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Abstract

The northern Bay of Bengal (BoB) receives a largoant of freshwater directly
from monsoonal rains over the ocean, and indireitttpugh river runoffs. It has been
proposed that the resulting strong salinity stictfon inhibits vertical mixing of heat, thus
contributing to maintain warm sea surface tempegaaind high climatological rainfall over
the BoB. In the present paper, we explore this tiyesifeedback loop by performing
sensitivity experiments with a 25-km resolution ioe@l coupled climate model, that
captures the main BoB features reasonably well. dMefirm that salinity stratification
tends to stabilize the upper ocean, thereby intrgathe mixed layer warming due to
vertical mixing by ~+0.5°C.monthon annual average. Salinity however also induces a
compensating cooling by altering the mixed layeatimg rate by air-sea heat fluxes, so that
the net effect on climatological surface tempemiarnegligible. During and shortly after
the southwest monsoon, this compensation predomhynaecurs through increased cooling
by upward latent heat fluxes. During boreal winferpccurs because salinity favours a
thinner mixed layer, which is more efficiently cedlby negative air-sea heat fluxes. These
compensations result in a negligible climatologieaiface temperature and rainfall change
at all seasons. This weak influence of salinityatffication on climatological surface
temperature and rainfall in our model is robust mvapplying a flux correction to alleviate
model biases, when neglecting the solar absorfaow the mixed layer and when using
different atmospheric radiation and convective peai@rizations.
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1. Introduction

With 60% of jobs in the agriculture sector, theeliiood of the densely-populated Indian
subcontinent crucially depends on the Indian summensoon rainfall (Webster et al., 1998;
Gadgil and Gadgil, 2006), which accounts for ab®® of annual precipitation over India.
During boreal summer, the differential heating bestw the Asian landmass and the ocean to the
south sets up a low pressure area over south Agiorced by the elevated heating on the
Tibetan plateau (Li and Yanai, 1996). The dynamieaponse to this pressure gradient consists
of a low-level and large-scale cross-equatoriakf{doseph and Raman, 1966; Findlatter, 1969),
which induces surface evaporation and collects tm@sover the Indian Ocean. From June to
September, the northern branch of this flow residtstrong southwesterly winds over the
Arabian Sea (AS) and the associated moisture toahsp then flushed over the Indian
subcontinent and Bay of Bengal (BoB) (Findlatei69)9

This strong south-west monsoon rainfall and the@ated larger riverine input (mainly
from the Ganges-Brahmaputra and Irrawaddy) resuales large freshwater input into the BoB
during the southwest monsoon, with rainfall accougnfor more than two thirds (e.g. Sengupta
et al., 2006; Akhil et al., 2014; Chaitanya et @&014). This large freshwater input into a
relatively-small, semi-enclosed basin yields sonfiethe lowest climatological Sea Surface
Salinities (SSS) in the tropical band (Chaitanyalet2014), with a maximum freshening in the
top 10-40 meters, resulting in a sharp near-surfsaeity stratification, especially in the
northern BoB (e.g. Vinayachandran et aD02; Behara and Vinayachandran, 2016; Sengupta et
al., 2016). This salinity stratification has a sigostabilizing effect on the upper ocean,
maintaining a shallow mixed layer (Mignot et &0Q07; Girishkumar et al.2013) and often
resulting in the formation of a barrier layer, iaesalinity-stratified layer between the bottom of
the mixed layer and top of the thermocline (Lukad hindstrom,1991; Sprintall and Tomczak,
1992). Barrier layers usually appear during sumiméne eastern BoB and mature during winter
both in amplitude and spatial extent, covering ¢éméire northern BoB (Rao and Sivakumar,
2003; Thadathil et al.2007; Kumari et al., 2018; Li et al., 2017).

The barrier layer impacts the mixed layer tempeeaheat budget, by isolating the warm
surface layer from the colder upper thermocline gmdventing the entrainment of cold
subsurface water into the mixed layer (Vialard &elecluse, 1998). The salinity stratification
within the barrier layer can even support tempeeatnversions (i.e. warmer water below than
within the mixed layer, e.g. Han et al., 2001; &ikumar et al., 2013; Thadathil et al., 2016). In

3



82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
08
99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

presence of such temperature inversions, entrainitiest usually cools the mixed layer) can
even warm the surface layer during winter (de Bdylentegut et al., 2007). The strong salinity
stratification thus appears to play a key role iaintaining a relatively high Sea Surface
Temperature (SST) in the BoB by reducing the vaftmixing of heat during and after the
southwest monsoon (de Boyer Montegut et al., 2007).
In a seminal study, Shenoi et al. (2002) propdkatthe vertical salinity stratification in

BoB could contribute to a coupled ocean-atmosplpergtive feedback loop that maintains
intense climatological rainfall regionally. In thiypothesis, summarized on the sketch of Fig. 1,
a strong rainfall and river freshwater forcing dela low SSS and strong vertical salinity
stratification in the BoB (Step | on the Fig. 1hi3 strong, stable salinity stratification (and the
associated barrier layer) inhibits the coolingled tixed layer by turbulent mixing at its bottom,
maintaining SST above 28.5°C during the entire semmonsoon (Step Il on Fig. 1). Such SST
above 28.5°C is a necessary condition for deep giheric convection to occur (Gadgil et al.,
1984; Graham and Barnett, 1987), thus allowing &ontain regional rainfall and runoffs (Step
[l on Fig. 1) and completing the feedback loopefi et al. (2002) supported this hypothesis by
the analysis of observational climatologies, tmaticate that the available mixing energy from
the wind is not sufficient to overcome the stalmiig effect of the salinity stratification. The
feedback loop proposed by Shenoi et al. (2002) dcabls contribute to maintain a high
climatological rainfall over the BoB.

The Shenoi et al. (2002) hypothesis is not onlydrtamt to understand the present-day
BoB climatological rainfall, but may also be vegfavant in the context of anthropogenic climate
change. Climate models and theoretical argumerdsenh support an intensification of the
hydrological cycle as the troposphere warms in gesp to increasing greenhouse gases
concentrations (e.g. Held and Soden, 2006). Theeredtonal records already detect an
intensification of salinity contrasts as a resu#, increasing salinities in regions dominated by
evaporation, and decreasing salinities in highfadlinegions, including in the BoB (e.g. Durack
and Wijfels, 2010). The Shenoi et al. (2002) hypsts, if correct, would provide an additional
positive feedback mechanism to further enhancelithete change impact on rainfall regionally
in the Bay of Bengal region. This provides an adddl motivation to investigate the validity of
this hypothesis thoroughly.

Ocean modelling experiments have explored the cpmsees of the BoB salinity
stratification before (Han et al., 2001; Howden aiMurtugudde, 2001; Behara and

4
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Vinayachandran, 2016). Han et al. (2001) used acestigravity ocean model and found that the
effect of freshwater fluxes was dominated by tHeatfof river runoffs and resulted in a localised
~0.5-1°C surface warming in the northwestern BoBummer, in response to the Kelvin wave
forced by the Ganges-Brahmaputra river inflow. Hewénd Murtugudde (2001) used a reduced
gravity primitive equation model and only found ery local impact of river discharge on BoB
summer SST, confined to nearest grid points to Glamges-Brahmaputra and Irrawady river
mouths, and more widespread ~0.5°C cooling in trtheastern BoB during winter. In a recent
study using an ocean general circulation model,aBeland Vinayachandran (2016) found that
freshwater fluxes induced a ~0.5°C warming in thehwestern BoB during summer, and 0.5 to
1.5°C cooling in the eastern BoB during both sumamet winter.

None of the studies above however represents deepspheric convection explicitly, a
key element in the Shenoi et al. (2002) hypoth@sis 1). A recent study with a coupled general
circulation model (Vinayachandran et al., 2015)gasgs that river runoffs contribute to a 10%
decrease of Indian summer rainfatipposite to what should be expected from Shendail.et
(2002) hypothesis. This study however switchedrio#r runoffs not only in the BoB but at a
global scale, and finds really modest SST changekda BoB (~ 0.2°C). It is therefore possible
that the Indian monsoon change in this study iseratssociated with the remote response to
large SST signals in the northern Pacific and Aita®cean (>2°C). The most relevant coupled
model study of the Shenoi et al. (2002) hypothisthus that of Seo et al. (2009), using a fully
coupled regional circulation model. This study nusiifreshwater fluxes into the BoB by
applying a relaxation to SSS climatology, which emkhe SSS much lower in the BoB as
compared to their reference experiment. This iregdasalinity stratification however resulted in
a very weak salinity-induced surface warming in tloethwestern BoB in summer (~0.2°C), and
a weak atmospheric response.

So far, the hypothesis of Shenoi et al. (2002)hisstnot clearly supported by existing
numerical experiments. On the one hand, ocean finagistudies (Han et al., 2001; Howden and
Murtugudde, 2001; Seo et al., 2009; Behara andydicizandran, 2016) do not resolve potential
atmospheric feedbacks associated with deep atmosgloavection changes. On the other hand,
existing coupled model studies find rainfall chasffeat are either negligible (Seo et al., 2009) or
opposite to what is expected from the Shenoi e{26102) hypothesis (Vinayachandran et al.,
2015). For these reasons, we aim to revisit thigothesis using a state-of-the-art regional

coupled model that captures the main featuresefrilian Ocean mean climate, including the
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monsoon, and its time-variability (Samson et a&014). We will do so by comparing reference
experiments with sensitivity experiments in which meglect the influence of salinity on vertical
mixing (as in e.g. Vialard and Delecluse, 1998t®a 2 describes the model, the observational
datasets, the experimental design and the mixest k@ynperature budget. Section 3 provides a
validation of the simulated BoB climatological feads, focusing on the key processes involved
in Shenoi et al. (2002) hypothesis. Section 4 dises the influence of salinity stratification on
BoB climate, for both summer and winter. We wils@lshow that our results are robust
irrespective of whether we apply a flux correctionnot to alleviate model biases, and for
different choices of oceanic and atmospheric patramzations. A summary and discussion of

our results are finally presented in Section 5.

2. Model and methods

2.1. Model configuration

We use a regional coupled model to assess theemfti of the BoB salinity stratification
on the northern Indian Ocean climate. This modeiptes the NEMO (Nucleus for European
Modelling of the Ocean) oceanic (Madec et al.,, 2088d the WRF (Weather Research and
Forecasting Model) atmospheric (Skamarock and Kle@@08) primitive equation models
through the OASIS3 coupler (Valcke, 2013), andasad NOW for NEMO-OASIS-WRF.

We use a very similar Indian Ocean configuratiorth® one extensively described and
validated in Samson et al. (2014), and thereforéy gmovide a brief summary of this
configuration in the following. This model is apgdi to the Indian Ocean sector (Z&5
142.25E, 34.8S-26N), with the oceanic and atmospheric componentishane same 1/4~25
km) horizontal grid. The ocean component has 46ocatrevels, with a resolution ranging from
6 m to 18 m in the upper 100 m. The atmosphericpmorant has 28 sigma vertical levels, with a
higher resolution of 30 m near the surface. Vaddaleral boundary conditions are supplied from
a global simulation for the oceanic component (Beadet al., 2010), and from the ERA-Interim
reanalysis (Dee et al., 2011) for the atmosphereerRunoffs are prescribed from the Dai and
Trenberth (2002) climatological river product. Thistaset includes the two major rivers flowing
into the BoB (Ganges-Brahmaputra and Irrawady todiectively represent ~80% of the total

river runoffs into the BoB) but also smaller rivetgch as the Krishna, Godavari, and Mahanadi.
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The ocean model parameterizations include a tunblki@etic energy scheme for vertical
mixing (Blanke and Delecluse, 1993). It uses a nsbnmmatic formulation of the penetrative
solar irradiance following a single exponential fpeo with an e-folding depth scale set to 23 m
corresponding to a Type | water in Jerlov's (19@8ssification (oligotrophic waters). This
parameterization is in line with recent observatlagstimates for the BoB (Lotliker et al., 2016).
Atmospheric model physics include the Betts-Millanjic (BMJ) scheme (Janjic, 1994) for
subgrid-scale convection, the WRF single-momentkss microphysics scheme WSM6 (Hong
and Lim, 2006), the Dudhia (1989) shortwave radratscheme, the Rapid Radiation Transfer
Model (RRTM) for longwave radiation (Mlawer et al997), the Yonsei University planetary
boundary layer (Noh et al., 2003) and the fourdtdyeah land surface model (Chen et al., 1996).

The present model setup differs from the simula&idiscussed in Samson et al. (2014) as
the WRF model version has been updated from itsimer3.2 to 3.3.1 and Dudhia (1989)
shortwave radiation scheme has been preferredetortb of Goddard (Chou and Suarez, 1999).
In line with the model version discussed in Samsbal. (2014), the reference simulation from
the present configuration shares a lot in commah thie one presented in Samson et al. (2014).
Although an exhaustive validation of the presentiei@onfiguration is out of the scope of this
paper, a validation of the main model parameterslued in the feedback loop hypothesized by
Shenoi et al. (2002) will be provided in Section 3.

2.2. Experimental design

The reference model simulation is referred to a&scitntrol run (CTL hereafter). This 18-
year simulation was forced at the boundaries usomglitions from the 1990-2007 period. The
initial conditions on the *1January 1990 are provided from ERA-Interim reasialgata for the
atmospheric component and from the ¥4° ocean sirmualdescribed in Brodeau et al. (2010) for
the ocean. Additional sensitivity experiments wpegformed over the same period to test the
impact of haline stratification on the BoB climafehey are listed in Table 1 and described
below.

Vertical mixing is parameterized using a turbulkimetic energy closure scheme (Blanke
and Delecluse, 1993) in our CTL. Using a similaatgtgy to Vialard and Delecluse (1998) and
Masson et al. (2005), we conduct a “NOS” sensitieikperiment. This experiment is identical to
“CTL", except that the vertical mixing is resolvadsuming a constant salinity of 35 pss in the
[5°S-25°N; 65°E-105°E] region (dashed blue frame~an 3d) which encompasses the BoB and
South-Eastern AS, where the seasonal export of Beghwaters induces a somewhat similar

7
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behaviour to that in the BoB (e.g. de Boyer Montégjual., 2007; Vinayachandran et al., 2007).
The computation of vertical mixing is smoothly tséioned to fully accounting for the effects of
salinity within 5° of the edges of this region. TNOS minus CTL experiment will thus
specifically isolate effects of the salinity stfattion in the BoB region on the regional climate,
hence allowing to test the feedback loop hypotleeskzy Shenoi et al. (2002).

As we will see in more details in section 3, theL&GImulation strongly overestimates the
wind stresses over the BoB, which yields a too demed layer, too thin barrier layer and
underestimated salinity stratification. Since tbalism of the haline stratification is criticaldar
results, we performed a wind stress-corrected eater experiment FCTL (see Table 1), in which
the wind stress provided to the ocean model wagiphad by a factor of 0.5 within the [8°N -
26°N, 76°E -100°E] region, with a smooth transitiithin 6° of the edges. Penetrative solar
heat flux has a significant influence on the SSasseal evolution in the BoB (e.g. de Boyer
Montegut et al., 2007). We will demonstrate in sect3 that this flux correction approach
strongly reduces the mixed layer depth (MLD) andiba layer thickness (BLT) biases in the
CTL experiment, and will further present our resddased on FCTL and a twin experiment that
neglects the effect of salinity stratification oertical mixing (FNOS) in section 4. We will
demonstrate in section 4 that our results are taespective of whether the flux correction is
applied or not.

Since our results could also be sensitive to sdmoées in physical parameterizations, we
have also redone twin set of experiments simila€Th and NOS with various choices. Howden
and Murtugudde (2001) have shown that different @8dmalies develop in response to river
inputs, depending on whether solar radiation isvadd to penetrate into the ocean or not. In
order to test the sensitivity of our results to gteative solar flux, we perform twin experiments
for CTL and NOS, where the solar penetration islolisd and the entire solar flux is absorbed
within the top model level (CTL_NSP and NOS_NSP esipents). Deep atmospheric
convection is an essential component of Shendi €@02) hypothesis, and the results presented
here may be sensitive to the convective scheme.s€hsitivity of our results to the choice of
convective scheme will thus be addressed by compagsults obtained using the BMJ moist
convective adjustment scheme, with those obtaingdiguthe updated Kain-Fritsch (KF)
atmospheric convective scheme (Kain, 2004) (CTL_ dd NOS_KF experiments). Similarly,
the sensitivity of our results to the shortwaveiaadn scheme in experiments with the Goddard

scheme (Chou and Suarez, 1999), previously emplaye&samson et al. (2014) (CTL_G and
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NOS_G experiments). As we will see, our resultsheneffect of the BoB haline stratification on

climatological rainfall are robust in any set ofrivexperiments above.

2.3. Mixed layer temperature budget.
The processes controlling SST are characterizetgusmn online mixed layer heat budget
(Vialard and Delecluse, 1998; Vialard et al., 200Ihe equation for the average temperature

over the time-varying mixed layemfl(a proxy for SST) reads as follows:

1(° 1(° 1(°
aTml = —E.f_huadez - E.f_hvadez - E,[_th(T)

horizontal advection Iaterarprocess
1 1 Qs(1=F_p)+Qns
=+ (T = T-p) Wop + ) =+ [K,0,T] p, + 2kl (1)
PoCph
subsurface Vertical process atmospheri?, forcingfr)

The first two terms on the RHS respectively repneg®nal and meridional temperature
advection in the mixed layer, where h is the tiragying model mixed layer estimated based on a
potential density increase of 0.01 k& melative to the density at 10-m depth and (u, vave)the
components of the current. The second term on tH8 Represents lateral mixing processes,
Di(T) being model horizontal diffusion operator: thisntewill not be discussed in the following
as it is always negligible in the present analy$ise third term on the RHS gathers the vertical
exchanges of heat between the mixed layer andubsugface ocean, including the effects of
upwellingw., (T-n — Tr), entrainmentih (T, — Ty (computed as a residual from all the other
terms) and turbulent mixing at the bottom of theedi layer K 6, T.,, whereK; is the vertical
mixing coefficient for tracers. The last term ore tRHS represents the atmospheric heat flux
forcing, Qs and Qs being respectively the solar and non-solar compisnehthe surface heat
flux, F., the fraction of incoming solar radiation that peatis down to the depth hy the

seawater reference density, angdl@ sea water volumic heat capacity.

2.4. Validation datasets

The model SST and rainfall climatologies distribuatiare validated against the Tropical
Rainfall Measuring Mission (TRMM) Microwave Imager (TMI)  dataset
(http://www.remss.com/tmi). The ERA-interim datageee et al., 2011) is used to validate the
wind at 10 m and air-sea heat and momentum fluxes/alidated using the Tropflux product
(Praveen Kumar et al., 2012, 2013).
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The ocean model climatological salinity and tempegadistributions are validated against
the North Indian Ocean Atlas (NIOA) (Chatterjeakt 2012) dataset. The model MLD and BLT
are compared with the observationally-derived dolwgy of de Boyer Montegut (2004)
(http://www.ifremer.fr/cerweb/deboyer/mld/home.phf) order to be strictly comparable to this
product, the model MLD and isothermal layer deptid( with BLT=ILD-MLD) are computed
from 5-day averaged model temperature and salibity.use the same criteria as in de Boyer
Montegut (2004), i.e. a 0.2°C increase relativel@®m depth temperature for ILD, and an
equivalent density increase (on average 0.065 Kgfon typical BoB temperature, salinity
conditions) relative to 10-m depth density for MLDhe BLT estimate is anyway robust when
computed with either the de Boyer Montégut (200#exon or the 0.01 kg.fcriterion used for
diagnosing the surface layer heat budget. Li g28117) have found (their figure 5) that the BLT
climatology diagnosed from the WOA13 dataset (whgkimilar to the NIOA atlas we use) is
very similar to diagnosing this BLT from individuArgo profiles, suggesting that our approach
for constructing our BLT validating dataset is i@aable.

3. Model validation

This section provides a brief validation of theerehce (CTL) and flux-corrected (FCTL)
simulations. The model climatology is always congputover the entire 18-years of the
simulations. We will validate BoB-averaged climaigies of important parameters in the Shenoi
et al. (2002) hypothesis, and demonstrate thatRG&L experiment compares better with
observations. Finally, we will show the surface etiXayer heat budget in the FCTL experiment,

which will allow to qualitatively check the congsicy with previous studies.

3.1. Testing the validity of the wind stress corrd@on approach

Fig. 2 shows the climatological seasonal cycleeviesal BoB-averaged parameters that are
important for testing Shenoi et al. (2002) hypoth€SST, SSS, wind and wind stress, rainfall,
net heat flux, haline stratification measured tiglotMLD and BLT). Observationally-derived
wind and wind stress are strongest during the seaghmonsoon over the BoB, with a secondary
maximum associated with the northeast monsoon ice®ber-January (Fig. 2a,b). Rainfall is
maximum in July during the southwest monsoon (E@. Net air-sea heat fluxes into the ocean
are largest before the monsoon, close to zero glutie southwest monsoon, and become
negative during the northeast monsoon (Fig. 2hjs $Sbasonal heat flux evolution is generally

consistent with the evolution of SST trend. SSThdeed warmest in the BoB in April-May

10
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before the southwest monsoon (Fig. 2d) and coatesanuary-February during the northeast
monsoon. The strong monsoon rainfall (Fig. 2c) andr runoffs yield lowest salinities in
October right after the southwest monsoon (Fig. Zég MLD has a clear semi-annual cycle
with shallowest MLD during the inter-monsoon seas@nd deeper MLD during both monsoons
(Fig. 2f), due to enhanced wind stirring (in sumjrard negative air-sea fluxes (in winter). The
barrier layer is thickest in boreal winter, i.eteafthe southwest monsoon (Fig. 29).

The control simulation generally reproduces thesphat the observed seasonal cycle quite
well, but has several marked biases. First, theeiwthd stress is strongly overestimated all year
long (by ~80% on average; see Fig. 2a). In contthstmodel wind speed is overestimated (by
15% on average; see Fig. 2b). However, this oueraibn also combines with a 20%
overestimation of the wind variance (the June tpt&aber BoB-averaged CTL wind speed
variance is 4.5 m'svs. 3.7 m.g for ERA-I). The quadratic dependence of the witrdss on the
wind velocity magnifies these two modest biases aedults in a strong wind stress
overestimation over the BoB. Rainfall is also ogéireated by ~55% in summer over the BoB in
the CTL experiment (Fig. 2c). Net heat flux inte thcean also exhibits a negative bias (Fig. 2h),
larger from March to October (~20 W3inmainly due an overestimated latent heat flux as a
consequence of the overestimated wind speed (oetrgh The net heat flux bias is in line with
the ~1°C too cold model SST (Fig. 2d). Despitedherestimated oceanic rainfall, the SSS is too
salty (Fig. 2e) and the MLD too deep (Fig. 2f) ylar-long in the CTL experiment. This is
probably because the much too strong wind stredisces too much near-surface mixing. This
intense wind stirring also yields a too thin barriayer (Fig. 2g), especially in winter (the
January-February average BLT is ~23 m in CTL v& rBin observations). The biases discussed
above are of the same order or smaller than the mnthe previous coupled studies that tested
the Shenoi et al. (2002) hypothesis.

We attempted to reduce those biases by applyingdamoc wind stress correction in the
FCTL experiment. Fig. 2a shows that our strategthefmodifying wind stress is successful in
producing a much more realistic wind stress sedsoyele (Fig. 2a). It also considerably
improves the haline stratification, confirming thla¢ too strong wind stirring was the main cause
of this bias. Applying the flux correction indeesbsults in a strong reduction of the MLD bias all
through the year (Fig. 2f). It also corrects thi#ys8SS bias found in CTL, with SSS in FCTL
that even becomes fresher than observations (E)g.The barrier layer bias is also reduced, with

a thickness that is very close to observationsiudry-July and even overestimated by 5to 10 m
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from August to December. It must however be notet this wind-stress correction has little
impact on the rainfall (Fig. 2c) and SST (Fig. 2¢stematic biases, which already suggests a
weak impact of salinity stratification on climatgioal SST and rainfall. This will be confirmed
by all the set of twin experiments discussed latehe paper.

Given that FCTL exhibits a more realistic saliniggratification (although slightly
overestimated) as compared to CTL, we will presestilts derived from this experiment in the
rest of section 3 and in most of section 4. We discuss the possible effect of FCTL remaining
biases (too cold BoB, too strong rainfall, slightlyerestimated haline stratification) on our
results in section 5.

3.2. Winter and summer simulated climate

In this subsection, we will mainly focus on sumnidune to September, hereafter JJAS)
and winter (December to March, hereafter DJFM). S@mis the focus of Shenoi et al. (2002)
and is characterized by the strongest BoB freshwiateing. We will also discuss winter, for
which salinity stratification impacts the BoB cliteamost in the only available regional coupled
model study (Seo et al., 2009).

Despite the rainfall overestimation illustrated Big. 2c, the FCTL experiment generally
reproduces the observed seasonal rainfall and @linditologies (not shown). To quantify this,
we compute pattern correlations discussed hereattiesh were calculated with respect to the
observational climatologies mentioned in sectioh f2r the northern Indian Ocean region (0°-
25°N; 40°E-100°E). This pattern correlation reachég! (summer) and 0.94 (winter) for rainfall
and 0.93 (summer) and 0.92 (winter) for wind speBde FCTL simulation also captures
seasonal SST patterns very well (0.90 pattern lediwa for summer and 0.93 for winter), despite
the general tendency to underestimate the SST duyt ali°C seen in Fig. 2d.

Fig. 3 provides a more thorough validation of th®BBSSS (colours) and BLT (a proxy for
the vertical stratification, contours). The strofrgshwater fluxes arising from the summer
oceanic precipitation and continental runoffs resubl strong freshening (with SSS as low as 30
pss) in the northern and eastern part of the BoBuimmer (Fig. 3a), where river runoff and
oceanic precipitation are most intense, with saltiaters to the south. During summer, barrier
layer only develops in the eastern BoB (contoursign 3a). During winter, the SSS distribution
remains roughly consistent to that in in summetH\iiesher water to the North), but with less
intense meridional SSS gradients (Fig. 3b). In &inbbservations indicate 20 to 30 m thick

barrier layers develop in the northern BoB (consocam Fig. 3b) and expand into the southeastern
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AS. The model reproduces the observed SSS pattergsvell (a pattern correlation of 0.97 for

JJAS and 0.98 for DIJMF), with low salinity in therthern and eastern BoB and saltier water to
the south and in the AS in both summer and wirfibe model also qualitatively reproduces the
observed barrier layer distribution (0.80 patteonrelation in summer and 0.81 in winter), with

barrier layers mainly located in the eastern BoBummer and thicker, more widespread barrier
layers in the south-eastern AS and BoB in wintemust however be noted that the model BLT
is underestimated in the northern BoB in winter {w@0 m in observations against 25 to 30 m in
the model), which could be related to the modelrtiodhaline biases in this region, whose

possible impacts will be further discussed in sgch.2.

3.3. Simulated seasonal upper-ocean heat balance

To investigate the Shenoi et al. (2002) hypothegih confidence, we need to assess
whether the upper ocean thermal heat balance timtols the SST) is qualitatively similar in
our model to what was described from previous ofzdemal and modelling studies. Fig. 4
provides the mean seasonal cycle of the mixed lagat budget terms (described in section 2.3)
averaged over the BoB, along with the MLD and szgfaet heat flux components.

From February to April, the total tendency is pesitFig. 4a) and associated to rising SST
before the monsoon (Fig. 2d). This heating tendesayriven by the positive net air-sea heat
fluxes result from a combination of (1) increasdwrsvave radiation (Fig. 4b) due to the
northward migration of the sun during spring and loebulosity before the monsoon and (2)
reduced latent heat fluxes (Fig. 4b) due to thel minds at this time of the year (Fig. 2b). This
warming by the atmospheric forcing is partially nterbalanced by vertical processes (Fig. 4a),
which tend to cool the ocean surface by promotinging with deeper, cooler water. The
advection terms are relatively weak when averaged the entire BoB.

The SST first cools slightly at the beginning oé ttummer monsoon (May to July, Fig.
2d). The initial cooling is largely the result ofseong decrease of the heating by atmospheric
heat fluxes (Fig. 4a), which does not balance tdieg through vertical processes any more.
The weaker warming by air-sea fluxes is due to laotbduction of incoming solar radiation (due
to the strong nebulosity) and relatively strongefatheat fluxes (Fig. 4b) associated with the
strong winds at this season (Fig. 2b). Towardsetie of the monsoon (August to September),
the warming tendency due to surface net heat flisxabnost balanced by the cooling by vertical
processes (Fig. 4a), and SST does not vary muittairperiod (Fig. 2d).
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From October to January, the BoB cools (Fig. 2d Bigd 4a). This cooling is driven by
negative surface net heat fluxes (Fig. 4b) in respao reduced incoming solar radiation due to
the southward migration of the sun and increaséhiaheat loss (Fig. 4b) due to northeast
monsoon winds (Fig. 2b). The longwave fluxes alsotigbute to the negative neat heat fluxes
during winter months, because of a less humid gtimere and weaker greenhouse effect. During
that period, the mixed layer deepens (Fig. 2f) andanic vertical processes act to warm the
surface layer and to damp the heat flux winteriogo{Fig. 4a). This warming by vertical mixing
and entrainment of subsurface waters is due teibgence of temperature inversion during that
season in the BoB in the model, as in observafiers Thadatil et al., 2016).

This heat balance agrees qualitatively well witlattipresented from a forced model
framework in figure 3c of de Boyer Montégut et(2007): the BoB SST changes are flux-driven
with subsurface processes acting as a moderatotgr foth analyses also suggest a significant
role of the haline stratification in maintainingatvely high SSTs in the BoB: during winter,
vertical mixing and entrainment actually warm theface layer due to the presence of a salinity-

sustained temperature inversion.

4. Influence of salinity on Bay of Bengal Climatologtal Rainfall

The analyses in section 3 suggest that the FCTLulation captures the main
climatological features of the northern Indian Qteseasonal cycle for the key parameters
involved in the Shenoi et al. (2002) hypothesise Thiodel in particular reproduces a warming
tendency by oceanic vertical mixing and entrainndening winter, which could not happen in
the absence of salinity stratification, and hereragerature inversion below the mixed layer. In
the following subsections, we will first investigahow salinity influences exchanges of heat
between the mixed layer and deeper ocean (sectin lFefore assessing its overall effect on
climatological SST and rainfall (section 4.2). kcgon 4.3, we will demonstrate that the results
obtained from the flux corrected experiments (FCand FNOS) are robust without the flux

correction, and with several different choices loysical parameterisations.

4.1. Salinity reduces the vertical mixing of heat in theBay of Bengal
We first perform a consistency check to ascerthat the difference between FCTL and
FNOS experiments indeed captures the expected iodegmact of the salinity stratification. Fig.

5a,c shows that the salinity stratification indueeshallower MLD everywhere in the BoB and
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eastern AS. This salinity-induced MLD shoaling e 5.5 m in summer and 10.1 m in winter
when averaged over the BoB. In the “NOS” experirmetite MLD is only sensitive to the
thermal stratification, i.e. there is no barrigrda(Vialard and Delecluse, 1998). As expected, the
salinity-induced MLD deepening pattern matcheslhtheier layer thickness pattern in the FCTL
run, with largest ML deepening in regions where liberier layers are thickest (contours on Fig.
5). The pattern correlation between FNOS-FCTL Mliffedence and FCTL BLT is indeed 0.86
in JJAS and 0.95 in DJF. This analysis illustrdtest the salinity effects assessed from FCTL
minus FNOS are physically consistent.

Upper ocean salinity stratification strengthens tipper ocean stability in the BoB and
eastern AS, and limits the downward mixing of héag,. 5b,d shows the FCTL minus FNOS
climatology of the mixed layer heating rate throwgintical mixing (cf. equation 1). As expected,
this difference is positive in regions where a learlayer is present in FCTL. In regions where a
temperature inversion is present, there is a wagriy vertical processes in FCTL (cf section
3.3), while there can only be a cooling by vertipabcesses in FNOS, where no temperature
inversions can be sustained. In regions where mpeeature inversion is present, the cooling by
vertical processes is decreased in FCTL relativEN®S, due to the insulating effect of the
barrier layer. As a result, the salinity influerme vertical mixing always favours a warming of
the mixed layer in regions where a barrier layepnssent in FCTL (Fig. 5b,d). This salinity-
induced warming through vertical mixing is not,gnnciple, only controlled by the barrier layer
thickness distribution, but also by the salinityadjent across the barrier layer, temperature
stratification below, and wind stirring. There iswever an overall reasonable correspondence
between the FCTL barrier layer thickness and dglinduced change in turbulent heat fluxes at
the bottom of the mixed layer, especially in winfeattern correlation of 0.47 for JJAS and 0.81
for DJFM).

Overall, the BoB salinity stratification inhibitsestical mixing, and contributes to a
+0.5°C.montH enhancement of the mixed layer heating rate bicaémixing during JJAS and
+0.44°C.montH during DJFM. This impact of salinity stratification the vertical mixing term
is thus consistent with the Shenoi et al. (2003)atlyesis (Step 1l on Fig. 1) and other previous
studies (de Boyer Montegut et al., 2007; Behara\&ndyachadran, 2016).

4.2. Compensating effects yield a weak impact of salinit stratification on SST and

rainfall
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Fig. 6 quantifies the climatological differencesBoB average SST and rainfall between
FNOS and FCTL. The simulated summer SST (Fig. Gd)rainfall (Fig. 6b) climatologies are
almost identical in those simulations. Maps (naivet) likewise reveal very weak local rainfall,
wind and surface temperature changes, which arerginnot statistically significant, including
on continents. In other words, the Shenoi et &l022 hypothesis does not seem to operate in our
model, i.e. the salinity stratification does noemeto influence the SST or rainfall climatology.
As we discussed above, however, salinity stratifiacontributes to an anomalous ~2°C mixed
layer warming through vertical mixing over the suernmonsoon (i.e. 0.5°C.monttduring 4
months). Our simulations are thus consistent witd step Il of the Shenoi et al. (2002)
hypothesis on Fig. 1 (cf. Section 4.1). The abserf@ny significant climatological SST change
however indicates that other processes compersatatinity-induced warming through vertical
mixing, yielding a weak impact on climatological Bgstep Ill), and thus no impact on
freshwater forcing through ocean-atmosphere coggbitep 1). In the rest of this subsection, we
will explain why there is no SST change despite dtteng salinity-induced anomalous surface
warming by vertical mixing.

Fig. 7a shows the BoB-average FCTL minus FNOS mlagdr heat budget climatology,
i.e. the salinity contribution to the SST balaniceline with the analysis shown on Fig. 5c,d, the
salinity stratification contributes to a mixed laygarming through vertical mixing (blue curve
on Fig. 7a), in particular during and after the sten monsoon. However, this warming tendency
by subsurface processes is almost entirely balamg@dcooling tendency by atmospheric forcing
(orange curve on Fig. 7a). This almost equal corsggon between the salinity-induced surface
layer heating by vertical mixing and cooling by aspheric forcing results in an almost nil total
SST tendency (Fig. 7a) and therefore very simil@8TsSin the FCTL and FNOS experiments
(Fig. 6a).

Several processes can lead to the change in thespl@ric forcing term seen on Fig. 7a.

This term reads as follows:

Qs(l;TEhzl+QNs )
oCp

First, a change in one or several components o$tinace heat flux (solars@nd non-solar (2
surface fluxes) can alter the net heat flux engenmo the ocean and modulate the amplitude of
the atmospheric forcing term. Second, a changéenMLD impacts the atmospheric forcing

term by either modulating the heat capacity of ithiged layer (oCph at the denominator of
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equation 2) or by regulating the fraction of sdlax that penetrates below the mixed layer, (&
equation 2). Fig. 7c allows estimating those effesgparately. The red curve on Fig. 7c is an
offline re-computation of FCTL minus FNOS term iguation (2). It does not match exactly the
orange curve on Fig. 7a due to the offline compatatwith 5-day average rather than
instantaneous values, but captures its generaligwol The blue curve on Fig. 7c¢ shows this
difference, but neglecting the effect of changesurface fluxes (see Annex A for details). The
orange curve neglects the effects of the mixedrlagat capacity changes, and the green curve
those of solar penetration. When a coloured cuemads from the red curve, it indicates that
salinity influences the heating rate of the mixagker through that particular effect (see Annex A
for details).

Fig. 7c shows that the influence of each of theffects is seasonally-dependent. For
instance, there is a clear and dominant effectatihisy on the surface forcing heating rate
through the mixed layer heat capacity from Noventbelanuary (see yellow shading on Fig. 7c).
In contrast, changes of surface fluxes contributestnio the atmospheric forcing change from
March to October. Below, we will separately disctles November to January (dominant effect
of mixed layer heat capacity) and June to Octodem{nant effect of changes in air-sea fluxes)
periods.

The barrier layer is thickest in the model (andesbations) from November to February
(Fig. 29), and this is also the season when sglgontributes to the strongest shoaling of the
mixed layer (Fig. 7b). Net surface heat fluxes megative during this period (Fig. 2h) and
contribute to cool the oceanic mixed layer (oraogere on Fig. 4a). By making the mixed layer
shallower during this period, salinity reduceshigait capacity and allows a larger cooling rate in
response to negative surface heat fluxes. Duringehder to January, salinity thus does not
change SST because the warming it induces thrdsgkifect on vertical mixing is compensated
by a cooling due to negative surface heat fluxésgoeapped over a shallower mixed layer.

During June to October, the salinity-induced an@usglcooling is dominated by the effect
of a surface net heat flux reduction. Air-sea h&ates are indeed different in the FCTL and
FNOS experiments (Fig. 7d), with latent heat fluxisninating those differences during this
period. A more detailed analysis (not shown) intdisathat latent heat flux increases due to a
slightly warmer SST and slightly stronger surfadads in the FCTL experiment. Although those
mean SST and wind change are small, they are muffito explain the change in latent heat flux,

because the Clausius-Clapeyron relation impliesxgonential increase of the latent heat fluxes
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with background SST, and hence a strong sensifitstent heat fluxes to those variables at the
BoB high climatological SSTs. Overall, the slightlgrger SST and winds in the FCTL
simulation contribute to increase upward latent fleaes during and shortly after the southwest

monsoon, largely cancelling the effect of salinitguced warming by vertical processes.

4.3. Robustness of the results

Overall, the FCTL and FNOS experiments suggest $hanity stratification favours an
anomalous warming of the surface layer throughicedrtmixing, but that this warming is
compensated by a salinity-induced cooling of théase layer by air-sea fluxes. As a result, the
SST (and consequently the rainfall) hardly chandies to salinity stratification effects in the
FNOS experiment. In this section, we will investegadhe robustness of those results, by
investigating the differences in BoB SST and rdirdamatological seasonal cycle in a series of
twin-experiments similar to FTCL and FNOS, but haxfcorrection and different choices in
terms of physical parameterizations (cf section.2.2

Fig. 8a,b shows the mean seasonal cycle of the B and rainfall in the CTL and NOS
experiments (i.e. as FCTL and FNOS, but withoutua €orrection). Although this experiment
has a quite different mean state to the FCTL erpenmi, with a saltier SSS, deeper MLD and
thinner BLT, there is also an almost negligible aopof salinity stratification on the BoB SST
and rainfall in this experiment. Fig. 8c,d showsimilar experiment to CTL (i.e. with no flux
correction), but where solar heat flux is not akolmo penetrate into the ocean, likewise yield
almost no change in climatological SST and rainfdlhis illustrates that ignoring solar
penetration or considering it does not change thmeatological SST or rainfall. Similarly,
sensitivity experiments similar to CTL and NOS, tiith a different shortwave radiative scheme
(Fig. 8e,f) or convective parameterization (Fig,l3calso suggest a very minor impact of the
haline stratification on both SST and rainfall. @lk our coupled model results are insensitive
to whether or not we apply a flux correction, cdesior not the penetration of solar heat flux, or
to a change of the parameterization of two impar@mospheric physical processes in the

problem that we consider.

5. Summary and discussion

5.1. Summary
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The monsoonal rains feed the northern BoB with rgelaquantity of freshwater, from
oceanic rain and river runoffs. This results in saof the lowest surface salinities in the tropical
band. Shenoi et al. (2002) proposed that the regubery strong vertical salinity stratification is
involved in a positive feedback loop that sustamense rainfall in this region. This feedback
loop would act as follows. The strong vertical s#&i stratification inhibits the vertical mixing of
heat. This contributes to maintaining SST above-B8.5°C threshold for deep atmospheric
convection, hence contributing to intense rain abitne BoB, which closes the positive feedback
loop.

In the present paper, we explore the Shenoi €2@02) hypothesis in a 25-km resolution
regional coupled climate model. An 18-year longerefhce experiment was run and validated.
The model reproduces the main features of the awortindian Ocean mean climate in both
summer and winter, including the warming of thefate layer through vertical mixing
associated with the thick barrier layer and tempeeainversions during and after the monsoon.
It however tends to produce 50% too strong winesstrtoo deep mixed layer and too thin barrier
layer when run without flux correction. We largelgduce those biases in a flux-corrected
experiment where wind stress is artificially reddicaver the BoB. We will discuss possible
caveats associated with remaining model biasegpdnticular a 15% overestimation of wind
speed and 1°C SST cold bias over the BoB) in seé&td.

The role of salinity stratification is then evaledtin a sensitivity experiment in which
vertical mixing is computed based on the thermatidication only (i.e. the haline stratification
is neglected). Differences between the wind-stregsgected control experiment and this
sensitivity experiment allow evaluating the effettsalinity stratification on the northern Indian
Ocean mean climate. Through the analysis of theacilayer heat budget, we find that salinity
stratification indeed tends to warm the mixed layeough vertical mixing, during both summer
and winter, as hypothesized by Shenoi et al. (20B&23ed on observations, Shenoi et al. (2002)
predicted an increase in SST and correspondinggesam precipitation related to this mixed
layer warming. However, in our experiments, whi@salve atmospheric feedbacks, salinity
induces a compensating cooling through two distmetchanisms. During early winter (from
November to January), this salinity-induced coolis@f oceanic origin. Salinity indeed induces
a thinner, lower heat-capacity mixed layer thatl€aoore in response to the negative air-sea
fluxes during this season. During late summer (frduhy to October), the salinity-enhanced

cooling by surface heat-fluxes is dominated by deann air-sea fluxes. During and shortly after
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the southwest monsoon, salinity induces more leessek through latent heat fluxes at the ocean
surface, due to slightly warmer SST and strongedsii

Because of these compensating effects on the wgg@an heat budget, salinity does not
influence the BoB climatological SST and rainfallaur simulations. This result is very robust,
as it is preserved in other sets of sensitivityezixpents without the flux correction; without a
penetration of solar heat fluxes into the oceand aith a different parameterization of
atmospheric convection or shortwave fluxes. In tiext subsection, we discuss our results

against previous studies, their robustness, andtheywmay be affected by model biases.

5.2. Discussion

Below, we will start by comparing our results willose of previous studies, for winter and
summer. We will then discuss caveats of the prestenly.

Let us start by comparing our results with otherdss for winter. In their 4-layers
reduced-gravity model, Han et al. (2001) foundditffect of neither rainfall nor river runoffs on
the winter BoB SST. Howden and Murtugudde (200intban overall 0.5 to 1°C cooling of the
Northern BoB in winter, in response to adding riwemoffs, but this model has SSS biases of up
to 3 pss relative to the Levitus climatology in ten(their plate 2). Behara and Vinayachandran
(2016) also found that rivers led to an SST coollngng the entire year along the eastern and
northern rim of the BoB, due to winter cooling kiynaspheric fluxes projecting onto a thinner
mixed layer. Seo et al. (2009) find a cooling otee entire northern BoB in their regional
coupled model in winter due to the same process.dliference between our results and those of
Seo et al. (2009) and Behara and Vinayachandral6jZ0r winter SST arises from a different
balance between two competing processes. Thossttwees find, as we do, that salinity reduces
the winter mixed layer depth, leading to a moreacifht cooling by atmospheric fluxes. In
contrast with those two studies, we find that -hgsothesized by Shenoi et al. (2002) — salinity
stratification also reduces the vertical mixinghafat at the bottom of the mixed layer, with an
overall negligible effect on the surface layer heatlget due to this compensation. While the
studies by Han et al. (2001) and Howden and Muddgu(2001) respectively suffered from a
very simplified modelling framework and large bisséhe last three studies have comparable
resolutions, physical parameterizations and biasegking it difficult to conclude which one is
the most realistic, and calling for more studiethwither coupled models.

For summer, Han et al. (2001) found a weak impé&dioth rainfall and river runoffs on

SST. Howden and Murtugudde (2001) found a verylised impact of the river runoff near the
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Ganges-Brahmaputra mouth. We won't discuss BehadaVdnayachandran (2016), for which
the influence of river runoff on summer SST is duehanges during winter. As in our case, Seo
et al. (2009) found very little changes in SST aaidfall at the BoB scale during summer. We
find a large impact of salinity on vertical mixirg heat as in several previous studies, but with
little impact on SST due to a compensating changair-sea fluxes. Except for Howden and
Murtugudde (2001), there is therefore overall argjer consensus about salinity not bringing
any SST change in summer amongst previous stutfifesugh the underlying mechanisms may
be different.

Let us now discuss some caveats of our study. Witbegree grid spacing, our ocean
model is eddy-permitting but not eddy-resolvingisTimay be an issue, because the BoB has a
relatively strong eddy kinetic energy (EKE; e.g.e@bn et al.,, 2011) generated from remote
wind forcing and ocean internal instability (Chenaé, 2018), and eddy may contribute to the
SST balance through their influence on upper odesat transport. Comparison with altimeter
estimates (not shown) however indicate a reasonmaplesentation of the EKE in the BoB, with
an underestimation of less than 15%.

Despite the fact to the model used in the predexyss amongst one of the best state-of-
the-art coupled models for its representation efritbrthern Indian Ocean climate (Samson et al.,
2014) or when compared to the study of Seo eRaDY), it is not exempt from biases. Even the
flux-corrected experiment tends to have a too lawagse salinity due to too strong rainfall (Fig.
2c,e) and a ~ 1°C too cool SST all year long (Ed). Let us briefly discuss the impact of those
biases. As displayed on Fig. 9, the salinity dicatiion is overestimated in FCTL and
underestimated in CTL as compared to observatipulgiived climatologies, yet the two
experiments give similar results (no impact of teainity stratification on the climatological
SST and rainfall), suggesting that this bias héte limpact on our results. Observed SSS
climatologies however generally underestimate tbethern BoB freshening because of the
scarcity of salinity measurements in this regionsaggested by the very fresh surface signals
reported by recent measurements from moored busgsglpta et al., 2016; Wijesekera et al.,
2016) and satellite observations (Fournier et 2017). Validating the model vertical salinity
profile to the northernmost RAMA mooring in the BAB5°N) indeed suggest that FCTL
exhibits a small surface salty bias SSS and a deabpa& observed halocline (Fig. 9). Both

experiments also tend to underestimate the temperatratification below ~ 50 m. These biases
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of temperature and salinity profiles could resnlan underestimation of the effect of salinity on
the vertical turbulent heat fluxes.

There is a ~ 1°C cold SST bias in our model sekig. 2d). This bias is partly related to
the 15% wind speed overestimation in the BoB (Fh), which leads to an overestimated
evaporative cooling. This ~1°C cold bias could gigantly impact our results. In observations,
SST is above the observed 28.5°C threshold for deapspheric convection (dashed line on Fig.
2d) from March to November, and is very close tis threshold in July-September, implying a
strong sensitivity to a potential small SST charigecontrast, the model is below this threshold
from July to March (i.e. during most of the soutlstvenonsoon). Figure 10 compares the relation
between daily SST and rainfall over the BoB in thedel and observations. Observed rainfall is
most likely at ~ 29°C, with a large increase obsy rainfall rates occurrence between 28°C and
29°C. In the model, this “switch” to the convectiggime occurs at lower SST, between 27 and
28°C. i.e. the model has a 1°C cold SST bias, teutdnvective threshold is also 1°C cooler than
in observations. For this reason, we believe thaicbld bias over the BoB in the model does not

strongly affect our results.
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Annex A: processes responsible for the change indleffect of atmospheric heat fluxes

The heating rate of the mixed layer by atmospheest flux forcing reads as follows:

Qs(1 —F_p) + Qns
poCph

The red curve on fig.7c shows the difference betwdgs term in the control experiment

(@)

(designated by a c superscript) and “NOS” experin@esignated by a n superscript):

_ Qs (1 —F_pe) + Qns© B Qs"(1 —F_pn) + Qus"
poCph® poCph™

This term can become large due to several proce$Sest, a change in one or several

A

(b)

components of the surface heat flux can alter #tehpat flux entering into the ocean (solar Q
and non-solar @ surface fluxes) and modulate the amplitude ofatreospheric forcing term.
This effect can be evaluated by compadig the termi,x below:

Ao = Qs (1 = F_pe) + Qs° B Qs‘(1 = F_pn) + Qus°
flux poCph® poCph™

()

The computation above neglects changesgai@ Qs. WhenA is different fromAq,y, it means
that the contribution of changes in fluxes matéesimilar strategy is used to identify the effects
of two other processes. A change in the MLD h inpdloce atmospheric forcing term in two
ways. On the one hand, it modulates the heat dgpaci the mixed layerp,Cph at the
denominator of equation (2): a thicker mixed laigefor example less responsive to a given heat

flux. This effect is identified by comparingto the term,; below:

_ Qs (1 = F_pe) + Qus© B Qs (1 —F_pn) + Qus" )
poCph® poCph®

On the other hand, the MLD modulates the fractibaatar flux that penetrates below the mixed

Ahc

layer (Fn of last term in equation 1): a thicker mixed lay@ercepts more of the incoming solar
heat flux (i.e. 1¥ is larger) than a thin mixed layer. This effectdentified by comparing to
the termAs, below:

_ Qs (1 — F_pe) + Qus© B Qs"(1 = F_pe) + Qs
poCph® poCph™

Agp ()

Fig. 7c shows the seasonal climatologWph\uy, Ane, andAsp
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Experiment name

Purpose

[

CTL Reference experiment. See text for detailsesolution & configuration.
NOS As CTL but with no impact of salinity on vesglanixing.
FCTL As CTL, but with wind stress correction oveetBay of Bengal.
FNOS As FCTL, but with no impact of salinity on treal mixing.
CTL-NSP As CTL, but with no solar flux penetratimo the ocean.
NOS-NSP As CTL_NSP, but with no impact of saliroty vertical mixing.
CTL-G As CTL, but using Goddard shortwave radiascheme.
NOS-G As NOS, but using Goddard shortwave radiag@reme.
CTL-KF As CTL, but using Kain-Fritsch sub-grid atapiheric convection schem
NOS-KF As NOS, but using Kain-Fritsch sub-grid asploeric convection schem

Table 1: NOW (NEMO-Oasis-WRF) regional coupled model exmemts used in this study.
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Figure 1: Sketch of the positive feedback mechanism propbgeshenoi et al. (2002), by which
the BoB haline stratification could sustain enhahaggional precipitation.
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Fig. 2 Averaged BoB (BN-25°N, 8C°E-10CE, see region on Fig. 3) climatological seasonal
cycle for CTL (Blue) & FCTL (flux correction applieon wind stress: see text for details,
yellow) experiments and observations (red)(@rwind stress (N.f), (b) wind speed (m:¥ (c)
precipitation (mm.day) (W.m?), (d) Sea Surface Temperature (SST, °@) Sea Surface
Salinity (SSS, pss)f) mixed layer depth (MLD, mjg) Barrier Layer Thickness (BLT, m) and
(h) net heat flux. Observed climatologies are obtaiinech the TropFlux 1990-2007 average for
wind stress and net heat flux, ERA-interim 1990-2@9erage for wind speed, TMI 1998-2006
average for SST, TRMM 1998-2011 average for rainfdlOA climatology for SSS and de
Boyer Montegut et al. (2004) climatology for MLD calBLT. The dashed horizontal line on

panel d indicates the observed threshold (28.55C)éep atmospheric convection.
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Fig. 3 Summer (June to September: JJA8H) and Winter (December to March; DJFMight)
climatologies of observatiorigp) and FCTL bottom) Sea Surface Salinity (SSS, shading, pss)
and Barrier Layer Thickness (BLT, contours, metdfs) the model data, a horizontal smoothing
has been applied, with a similar spatial scale ttre@t used for the observationally-derived
climatologies i.e. with a smoothing radius of 145 kor BLT as for de Boyer Montegut et al.
(2004) and 4° (444 km) for SSS as for the NIOA dliology. The dashed blue frame on panel d
indicates the region over which the influence dinggg on vertical mixing is neglected in the

series of “NOS” experiments (see table 1).
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Figure 5. (Top) Summer (JJAS) an¢bottom) winter (DJFM) climatological maps of FCTL
minus FNOS(left) mixed layer depth (m) an@ight) vertical mixing term of the mixed layer
heat budget (°C.month. The FCTL run climatological barrier layer thi@ss is overlaid as
contours. Dots indicate regions for which MLD (Je&ind vertical mixing (right) differences
between the FCTL and FNOS simulations are sigmiflgadifferent from zero at the 95%
confidence level (using a one-tailed student’sst-teith degrees of freedom equal to number of
years minus one).
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903 Figure 6. Average BoB FCTL and FNO&) SST and(f) precipitation climatological seasonal
904 cycle.
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906 Figure 7. Average BoB climatological seasonal cycle of FChinus FNOS(a) MLD heat
907 budget (°C.month), (b) MLD (m) and(d) surface fluxes (W.ff). (c) shows the FCTL minus
908 FNOS recomputed atmospheric forcing term (thick ceslve). The green curve allows to
909 evaluate the effect of solar penetration, the ldue/e the effect of the change in surface heat
910 fluxes and the orange one the effect of the changesixed layer heat capacity (see text and
911 Annex A for details). The blue shading highlighte tJuly to October period and the salmon
912 shading highlights the November to January period.
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914 Fig. 8: Averaged BoB CTL and NOS mean seasonal cycl@)o8ST andb) precipitation (i.e.
915 same as 8ef but without flux correction@)-(d) Same aga)-(b), but for CTL-NSP and NOS-

916 NSP (i.e. with the penetration of solar radiatiotoithe ocean de-activate@)-(f) Same aga)-
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917 (b), but for CTL-G and NOS-G (Goddard shortwave radmaparameterizationjg)-(h) Same as
918 (a)-(b), but for CTL-KF and NOS-KF (Kain-Fritsch conveiparameterization).
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920 Fig 9. Winter (DJFM) temperature and salinity BoB-averhgdimatological profiles for
921 longitude 90E and latitude 19\ from the RAMA buoy (red), NIOA product (green)TC(blue)
922 and FCTL (yellow).
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Figure 10: SST-rainfall relation in(a) the FCTL simulation angb) from TMI and TRMM
observations. The probability density function (#gs constructed from daily SST and rainfall
over the BoB region, using 2.5 mm.dagnd 0.33°C wide bins.
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