing from April to June (Figure 1c). The decrease in
July–August is weakly represented because of the too warm
SST at this time (see previous section). In June, large
amplitude differences are seen between TMI and CMAP
data making the validation difficult. But it is apparent that
model precipitation in the Arabian Sea is too much confined
along the western coast of India and does not extent enough
westward toward the Arabian Sea and eastward over India
as suggested by CMAP. Part of this bias is explained by
the impossibility to have an accurate representation of the
mountain ridge along the western coast of India with the
actual atmospheric grid horizontal and vertical resolution.

3.3. Salinity and Barrier Layer

[11] The BL variability in the SEAS has already been
documented in a large number of studies [Rao and
Shivakumar, 1999, 2003; Shenoi et al., 2004; Durand et al.,
2004;De Boyer Montegut et al., 2004]. In agreement with the
observations, the model BL peaks in January–February with
a mean thickness over the SEAS of 30 m (Figure 1a). In
agreement with the observations, formation of model BL
results mainly from the combination of two mechanisms: the
downwelling associated with the LH and the simultaneous
input of fresh surface water originating from the Bay of
Bengal. The downwelling peaks in February when the top
of the thermocline deepens down to 90 m. The input of fresh
water raises the pycnocline from 55 m in January to 30 m at
the end of March. However, the model underestimates the
freshening trend of the surface layer and its sea surface
salinity (SSS) remains larger than 34.7 psu whereas Levitus
climatology and other observations [Rao and Sivakumar,
2003; Delcroix et al., 2005] suggest that SSS in the SEAS
drops between 34 and 34.5 psu in January. This model
deficiency, originating mostly from a SSS bias in the Bay if
Bengal, limits the shoaling of the ocean mixed layer that
remains 10 to 20 m too deep in the model as compared to the
available observations.

4. Impact of the BL

[12] The sensitivity experiment is designed to quantify
the impact of the BL on the SST. Figure 4a displays
the April climatological SST difference (REF minus
PERTURB). The solid line denotes the statistically signif-
icant area with a confidence level of 95% using a Student’s
T-test. Significant differences are observed from March to
May. As expected, the presence of the BL favors the spring

SST warming in the SEAS. REF experiment is warmer in
the whole SEAS area with peak SST differences of 0.5!C in
April, two months after the maximum of BL extension.
[13] The atmospheric response to this positive SST dif-

ference peaks in May (Figure 4). A statistically significant
difference of the10 meter wind converges around 6!N over
the gradient located at the south of SST difference. This
brings additional moisture into the area and leads to a
positive precipitation anomaly for the REF experiment. A
maximum difference of 3 mm/day is observed. The time
series of REF minus PERTURB precipitation (Figure 5b)
show that the significant difference over the box (68!E–
77!E; 3!N–10!N) occurs from mid-April to the end of May.
It corresponds mainly to a temporal shift between REF and
PERTURB precipitation (Figure 5a): PERURB monsoon
onset (defined here as the period of massive increase of
precipitations in the SEAS in spring) is delayed by 10 to
15 days. The modification of precipitation pattern is also
associated in REF with larger evaporation (1 mm/day) and
larger heat lost for the ocean (10W/m2 larger latent heat
flux and 15W/m2 weaker solar heat flux) that acts against
the SST warming in REF.

5. Conclusion

[14] For the first time, a complex and realistic coupled
model has been used to quantify the impact of the salinity
stratification on the climate variability in the SEAS. These
first results support previous studies and suggest that the
extent of the BL may be a useful predictor of the onset of
the summer monsoon in the area with a two-month lead-
time. In our simulation, the BL enhances the spring SST
warming by 0.5!C in April, favors more precipitation in
May (3 mm/day) and leads to an earlier (10 to 15 days)
monsoon onset.
[15] Despite the good agreement between the coupled

model simulations and the main climatic features in the
region of interest, there are some biases that could affect our
results. First, the model mixed layer is too deep in January–
February. A comprehensive study of the heat budget in the
mixed layer would be needed to understand the respective
impact of multiple processes (penetrating solar heat flux,

Figure 4. Maps of monthly climatological differences
(REF)-(PERTURB). a: SST (!C) in April, CI = 0.1!C.
b: 10 m wind (m/s) and Precipitation (mm/day) in May, CI =
1 mm/day, significant areas (95% using a Student’s T-test)
have solid contours and are shaded.

Figure 5. Time series averaged over (68!E–77!E, 3!N–
10!N) of the 5 days climatological precipitation (mm/day).
a: REF (PERTURB) in solid (dashed) line, b: difference
(REF)-(PERTURB), significant values, 95% using a
Student’s T-test, in solid line.
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• There was no significant change in monsoon rainfall over continental India and 
BOB, and the BL effect is local.

REF-PERTURB PRECIP MAYREF-PERTURB SST APRIL

REF

PERTURB

increasing from April to June (Figure 1c). The decrease in
July–August is weakly represented because of the too warm
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amplitude differences are seen between TMI and CMAP
data making the validation difficult. But it is apparent that
model precipitation in the Arabian Sea is too much confined
along the western coast of India and does not extent enough
westward toward the Arabian Sea and eastward over India
as suggested by CMAP. Part of this bias is explained by
the impossibility to have an accurate representation of the
mountain ridge along the western coast of India with the
actual atmospheric grid horizontal and vertical resolution.

3.3. Salinity and Barrier Layer
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input of fresh surface water originating from the Bay of
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2003; Delcroix et al., 2005] suggest that SSS in the SEAS
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deficiency, originating mostly from a SSS bias in the Bay if
Bengal, limits the shoaling of the ocean mixed layer that
remains 10 to 20 m too deep in the model as compared to the
available observations.

4. Impact of the BL

[12] The sensitivity experiment is designed to quantify
the impact of the BL on the SST. Figure 4a displays
the April climatological SST difference (REF minus
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T-test. Significant differences are observed from March to
May. As expected, the presence of the BL favors the spring
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the whole SEAS area with peak SST differences of 0.5!C in
April, two months after the maximum of BL extension.
[13] The atmospheric response to this positive SST dif-

ference peaks in May (Figure 4). A statistically significant
difference of the10 meter wind converges around 6!N over
the gradient located at the south of SST difference. This
brings additional moisture into the area and leads to a
positive precipitation anomaly for the REF experiment. A
maximum difference of 3 mm/day is observed. The time
series of REF minus PERTURB precipitation (Figure 5b)
show that the significant difference over the box (68!E–
77!E; 3!N–10!N) occurs from mid-April to the end of May.
It corresponds mainly to a temporal shift between REF and
PERTURB precipitation (Figure 5a): PERURB monsoon
onset (defined here as the period of massive increase of
precipitations in the SEAS in spring) is delayed by 10 to
15 days. The modification of precipitation pattern is also
associated in REF with larger evaporation (1 mm/day) and
larger heat lost for the ocean (10W/m2 larger latent heat
flux and 15W/m2 weaker solar heat flux) that acts against
the SST warming in REF.

5. Conclusion

[14] For the first time, a complex and realistic coupled
model has been used to quantify the impact of the salinity
stratification on the climate variability in the SEAS. These
first results support previous studies and suggest that the
extent of the BL may be a useful predictor of the onset of
the summer monsoon in the area with a two-month lead-
time. In our simulation, the BL enhances the spring SST
warming by 0.5!C in April, favors more precipitation in
May (3 mm/day) and leads to an earlier (10 to 15 days)
monsoon onset.
[15] Despite the good agreement between the coupled

model simulations and the main climatic features in the
region of interest, there are some biases that could affect our
results. First, the model mixed layer is too deep in January–
February. A comprehensive study of the heat budget in the
mixed layer would be needed to understand the respective
impact of multiple processes (penetrating solar heat flux,
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(REF)-(PERTURB). a: SST (!C) in April, CI = 0.1!C.
b: 10 m wind (m/s) and Precipitation (mm/day) in May, CI =
1 mm/day, significant areas (95% using a Student’s T-test)
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Figure 5. Time series averaged over (68!E–77!E, 3!N–
10!N) of the 5 days climatological precipitation (mm/day).
a: REF (PERTURB) in solid (dashed) line, b: difference
(REF)-(PERTURB), significant values, 95% using a
Student’s T-test, in solid line.
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• One of a few fully coupled 
GCM studies for the salinity 
stratification and BL in the 
Indian Ocean.

➡ REF: control
➡ PERTURB: no salinity 

effect on density in 
SEAS

•  Boreal spring SST is warmer 
in SEAS leading to more and 
earlier precipitation events.

•  BL advection from the BOB 
affects the onset of the SW 
monsoon.



Main research questions:

1. What are the impacts of seasonal cycle in BL from river 
discharges on summer and winter mean stratification and SST?

2. How would the wind and rainfall respond and how different 
are they?

3. What is the spatial scale of atmospheric response?

We will use a fully-coupled high-resolution model

Seo, Xie, Murtugudde, Jochum, and Miller, 2009: Seasonal Effects of Indian Ocean 
Freshwater Forcing in a Regional Coupled Model. J. Climate.



•  Scripps Coupled Ocean-Atmosphere Regional 
(SCOAR) Model (Seo et al. 2007 J. Climate): 

•  Couples RSM with ROMS 

• Resolution: 25km ocean / atmosphere with 20 
layers in the ocean

• Coupling: Daily coupling, Period: 1993-2004

• BCs: NCEP2 for Atm, WOA05 for Ocean

EXPs Sea Surface Salinity

SR (CTL)
Relaxed towards the WOA05 

monthly climatology
SSS=observed E-P-R

NoSR
No SSS relaxation; 

SSS= simulated E-P only

SR NoSR

SR-WOA05 NoSR-WOA05

Annual Mean WOA05 SSS
Regional Ocean-Atmosphere Coupled Model

Climate 
sensitivity 
to >4 psu 
change in 
SSS in BOB



Depth-latitude diagrams of salinity along 90E

• Salinity minimum in 
northern BOB.

• Greater low salinity 
signal in winter than 
summer.

• Halocline is too diffuse 
and doe not slope down 
towards the coast [e.g., 
Shetye et al. 1996].

JAS WOA05 DJF WOA05

JAS NoSR DJF NoSR

DJF SRJAS SR



• Too intense 
upwelling even 
with the strong 
stratification.

• Significant cold 
bias in BOB

SST/SSH/Wind NoSR SSS/Current/Rain NoSR

SST/SSH/Wind SR SSS/Current/Rain SR

Summer of 1994
May to November



• Too intense 
upwelling even 
with the strong 
stratification.

• Significant cold 
bias in BOB

SST/SSH/Wind NoSR SSS/Current/Rain NoSR

SST/SSH/Wind SR SSS/Current/Rain SR

Summer of 1994
May to November



Seasonal cycle of vertical temperature in Bay of Bengal

• MLD (~25m ) is always 
shallower than ILD

• Both deepen during the SW 
and NE monsoons.

• Change in surface 
temperature is negligible in 
summer.

• BLT difference is greatest 
during winter.

• Large cooling at surface and 
warming at subsurface in 
winter.

TEMP: SR-NoSR

TEMP: SR MLD

NoSR BLT

SR BLT

ILD



Change in heat flux over BOB
• Summer: Neat heat input to 

ocean: Warming of SST
• With BL, there are two cooling 

factors:
• 1) Reduced SW due to 

penetrative loss [Howden and 
Murtugudde 2001] and increased 
cloudiness [Vinayachandran et al. 
2002]. 

• 2) Evaporative cooling
• Winter: Net heat loss to 

atmosphere.
• Cooling is confined to even 

shallower mixed layer (~20 m).
• Enhanced stratification keeps the 

subsurface from cooling.
• A very strong inversion-like 

feature.

DJF

Net Heatflux

Heatflux: SR-NoSR
JJA



Summer BL, MLD, SST, wind and rainfall



Impact on summer BLT/MLD

• BL thickens by up to 25-35 meters in summer confined to the coast.

• Enhanced stratification shoals the MLD by 25 meters, corresponding to 
the pattern in BL change.



• Despite the significant change in BLT/MLD, there is no significant change in Bay-
wide SST. 

• because of the two competing effects...

• There are some localized patch of significant warming ~0.4C near the coast.

Impact on summer SST



• Atmospheric response to local SST change seems weak.

• Remote influence (equatorial process), possibly involving northward 
propagating ISO anomalies, would be more important.

• Large model bias could have also played a role in weak response.

Impact on summer atmosphere



Winter BL, MLD, SST, wind and rainfall



Impact on winter BLT/MLD

• BLT substantially increases by 40 meters over the entire BOB 

• Thick BL also extends towards the SEAS via monsoon current.

• MLD again shows similar spatial pattern to BLT, shoaling more than 25 m in 
BOB and SEAS.



Impact on winter SST

• Significant and spatially extensive reduction in SST over BOB and SEAS.

• Stronger surface cooling by 

• 1) wintertime surface cooling 

• 2) even shallower ML (~20 m)

• Cooling is trapped within this shallow ML



Impact on winter atmosphere

• Surface divergent flow originating from BOB and SEAS amplifies the NE 
monsoonal wind.
‣ A linear baroclinic response of the troposphere to the diabatic cooling

• No significant change in local rainfall in BOB
‣ Nonlocal response in rainfall beyond the Northern Hemisphere. Displaces 

the ITCZ southward.



DJF Rainfall bias in CCSM3.5 [Jochum and Potemra 2008]

• BL is known to be weak in CCSM3.5,
• DJF Rainfall bias: Excess precipitation north and near the equator
• Precipitation deficit south of the equator 10-15S

‣ Any connection of BL dynamics to the rainfall bias?

CCSM3.5 DJF Rainfall [mm/day]

CCSM3.5 - GPCP rainfall

have biases, the most outstanding of which are prob-
ably the precipitation biases in the Indo-Pacific basin
(e.g., Large and Danabasoglu 2006): CCSM3 features a
spurious double ITCZ in the eastern Pacific with too
little precipitation along the equator; it also is too dry
over the eastern Indian Ocean and too wet over Indo-
nesia (Figs. 5, 6). However, there are two pieces of
evidence to support our interpretation of SENS. First,
the pattern of the observed spatial correlation between
precipitation and Banda Sea SST anomalies (Fig. 1)
matches the pattern of the mean model response (Fig.
4). Second, and more important, increased diffusivity
reduces model biases in watermass properties (Fig. 3)
as well as in precipitation, which in DJF shifts away
from Indonesia toward the central equatorial Pacific
(Fig. 6) and in JJA toward the eastern Indian Ocean
and Bay of Bengal (Fig. 5). In both seasons, the pre-
cipitation shifts toward the warmest SST, which is in the

western Pacific warm pool during DJF and in the east-
ern equatorial Indian Ocean in JJA [in observations
(Reynolds and Smith 1994) and in CCSM3]. The pre-
cipitation reduction over the Banda Sea during JJA is
especially a major improvement in simulating the Aus-
tral–Asian monsoon [see Meehl et al. (2006) for a de-
tailed discussion of the monsoon biases in CCSM3].

The sensitivity of tropical precipitation to ocean dif-
fusivity in CCSM3 calls into question the use of hori-
zontally constant diffusivity, which is still used in many
OGCMs, and it provides further support to the hypoth-
esis that decadal and shorter-term climate variability
could be forced by ocean mixing [see Ray (2007) for a
recent discussion]. A long-term goal of GCM develop-
ment has to be to identify the areas where vertical dif-
fusivity matters and to develop parameterizations for
the dominant processes. Although this is mainly theo-
retical and numerical work, there is clearly the need for

FIG. 6. As in Fig. 5, but for DJF. The largest change is in the Banda Sea with a 1.6 mm day!1 reduction.
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Summary and discussions (1)

‣ A fully coupled high-resolution regional climate model is used to study the 
seasonal effect of freshwater forcing on the upper ocean stratification and the 
atmosphere over the Indian Ocean (Seo et al. 2009, J. Climate).

‣ BL begins to develop with the onset of SW monsoon, and reaches its 
maximum spatial extent and thickness during the NE monsoon.

‣ Boreal summer; despite the significant change in BLT and MLD, two competing 
effects lead to no significant change in SST [Howden and Murtugudde 
2001; Sengupta and Ravichandran 2001].

• Net surface heating
• Thinning of ML (loss in SW and enhanced entrainment)
• Enhanced evaporation

• Monsoon wind and rainfall are not sensitive to local SST change.

• Instead, the remote process from the equator seems more influential.



Summary and discussions (2)

‣ The freshwater forcing is most influential during the winter monsoon
1) Maximum extent and thickness of BL (reaching over SEAS)
2) Much shallower ML
3) Net surface heat flux cooling

• Surface cooling (>-1C) is confined within the surface layer (~20 m)
• Extensively over BOB and SEAS
• Large subsurface (~40 m) warming (>+1C) below ML 

• Heat flux damps this SST cooling with reduced evaporation.
• Non-local atmospheric response: 

• Strong divergent flows extending from BOB/SEAS into the Southern 
Hemisphere.

• Shift the ITCZ southward at 10S

‣ Future work 
1) More rigorous way to implement the river discharge,
2) Reduce the model bias, 
3) Survey of BL effect in the AOGCMs for robust sensitivity 



Thanks!


