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Study of Indian Ocean features during 2023 summer monsoon using 

NCMRWF coupled model 

Lokesh Pandey, Ankur Gupta, and Akhilesh K. Mishra 

साराांश 

हहॊद भहासागय अरग-अरग सभम के ऩैभाने ऩय भानसूनी वषाा की ऩरयवर्ानशीरर्ा को ननधाारयर् कयने भें भहत्वऩूर्ा 

बूमभका ननबार्ा है। भहासागय डटेा आत्भसार् प्रर्ारी के ववकास औय गनर्शीर भॉडर भें वामुभॊडर-सभुद्र सॊऩका  के 

प्रनर्ननधधत्व भें सुधाय के साथ , ववस्र्ारयर् रीडटाइभ ऩय भहासागय-वामुभॊडर की स्स्थनर् की बववष्मवार्ी सॊबव हो 

गई है। एन ॰सी॰एभ॰आय॰डब्ल्मू॰एप॰ भें एक ववस्र्ारयर् येंज ऩूवाानुभान प्रर्ारी वास्र्ववक सभम भें चर यही है। इस  

शोध रेख भें, भहासागय की वास्र्ववक स्स्थनर् औय भोडरे के ऩूवाानुभान का उऩमोग कयके 2023 जे॰ज॰ेए॰एस॰ के 

दौयान भहासागय की थभोडामनामभकर ववशेषर्ाओॊ का अध्ममन ककमा गमा है। प्रभुख भहासागयीम चयों के फड े

ऩैभाने ऩय स्थाननक ऩैटना का प्रनर्ननधधत्व कयने भें भॉडर की ऺभर्ा का आकरन ककमा गमा है। महाॉ भुख्म सभुद्री 

ववशेषर्ाओॊ के साप्र्ाहहक-भाध्म औय भाह-भाध्म सॊमोजन की गर्ना की गमी है औय इनकी रु्रना भॉडर ववश्रेषर् 

औय ऑब्लजयवेशन के साथ की गमी है। मह ऩामा गमा है कक भॉडर एसएसटी, एसएसएस, एसएसएच, डी20, एभएरडी 

औय ऊऩयी सभुद्री र्ाऩ साभग्री के स्थाननक ऩैटना को अच्छी र्यह से ऩकड रेर्ा है। हाराॉकक , ऊऩयी भहासागयीम चयों 

भें व्मवस्स्थर् ऩूवााग्रह ऩाए गए हैं स्जन्हें रीडटाइभ के साथ फढ़र् ेदेखा गमा है। एसएसटी, एसएसएच औय 

थभोकराइन भें ऩूवा-ऩस्श्चभ कॊ ट्रास्ट का होना, ऊऩयी भहासागय थभोडामनामभकर चय के अनुकयर्  भें उत्थान जैसी 

बूभध्मयेखीम प्रकिमाओॊ के भहत्व को दशाार्ा है।  

Abstract 

Indian Ocean plays an important role in determining the variability of monsoon rainfall at 

different time scales. With the development of ocean data assimilation system and improvement 

in representation of air-sea interaction in the dynamical models, prediction of ocean-atmosphere 

state at extended leadtime has been made possible. An extended range prediction system is 

running in real-time at NCMRWF. In this study, thermodynamical ocean features during June-

September (JJAS) 2023 have been studied using both observations and model forecast. The 
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ability of the model in representing the large scale spatial pattern of key ocean variables has been 

assessed. Comparison of weekly-mean and month-mean ocean variables is carried out against 

model analysis and observations. It is found that model captures well the spatial patterns of SST, 

SSS, SSH, D20, MLD, and upper ocean heat content. However, systematic biases in upper ocean 

variables have been found which are seen to increase with leadtimes. The east-west contrast in 

SST, SSH, and thermocline shows the importance of equatorial processes such as upwelling in 

simulation of upper ocean thermodynamical variables.   
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1 Introduction 

The coupled atmosphere-ocean processes are important for Indian Summer Monsoon (ISM) 

Rainfall (ISMR). Timely and accurate prediction  of ISMR is crucial for management of water 

resource, agricultural practices and several others aspects of the Indian economy (Dwivedi et al., 

2006, 2015; S Gadgil & Gadgil, 2006). The formation and variability of the Asian monsoon 

system is influenced greatly by the air-sea interactions in the Indian Ocean (IO) (Gadgil, 2003; 

Gadgil et al., 2005; Webster et al., 1998). For example, the variability of the sea surface 

temperatures (SST) in the Indian Ocean directly influences the predictability and prediction of 

the ISMR on different time scales (Mishra et al., 2020; Rajeevan et al., 2007, 2012; Sahai et al., 

200 C.E.; Yang et al., 2007). The IO region experiences large changes in the direction and 

magnitude of winds from southwesterly during summer to northeasterly during winter. The 

upper ocean circulation in the IO also shows strong seasonality and experiences complete 

reversal of direction of major ocean currents in the region (F. A. Schott et al., 2009).  The 

weather and climate in others parts of the world are also significantly influenced by the IO. The 

ocean regulates the transfer of heat to the atmosphere through surface heat fluxes by acting as a 

heat reservoir. Therefore, it is crucial to incorporate the ocean as an essential component in 

dynamical modeling systems.   

Prediction of the Indian monsoon is a challenging task. Studies shows several deficiencies in the 

simulation of the ISMR in the climate models which can impact the skill in predicting the 

monsoons (Anand et al., 2018; Saha et al., 2014; Wang et al., 2015). The errors in simulating the 

monsoons can come from difficulties in parameterization of convective processes in the 

dynamical models.  In addition, lack of sufficient high-resolution (eddy resolving) initial 
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conditions for the IO can also contribute to errors in simulating the ISMR (Goswami et al., 2016; 

Koul et al., 2018; Rao et al., 2019). To generate the best estimates of ocean initial condition, 

dense and continuous in time quality-controlled in-situ observations in the IO need to be 

collected via sea cruises, Argo floats, moorings, gliders etc (Davis et al., 2018; Subramanian et 

al., 2019). The accurate initial conditions and forcings of Arabian Sea (AS) and Bay of Bengal 

(BOB) are crucial for correctly simulating the onset and propagation of ISMR during the 

monsoon season (Goswami et al., 2016; Rao & Sivakumar, 1999; Shenoi et al., 1999). It is not 

possible for the sea-going oceanographers to collect quality-controlled in situ (depth dependent) 

observations at all grid points in the northern Indian Ocean with the help of observational 

campaigns. This leaves the in-situ observations with limited spatio-temporal coverage. The 

modern satellite measurements on the other hand have very good space-time coverage, but they 

are restricted to surface variables only. The recourse is taken by carrying out ocean modeling at 

desired spatio-temporal resolution to generate 3-dimensional continuous in time initial conditions 

and forcings of the northern IO.  

The development of ocean data assimilation systems and improvements in representation of 

coupled processes has improved the representation of air-sea interactions and intraseasonal 

variability in dynamical models (Belcher et al., 2015; Klingaman & Woolnough, 2014). These 

improvements has resulted in extending the skill of numerical weather systems to 2-3 weeks for 

low frequency variability of the tropical atmosphere (Abhilash et al., 2014). Recently, there has 

been interest in the extended range prediction of ocean variables as well. An extended range 

prediction system is also running at National Center for Medium Range Weather Forecasting 

(NCMRWF) as part of the seamless modeling strategy. Gera et al., 2022 have shown the model 
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is skillful in predicting the active and break phases of the monsoons up to two weeks in advance. 

However, the performance of the model in simulating the ocean features is not known.  

This report documents the performance evaluation of the global NCMRWF coupled NCMRWF 

Unified Model (CNCUM) forecasts during JJAS 2023. The primary objective of this study is to 

assess the ability of the model in capturing the key thermodynamic features of the IO. The large 

scale patterns of SST, salinity, mixed layer depth (MLD) etc during the 2023 monsoon season 

and the processes governing these spatial distribution are highlighted first. The model 

simulations are presented next and compared with model analyses and observations. The results 

are summarized through careful verification, shining light on the average biases and forecast 

performances for the entire season. Section 2 describes the coupled model used in this study, the 

data processing methodology adopted for computing the composites, and the model analyses 

used for initializing the model, and observational datasets utilized for comparing forecasts. 

Sections 3 to 5 of the report investigate the systematic biases found in the forecasted large-scale 

upper ocean fields, encompassing crucial elements such as temperature, salinity, MLD and Sea 

Surface Height among others. The insights provided in these sections prove to be invaluable in 

enabling forecasters to interpret the model forecasts more effectively and make informed 

decisions. Finally, Section 7 serves as a comprehensive culmination of the JJAS 2023 report. It 

succinctly summarizes the key findings, strengths, and limitations of the CNCUM model 

forecasts of ocean variables during this monsoon season. The summary offers valuable 

takeaways for both forecasters and model developers, aiding them in refining the forecasting 

process and enhancing the model's performance in subsequent seasons. 
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2 Data and Methodology  

The coupled model used in this incorporates the Unified Model (UM) to represent the 

atmospheric component and the Joint United Kingdom Land Environment Simulator (JULES) 

model to represent the land component. The land-atmosphere model is coupled to an ocean-

seaice model. Nucleus European Modeling of Ocean (NEMO: Madec, 2008) forms the ocean 

component of the ocean-seaice model and Los Alamos seaice model (CICE) represents the 

thermodynamics and elastic-viscous-plastic processes of the seaice (Hunke & Dukowicz, 1997). 

The coupling between the component models is achieved using version 3.0 of OASIS (Valcke, 

2013).  

The land-atmosphere model is defined on an N216 grid, where N implies 1.5xN and 2xN grid 

points in meridional and zonal direction, respectively. The atmospheric model extends up to 85 

km in vertical which cover the stratosphere, and the vertical extent is divided into 85 levels, 50 

of which are in troposphere (below 18 km). The horizontal discretization uses Arakawa C-grid 

staggering, while vertical discretization follows Charney-Phillips staggering. The ocean-seaice 

model is defined on an eddy-permitting ¼◦ tripolar orthogonal curvilinear grid with two poles 

respectively at 107◦W and 73 ◦E in Siberia and Canada. The importance of resolving eddies on 

atmospheric variability has been shown in a large number of studies on western boundary 

currents (Kelly et al., 2010; Ma et al., 2017). Arakawa C-grid staggering is used for the 

horizontal discretization, except prognostic variables in CICE are defined on Arakawa B-grid. 

The model has high vertical resolution especially near the surface. The 75-level z-coordinate has 

vertical resolution of 1 m near the surface and increasing to 200 m at 6000 m. The DRAKKAR 

v3.3 bathymetry used here is an update from a 1-minute resolution ETOPO1 data set (Amante & 

Eakins, 2009) with additional information in coastal regions from GEBCO (IOC & In, 2003).  
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The science configuration is based on Global Coupled version 2.0 (GC2) and is completely 

described in (Williams et al., 2015). The GC2 is the first science configuration adopted by an 

operational center to be used for forecasting across the time scales. Semi-implicit semi-

Lagrangian formulation is used for solving the non-hydrostatic, fully compressible deep-

atmosphere. Atmospheric physical processes such as convection, boundary layer turbulence, 

cloud formation, radiation, orographic drag, etc. are parameterized in the model. Further details 

can be seen in Gupta et al., 2019 and Williams et al., 2015. Ocean model solves a vector 

invariant form of prognostic equations in which an enstrophy and kinetic energy conserving 

scheme is used to discretize vorticity. The model is integrated in time using the leapfrog time-

differencing scheme of Mesinger & Arakawa, 1976. Oceanic processes such as diapycnal 

mixing, energy transfer due to internal tides breaking, diffusion both in interior and boundary 

layer are parameterized. Detailed scientific configurations for individual component are defined 

by Walters et al., 2017 for land-atmosphere, Megann et al., 2014 for ocean, and Rae et al., 2015 

for seaice.  

The coupled model in the NCMRWF extended range prediction (NERP) system is initialized 

four days in a week from separate analyses of land-atmosphere and ocean–seaice components. 

The model is initialized on Sunday to Wednesday of each week; the simulation length for each 

initialized model is 36 days. The analysis for initializing the coupled model comes from real-

time NCMRWF ocean and atmosphere data assimilation systems. The atmospheric data 

assimilation system uses both conventional and satellite data in a 4-D variational assimilation 

scheme (George et al., 2016; Kumar et al., 2020). The surface temperature, salinity and 

temperature profiles, and sea level anomalies are assimilated in a 3D-VAR ocean data 
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assimilation system with First Guess at Appropriate Time (FGAT) approach(Momin et al., 2020; 

Waters et al., 2015).  

In the NERP system the coupled model is initialized on Sunday to Wednesday of each week. 

Each week, forecasts are prepared on Thursday using the data from model initialized on Sunday, 

Monday, Tuesday and Wednesday immediately preceding the day forecasts are prepared. The 

daily ensemble-mean forecasts falling on Friday to Thursday are then combined into weekly 

averages. Week-1 forecast is prepared from the data valid from days 1 to 7 following each 

Thursday. Similarly, week-2, week-3, and week-4 forecasts are prepared from data valid on 8-14, 

15-21, 22-28 days following each Thursday, respectively. All the forecasts having the data valid 

from JJAS 2023 are then combined to make composites of week-1 to week-4 forecasts. To 

analyze the performance of the model, weekly-averaged observations and model-analysis are 

prepared using the same method as of model forecasts. While analyzing monthly-mean forecasts, 

forecasts prepared on the last Thursday of the month preceding the validity month are 

considered.  

For validating model simulations for SST, National Oceanic and Atmospheric Administration 

(NOAA) daily Optimum Interpolation SST SSTv2.1 (Reynolds et al., 2007) data at 0.25
0
 

resolution is used. Forecasts of other variables are compared with model’s own analysis.  

Ocean Heat Content (OHC) is a significant climatic factor within the ocean-atmosphere system, 

playing a crucial role in determining heat exchange dynamics. Its impact extends to weather 

phenomena such as cyclones and monsoons. Therefore, an accurate assessment of OHC is 

crucial for comprehending the oceans' role in evaluating historical and projected climate change. 

Heat content of a slice of the ocean can be estimated as a product of integrated temperature, 
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density of sea water and specific heat capacity from surface down to a required depth. It is 

obtained by summing the heat content of the ocean column from the sea surface to a particular 

depth. OHC can be computed from the equation given below:  

OHC=Cp ρ(z)T(z)dz
D

0
where ρ is the density of seawater computed using temperature and 

salinity, cp (4000 J/Kg/K) is the specific heat capacity of seawater, T(z) is the temperature as a 

function of depth (z), D is the depth of the ocean. Here D = 300 m. Similarly, MLD are 

computed using a density criteria, i.e. the depth at which density is higher than that at surface 

corresponding to a 0.8°C decrease in temperature (Kara et al., 2000). The variations in depth of 

thermoclines are studies by analyzing the depth of 20 
o
C isotherm (D20).  

 

Figure 1 Observed SST pattern (shaded) during 2023 a) June, b) July, c) August, and d) September. SST above 28 oC and 30 oC 

are highlighted using blue and yellow contours, respectively.  
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3 Observed Features during 2023 JJAS 

As discussed above, SST is one of the most important parameter affecting the air-sea interaction 

and thus the convection. Thus, we begin the analysis of 2023 summer season by showing the 

spatial patterns of SST during each month of JJAS in Figure 1. It can be seen that very warm 

waters are present in the north IO particularly during the month of June. It is interesting to note 

that during June much of the AS and part of BOB experienced waters even above 30
o
C. While it 

is known that the IO is warming at an unprecedented rate ( Rao et al., 2012; Roxy et al., 2014) 

the extent of pool of water above 28
o
C usually decreases substantially by the September 

(Vinayachandran & Shetye, 1991). However, in 2023 there is little change in the extent of the 

warm pool. The entire north IO with the exception of the western AS remained above 28 
o
C – a 

threshold generally considered to be favorable for convection ( Gadgil et al., 1984). The 

warming of the IO during 2023 is an interesting case – being an El-Nino year accompanied by a 

late monsoon onset (8
th

 June). Warmest waters towards the end of the monsoon season appear 

over the equator from 60-70
o
E.   

 

Figure 2 Changes in SST (oC) during a) June, b) July, c) August, and d) September of 2023 with respect to the previous month.  

The SST in the IO are largely driven by surface fluxes. The unique interaction of the monsoon 

winds with the subsurface thermal structure of the ocean determines the intra-seasonal changes 
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of SST. The tendencies of SST in each of the month of JJAS are shown in Figure 2. It can be 

seen that most of the cooling is seen in the AS along the coasts of Somali and the Arabian 

Peninsula during the months of June and July and over the north AS during August. 

Interestingly, the cooling during the monsoon over the AS quickly gives way to the warming in 

September, most-intense along the coast of the Arabian Peninsula. Similar changes but of much 

milder intensity are seen over the BOB which most notably experience warming in September. 

The WEIO also experiences similar reversal in nature of SST changes within the season: 

beginning the season with cooling in June-July and switching to warming in August-September. 

Perhaps the most interesting is the SEEIO; it shows mild warming throughout the season except 

for large cooling in September which is restricted to waters along the Sumatra coast. 

 

Figure 3 Average SST over the different regions of Indian ocean (a): Bay of Bengal (BOB:10–18 N, 85–93 E), (b): the Arabian 

Sea (AS: 10–18 N, 60–70E), (c): the west equatorial Indian Ocean (WEIO: 10S-10 N, 50–70E), and (d): the southeast equatorial 

Indian Ocean (SEEIO 10S-0, 90–110E) from observations and the different initial conditions during JJAS for a period of 36 days 

each. Black bold line is the observation from NOAA OI SST (Reynolds et.al 2007). 
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In Figure 3 the area averaged SST over different regions of the Indian Ocean is presented which 

brings out the intraseasonal changes in the SST more clearly. These regions are: Bay of Bengal 

(BOB:10–18 N, 85–93 E), the Arabian Sea (AS: 10–18 N, 60–70E),  the west equatorial Indian 

Ocean (WEIO: 10S-10 N, 50–70E), and the southeast equatorial Indian Ocean (SEEIO 10S-0, 

90–110E). The observed SST data are from the optimum interpolation of in-situ and bias-

corrected satellite-derived observations Reynolds et al., 2007. Before discussing the weekly-

mean model forecasts we briefly present the performance of model in capturing this seasonal 

cycle. Thus, in Figure 3 the model forecasts (colored lines) of area-averaged SST at up to 36-

days of leadtimes are also overlaid over observed SST (black lines) for all forecasts initialized 

during JJAS. As discussed earlier both AS and BOB shows cooling during the June-July and 

warming in September. These changes are likely mediated by the monsoonal winds. At the 

beginning of the season both AS and BOB shows peak SST. These early warm SST are in 

response to pre-monsoon insolation over clear skies augmented by lack of poleward (northward) 

advection of heat, the ocean being bounded to the north by the Indian landmass. With the onset 

of the monsoon on 8
th

 June 2023, the monsoonal winds quickly cool the upper ocean by as much 

as 4 
o
C in the AS but only 1 

o
C in the BOB. This difference in response of AS and BOB is 

widely documented (Prasad, 2004; Shenoi et al., 2002). The monsoon winds have higher 

intensity over the AS compared to BOB. However, the waters are highly stratified in the BOB 

which prevents the relatively weaker winds over the bay to mix the surface waters with the cold 

waters underneath. This means that while the energy available for mixing the waters is high in 

the AS, the energy required for mixing is high in the BOB due to which the bay shows resistance 

to large winds driven changes in the SST (Shenoi et al., 2002). Second to the seasonal cycle, 

large intraseasonal variations in SST can also be seen in Figure 3.  

It is seen from the plot that the model brings out reasonably well the seasonal cycle of the JJAS 

of the southwest monsoon season (JJAS). The representation of SST in the model for JJAS is 

captured for all the regions (Figure 3 a-c) except southeast equatorial Indian Ocean. At the 

beginning of the season the model initial SST over SEEIO are close to the observations; 

however, during September even the model initial estimates of the SST are far off from the 

observations. The model’s inability in capturing the SST over the SEEIO region even at the start 

of the simulation could be due to lack of in-situ data to constraint the model-analysis, biases in 

forcing the ocean during data assimilation stages, as well as difficulties in assimilating both in-
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situ and satellite data over the region. Nevertheless, the drift of simulated SST over SEEIO 

increases fast with the leadtimes irrespective of the startdate. This could suggest model’s 

inability in capturing the mixed layer processes over the SEEIO. Gupta et al., 2022 shows that 

such biases in the coupled models could also result from errors in simulation of equatorial winds.  

It can be seen that model reproduction of SST in the AS is remarkably good during June-July. 

Similarly, the cooling of SST in the BOB and WEIO during June-July is captured by the model. 

However, model shows cold bias over AS and WEIO as well during August-September similar 

to SEEIO.  

4 Weekly-mean Forecasts  

In this section week-1, week-2, week-3, and week-4 forecasts of key ocean variables are shown. 

Comparison of forecasts is done with observations and model-analysis.  

4.1 Sea Surface Temperature 

 

 

Figure 4 Mean SST (
0
C) during JJAS. (a) observations for dates falling within week-1 of model 

initialization. Week-1, week-2, week-3, and week-4 forecasts are shown in b), c), d), and e) 

respectively. 
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Figure 4a shows observed SST during JJAS 2023 . Week-1, week-2, week-3, and week-4 

forecasts from CNCUM are also shown in Figure 4b-e.. Three main regions of warm ocean 

waters are seen in the observations: the head BOB, WEIO, and SEEIO. Significantly warmer 

waters are present over the BOB as compare to AS. As discussed above, while the SST are 

higher in June over both AS and BOB, the cooling over BOB is much smaller compared to AS. 

This results in warmer SST over BOB compared to AS. Within the bay warmest waters are 

flanked to the north, a region near to the mouth of the Ganga-Brahmaputra river system. This 

may result in salt stratification of the bay inhibiting the vertical mixing. Indeed, the shallowest 

MLD in the region are also observed over the head BOB. Temperatures are relatively cooler over 

the WEEIO and along the coasts of Somali and the Arabian Peninsula which are one of the key 

areas of upwelling cold underneath water in the north Indian Ocean. Somalia-Oman upwelling is 

caused by southeastward offshore Ekman ocean transport along the strong low-level 

southwesterly  jet in atmosphere (De Boyer Montégut et al., 2007; Findlater, 1969). The 

variability of cooling associated with the jet can significantly affects the ISM  (Izumo et al., 

2008). In 2023, a strong cooling is observed in June along the Somali Coast which spreads 

towards the coast of Arabian Peninsula and also in the interior of the AS (Figure 2).  This results 

in low SST along the western coast of AS.  

It can be seen that model captures the spatial distribution of regions of warm and cold SST 

remarkably well even in week-4 forecast. However, some key deviations from the observations 

can be seen (Figure 4 b-e). It has been observed that week-1 forecast of SST magnitude agrees 

well with the observation. For week-2 to week-4 forecasts, slight cooling is seen in the model 

compared to observations. The peak of SST along the coast of Sumatra is much weaker in model 
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simulations even in week-1 forecasts, and by week-4 the peak of SST over SEEIO is completely 

absent in the model. Nevertheless, warm head BOB, peak of SST over WEIO, and cold southern 

IO and cold west coast of AS are well represented in week-1 to week-4 forecasts.  

 

Figure 5 SST biases for (a) week-1, (b) week-2, (c) week-3 and (d) week-4 forecast 

To further study the growth of errors in SST simulations from week-1 to week-4, the biases valid 

over different weeks are shown in Figure 5. The biases are computed by subtracting the week-1, 

week-2, week-3 and week-4 composites of observations from corresponding model composites 

using the methodology described in section 2. It can be seen from Figure 5 that the coupled 

model shows cold biases over the Somali Jet region, central equatorial IO and SEEIO. These 

biases could be related to excessive wind intensity in the model (Gupta et al., 2022). The cold 

biases during JJAS in the AS are limited towards the upwelling regions of Somali Jet suggesting 

the role of upwelling favorable winds during JJAS. Similarly, the cold biases over SEEIO are 

also located over an upwelling sensitive region. The biases over SEEIO warrants further study, 
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as the area is one of key region in a developing Indian Ocean dipole (Saji et al., 1999). Studies 

indicate that the SST in the region is an outcome of the balancing effects of warm water 

advection by the Indonesian Throughflow (ITF) and cooling by upwelling-favorable winds 

during and after boreal summer (Du et al., 2008).  

In contrast, a warm bias is present over WEIO. Here the warm biases could be related to weaker 

winds in the model compared to observations (Gupta et al., 2022) and also due to downwelling 

Rossby waves travelling in response to coupled processes in the eastern part of the equatorial 

Indian Ocean. In all of the weeks, the spatial pattern of the biases remains similar with some 

areas showing much larger growth in biases with lead times. It can be seen from Figure 5 that the 

week-1 biases are less than + /- 0.5 ◦C in most areas.  

 

 

Figure 6 Mean SSS (psu) during JJAS. (a) Model-analysis for dates falling within week-1 of model initialization. b), c), d), and e) 

SST for week-1, 2, 3 and 4 forecasts, respectively  
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4.2 Sea Surface Salinity 

As discussed above, fresh water fluxes and contrast in salinity structure of the two basins are 

some of the unique features of the north Indian Ocean. Due to its importance on the upper ocean 

thermohaline structure, we now discuss the salinity forecasts during the 2023 JJAS. The seasonal 

mean of the sea surface salinity (SSS) for monsoon season (JJAS) is shown in Figure 6a. We 

observe that the AS has higher SSS (~37 psu) than BOB. The northern BOB has particularly low 

SSS values (~28 psu) during monsoon season as a result of increased freshwater transport from 

major adjoining rivers (Ganga, Brahmaputra and Irrawaddy) (Sengupta et al., 2006). The 

southern BOB has higher SSS than the northern BOB in this season. However, an opposite 

pattern is seen in AS where the north is much more saltier than the south AS. It is well known 

that the fresh waters and low salinity in the BOB are due to the excess precipitation over 

evaporation as well as river discharge. Similarly, the excess evaporation over precipitation 

combined with vertical mixing of high salinity subsurface water masses maintains high surface 

salinity in much of the AS. The low salinity seen in the southern AS is mainly contributed by the 

advection of fresh water from the southern hemisphere along the Somali Jet. It can be seen from 

Figure 6 b-e that the model captures these spatial distributions of the salinity remarkably well 

even in week-4 forecasts.  
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Figure 7 SSS biases (psu) for  (a) week-1, (b) week-2, (c) week-3 and (d) week-4 forecast. 

 

Figure 7 shows the biases in SSS in week-1 to week-4 forecasts. It can be seen that less than 0.1 

psu of biases exist in week-1 except the head BOB. By week-4 substantial biases of the order of 

~0.5 psu develops over large parts of the BOB and east AS. It may be noted that SSS biases are 

negative over the head BOB. Thus the positive SSS biases in the interior of the BOB could be 

due to reduced freshwater flux (evaporation and precipitation) in the model as well as reduced 

advection of fresh water from the north BOB. Since salinity is an important factor in determining 

the upper ocean stratification, existence of biases of opposite nature within a small region of 

BOB warrants further study. A similar dipole in SSS biases are seen over equatorial Indian 

Ocean where positive SSS biases over the SEEIO exists alongside the negative SSS biases to the 

west. It may be noted that SEEIO is usually a region of low salinity waters. Thus, the existence 

of dipole in SSS biases over SEEIO could suggest anomalous advection of freshwater towards 

the west and upwelling of saltier subsurface waters over the SEEIO. These results can also be 
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corroborated by pattern of SST biases which also suggest cooling due to anomalous upwelling 

over the SEEIO. 

 

Figure 8 Mean SSH (m) during JJAS. (a) Model-analysis for dates falling within week-1 of model initialization. b), c), d), and e) 

SST for week-1, 2, 3 and 4 forecasts, respectively 

 

4.3 Sea Surface Height 

The large scale circulation of the Indian Ocean is dominated by local winds as well as locally 

and remotely generated waves. The signature of these surface waves can be clearly seen in the 

sea surface heights (SSH). Moreover, the changes in SSH reflects the cumulative effects of 

vertically integrated changes in salinity and temperature profiles in the water column which may 

result from global warming and associated water flux into the oceans. The upper ocean heat 

content is also tied closely with the SSH (Momin et al., 2021). Due to the potential effects of 

SSH on the upper ocean heat content and thus air-sea interactions in the region, it is important to 

analyze the performance of coupled models in capturing the patterns of SSH (Gera et al., 2016). 

The SSH during JJAS season is shown in Figure 8. A contrast in mean SSH between AS and the 
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BOB can be seen. It is known that during the pre-monsoon the equatorial Indian Ocean region is 

under the influence of westerly wind bursts which force downwelling Kelvin waves which 

propagates as coastally trapped downwelling Kelvin waves along the periphery of the BOB. The 

increased SSH along the east coast of BOB along with local winds can further force westward 

traveling Rossby waves into the interior of the bay. These processes are responsible for higher 

SSH in the BOB compared to AS (Gera et al., 2016). A low in SSH is particularly observed 

along the west coast of AS where it is related to Ekman suction induced by strong monsoonal 

winds. Further, the southwestern equatorial Indian Ocean shows another trough in SSH at 

latitudes from 5
° 
S to 15

°
S. This feature is known in literature at dome of low SSH and sits over a 

climatological upwelling zone where mean sea level is lower than in the nearby areas (McCreary 

et al., 1993). The model consistently captures the observed pattern of SSH in week-1 to week-4 

forecast as illustrated in Figure Figure 8 b-e). Moreover in week-2 to week-4, slightly higher SSH 

values over the central BOB are observed compared to week-1 forecast as well as observation. 
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Figure 9 SSH biases (m) for  (a) week-1, (b) week-2, (c) week-3 and (d) week-4 forecast 

To analyze the errors in the model, SSH biases are plotted in Figure 9. It can be seen that the 

model shows only limited biases up to week-3. In week-4 forecast too except for region of 

Somali jet, most biases are limited to the equatorial region. As discussed above the circulation in 

the Indian Ocean is sensitive to the equatorial SSH, thus biases in SSH in the region could 

potentially affect the temperature, salinity and current biases elsewhere in the region. A close 

look at week-4 forecast highlights the dipole in SSH. While positive SSH biases are present in 

the west, negative SSH biases are present in the east – a pattern which is reminiscence of the 

positive Indian Ocean dipole. It may be noted that both the SST and SSS biases discussed above 

are thus consistent the internal dynamics of the equatorial Indian Ocean.  
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Figure 10 Temperature cross-section profile over Arabian Sea 

5 Subsurface structure of the north Indian Ocean during June 

In an effort to demonstrate the quality of sub-surface model fields, we compare the meridional 

cross-section (latitude-depth map) of monthly-mean model derived temperature at 65° E in the 

AS and 90° E in the BOB against the model-analysis for June 2023 in Figure 10 and Figure 11, 

respectively. It can be seen that temperatures in both AS and BOB are warmer in the north 

compared to the south. For the AS, temperatures above 20
o
C are restricted to upper 50 m in the 

south but are present even at the depths of ~ 120 m in the north (Figure 10). Thus the 

thermocline shows a steep downward slope towards the north in the AS. Further south of 5-10
o
S 

the thermocline deepens towards the south. Thus a steep shoaling of thermocline is seen at the 

latitudes 5-10
o
S which as discussed above is an important area of open-ocean upwelling in the 

Indian Ocean and act a region which is sensitive to the air-sea coupling (Schott & McCreary, 

2001; Yokoi et al., 2008). The deeper thermoclines of the north also means that the ocean act as 

much larger reservoir of heat in the north AS providing continuous supply of moisture all 

through the monsoon season via latent heat fluxes. It can be seen the model realistically captures 

the thermocline structure of the upper ocean (Figure 10b), although the warmest temperatures 
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exist much more deeper in the model compared to the analysis over AS. This results in  warm 

temperature bias at the depths of 40-60 m in the AS (Figure 10c).  

 

Figure 11 Temperature cross-section profile over Bay of Bengal 

In contrast, much milder slopes of thermoclines are seen in the BOB (Figure 11); in fact, the 

thermoclines are nearly flat for much of the BOB. However, a steep shoaling of thermocline can 

also be seen in the BOB towards the north-most latitudes. While the associated upwelling is less 

studied, it may be related to the existence of semi-permanent cyclonic eddy which is present 

north of 15
o
N during most of the summer season (not shown). Further, a bimodal structure of 

temperatures is seen in the BOB with peak near-surface temperatures present both over the 

equatorial region as well as the head BOB. As seen in Figure 1, this is mainly due to the presence 

of extremely warm temperatures in the head BOB and SEEIO before the monsoonal winds gains 

their peak during July-August and brings down the temperature all over the bay. It may be 

interesting to note that while MLD are very shallow in the BOB the depth of thermocline is quite 

deep. The model forecasts temperature stratification quite realistically in the upper ocean in BOB 

with correct magnitude of temperatures (Figure 11b). A pattern of warm and cold sub-surface 

biases are present in depths from 50-150 m just below the thermocline and may suggest the 

influence of waves propagating from the equatorial region.  
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Figure 12 Salinity cross-section profile over Arabian Sea 

To demonstrate the quality of model simulation in representing the sub-surface characteristics of 

salinity, we show in latitude-depth maps of salinity at 65°E in the AS and 90°E in the BOB in 

Figure 12 and Figure 13, respectively. The sub-surface salinity structures are very different in the 

AS and BOB. The salinity diagram shows that the north-south gradient of salinity is nearly 

opposite in the AS and BOB. For example, in the region 10°–20°N, where the highest salinity 

values are observed in the AS, the BOB region shows the lowest salinity. The low salinity of the 

BOB in this region is mainly attributed to freshening of water as a result of river runoff from 

major adjoining rivers of the region. On the other hand, higher evaporation over precipitation in 

the northern AS is the principal reason of high salinity in that region. The presence of salty 

outflow from the Red Sea and Persian Gulf is also the reason for high salinity in north AS. From 

5-15
o
N a sub-surface salinity maximum is also observed. The model forecast for the month of 

June correctly captures the north-south gradient of salinity in both AS and BOB (Figure 12b and 

Figure 13b). However, it can be observed that the model forecast is underestimated approx ~1 

psu over 5
0
N-10

0
N up to 50m depth for AS  (Figure 12c) and overestimated by ~1 psu over the 

head BOB up to 50m depth (Figure 13c). 
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Figure 13 Salinity cross-section profile over Bay of Bengal 

 

 

Figure 14 Depth of 20oC isotherm (D20) during a) and e) June, b) and f) July, c) and g) August, and d) and h) September as 

estimated from a-d) model analysis. D20 forecasted by the coupled model initialized in the last week of the month preceding the 

validity month are shown in e-h).  
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6 Monthly-mean thermodynamic features 

In addition to the substantial sea surface temperature variability, subsurface temperature also 

have significant variability caused by the changes in the thermocline of the ocean (Rao et al., 

2009; Yu, 2003) and varying induced mixing impacted by variable atmospheric forcing (Keerthi 

et al., 2013; Srivastava et al., 2018) . The thermocline is greatly influenced by westward 

propagating equatorial Rossby waves, eastward propagating equatorial Kelvin waves over 

equatorial region and poleward propagating coastal Kelvin wave along the eastern boundary of 

BOB (Kessler, 1991; White, 1977 and references therein).  The skill of the model in simulating 

these waves can be demonstrated using 20 degree isotherm (D20) (Murtugudde et al., 2000) . We 

have investigated the D20 for model as well as analysis during June 2023 (Figure 11). Figure 14 

reveals large spatial variability of D20 over study domain. The magnitude of the deepening of 

D20 varies spatially and deepening and shoaling over different regions is influenced by different 

dynamical processes. We noticed shoaling of thermocline off the coasts of Somalia and Arabia 

caused by the strong upwelling over the same region during June 2023. This is supported by the 

previous studies of  Schott, 1983, Schott & McCreary, 2001, and Weller et al., 2002. The 

shoaling of the D20 over the equatorial region signifies the presence of weak equatorial Kelvin 

waves. The shoaling of the D20 over southern tropical Indian Ocean south of 5
o
S is associated 

with strengthening of the Ekman divergence caused by enhanced cyclonic gyre 

(CG)(Murtugudde & Busalacchi, 1999; Yokoi et al., 2009) . In this region, the negative wind 

curl between the southeasterly trades and equatorial westerlies raises the thermocline, leading to 

open-ocean upwelling (Xie et al., 2002). It can be also observed that the high value of D20 over 

the AS as compared to the BOB.   

Model forecast for JJAS 2023 shows realistic skill in reproducing this spatial variability of the 

D20 and their changing nature (Figure 14e-f). However, the model forecasts slightly deeper D20 

in the AS during June and deeper D20 over the WEIO and shallower D20 over SEEIO during 

August and September. Over the equatorial Indian Ocean deeper D20 biases in the west and 

shallower D20 biases in the east are consistent with positive SSH biases in west and negative 

SSH biases in the east  and are indicative of involvement of equatorial Rossby waves (Figure 9).   
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Figure 15 Heat content in upper 300m of the ocean (HC300) during a) and e) June, b) and f) July, c) and g) August, and d) and h) 

September as estimated from a-d) model analysis. HC300s forecasted by the coupled model initialized in the last week of the 

month preceding the validity month are shown in e-h). 

The depth of themocline is an important variable indicative of the heat storage in the upper 

ocean. It can be seen from Figure 15 that the spatial pattern of the vertically integrated heat 

content in the upper 300m (HC300) of the ocean is similar to the D20 spatial pattern. Higher heat 

content is seen in the AS as compared to the BOB. The effect of shallower D20 over from 5-15
o
S 

is also seen as low HC300 over the region. Local peaks in HC300 is also observed over different 

regions of the AS and BOB are seen to be collocated with deeper D20 and are associated with 

anticyclonic eddies in the region.  
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Figure 16 Mixed layer depths (MLD) during a) and e) June, b) and f) July, c) and g) August, and d) and h) September as 

estimated from a-d) model analysis. MLD forecasted by the coupled model initialized in the last week of the month preceding the 

validity month are shown in e-h). 

Finally, Figure 16 shows the mixed layer depths (MLD) estimated from the model analysis and 

model forecasts for each of the month of JJAS. MLD is an important diagnostic of the upper 

ocean mixing. The variations in MLD are due to the combined impacts of surface momentum 

and buoyancy fluxes as well as the stratification of the ocean. Unlike D20 and HC300, large 

variations in the monthly-mean MLD are seen. Highest MLD are seen over the AS in the month 

of July and August with June showing the least of MLD. Compared to BOB much deeper MLD 

are seen in AS in any given month. The deeper MLD in the AS are result of strong turbulent 

mixing by monsoonal winds in the presence of much weaker stratification as compared to BOB 

(Figure 10). In comparison, the monsoonal winds are weaker over the BOB and the upper ocean 

is much more stratified compared to AS particularly when one looks into the salt stratification 

(Figure 11and Figure 13). These differences result in monsoonal winds being able to mix much 

deeper waters of the AS in comparison with the BOB. Model simulates the monthly variations in 

the MLD in both AS and BOB, although, the MLD in the model are slightly higher in the AS.  
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7 Discussion on model performance in simulating ocean features 

In this study the performance of the extended range forecast system at NCMRWF in simulating 

the upper ocean features in 2023 summer monsoon season is analyzed. Focus is made on the 

large scale patterns of SST, SSS, SSH, and upper ocean heat content. By comparing the forecasts 

with observations and model analysis systematic biases in the key ocean variables are also 

studied. It is found that the model captures the spatial pattern of upper ocean thermodynamic 

variables reasonably well in week-1 to week-4 forecasts. It is found that the model captures the 

seasonal cycle of SST but shows large cooling tendency particularly over SEEIO. It is interesting 

to note that substantial biases are present in week-1 itself. Such early appearance of biases could 

partly be contributed by errors in model-analysis, atmospheric forcings, and representation of 

upper ocean thermo-dynamical processes.  However, biases in some regions in the Indian Ocean 

increases sharply by week-4 indicative of model errors. The biases in SST, SSS, and SSH show 

an east-west dipole structure over the equatorial regions. The subsurface structure and upper 

ocean stratification of temperature and salinity has also been captured well in forecasts. 

However, large biases in temperature and salinity are seen near the thermocline region 

suggesting the importance of mixing processes in determining the near-surface ocean variables. 

Based on the analysis of 2023 summer season it is found that while model captures the processes 

determining the large scale spatial pattern, however, the consideration of existences of systematic 

biases must be done while making informed decision regarding ocean forecast. The results of 

this analysis help in identifying the areas for model improvement and provide feedback for future 

development of the coupled model.  
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