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Coupled climate models play a crucial role in weather and climate prediction/projection at different temporal (diurnal, 
intra-seasonal, seasonal, etc.) and spatial (short-range, extended-range, long-range) scales. Although coupled models have 
come a long way in their development, several challenges remain unaddressed, such as (a) underestimation of diurnal phase 
and amplitude in ocean and atmospheric parameters, (b) misrepresentation of phase and amplitude of intra-seasonal 
variability and feedbacks, and (c) high seasonal mean biases in air-sea interactive properties and precipitation, that hinders 
the weather and climate forecasts at various temporal and spatial scales. The present article documents these coupled 
modelling problems and explores a possible approach to address these issues. This study shows that representing the diurnal 
ocean skin temperature variability can be a way forward to overcome the long-lasting diurnal, intra-seasonal, and seasonal 
scale problems specifically linked to the Indian summer monsoon period. Through carefully designed sensitivity 
experiments, this study shows that the implementation of a diurnal skin temperature parameterisation along with a modern 
turbulent bulk flux algorithm improves the diurnal variability of surface ocean, subsurface ocean, and atmospheric 
convection. The diurnal improvements then scale interacts with longer range variabilities and also improves the 
representation of intra-seasonal and seasonal variabilities in a coupled climate model.  

[Keywords: Bulk flux parameterisation, Diurnal cycle, Indian summer monsoon, Monsoon intra-seasonal oscillation, 
Rectification, Skin temperature] 

Introduction  
During the last few decades, the application of 

coupled climate models has increased beyond 
predicting weather and climate to the early warning 
system and managing agriculture, fisheries, electricity, 
water resources, etc. The forecasting systems are 
progressively improving by improving model 
resolution1–3, physics4–7, and data assimilation8–11. 
However, there are still challenges in using coupled 
models as forecasting or prediction tools. At the 
diurnal scale, studies have reported that coupled 
models underestimate the amplitude of diurnal 
precipitation over tropical lands and oceans. There are 
two major problems with the climate models in 
simulating the diurnal precipitation: (a) the 
precipitation over the land and oceans occurs much 
earlier in models than in reality, and (b) the diurnal 
amplitude or range of precipitation is significantly 
underestimated in models. Several attempts have been 
made by researchers and model developers across the 
globe to overcome these challenges. For example, 
Chakraborty & Krishnamurti12 attempted to improve 

the diurnal cycle of tropical precipitation by 
implementing a unified cloud parameterisation 
scheme, which is a multi-model super ensemble 
technique of taking advantage of different cloud 
parameterisation schemes available in the climate 
models. Ganai et al.4 implemented a Revised 
Simplified Arakawa-Schubert (RSAS) convective 
parameterisation scheme in the Climate Forecast 
System (CFS) model to improve the diurnal 
characteristics of precipitation. Xie et al.13 have 
revised the convective triggering function in Energy's 
Energy Exascale Earth System Model (E3SM) to 
improve tropical precipitation's diurnal phase and 
amplitude. Most of these studies have shown 
improvements in phase or timing of diurnal 
precipitation. However, the improvement in the 
diurnal amplitude of precipitation has not been very 
exciting. On the other hand, Dai & Trenberth14 
suggested that a weaker diurnal cycle in convective 
precipitation in the Community Climate System 
Model (CCSM) is mainly due to a lack of diurnal 
variation in Sea Surface Temperature (SST). Chen & 
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Houze15 have shown that the diurnal sea surface 
warming provides the conditions needed for tropical 
convection over the Indo-Pacific oceanic regions. 
Therefore, forecasting diurnal extreme precipitations 
is difficult using coupled climate models. Similarly, 
the phase and amplitude of intra-seasonal variabilities, 
such as the Monsoon Intra-Seasonal Oscillation 
(MISO) and Madden Julian Oscillation (MJO), are 
also not well represented in coupled model 
simulations. The phase speed of intra-seasonal 
variability in most of the coupled models is found to 
be slower than observation16. On the other hand, the 
amplitude of intra-seasonal variabilities is 
underestimated in the present-generation models17. 
The inability of the models to simulate intra-seasonal 
variability comes from the poor representation of air-
sea interaction in coupled models16,17. The mean state 
bias in air-sea interaction can hinder the phase and 
amplitude simulations during the MJO life cycle18. At 
the seasonal scale, the dry (wet) precipitation bias 
over the tropical landmasses (oceans) is also reported 
in many of the earlier works19,20. Earlier studies have 
linked precipitation biases to the coupled models' SST 
biases. Pillai et al.21,22 and Pradhan et al.23 have 
suggested that the models with large (small) cold SST 
bias over the equatorial central Pacific have larger 
(smaller) dry bias over the Indian landmass. Also, 
studies like Pradhan et al.24 have shown that the 
wrong SST and Indian Summer Monsoon Rainfall 
(ISMR) relation over the tropical Pacific and Indian 
Ocean are also due to misrepresentation of air-sea 
boundary characteristics such as the SST-flux 
relation, SST-thermocline relation, etc. 

In this study, an attempt has been made to address 
the multi-scale (diurnal to seasonal) biases and 
misrepresentation of teleconnections associated with 
the Indian summer monsoon by improving the air-sea 
interaction in coupled models. In coupled models, the 
ocean and atmosphere interact by exchanging 
turbulent fluxes such as momentum (wind stress) and 
heat (latent heat, sensible heat, shortwave, and 
longwave radiations). This noble approach involves 
modifying the existing surface flux parameterisation 
algorithm and implementing a skin temperature 
parameterisation scheme. The air-sea interactive flux 
feedbacks govern the life cycle of most of the known 
climate variabilities such as the El Niño, La Niña, and 

Southern Oscillation (ENSO25), Indian Ocean Dipole 
(IOD26,27), Madden Julian Oscillation (MJO18,28), etc. 
Therefore, better qualitative and quantitative 
representation of surface momentum and heat fluxes 
is required for better predictability at different 
temporal and spatial scales. In coupled models, the 
turbulent fluxes are computed following bulk flux 
algorithms, and the computed fluxes are sensitive to 
the choice of bulk flux scheme used29.  

As mentioned earlier, the turbulent fluxes at the 
air-sea interface are one component of ocean-
atmospheric boundary conditions, and their 
misrepresentation leads to model simulation problems 
on a diurnal to seasonal scale. Another important 
aspect of air-sea interaction is representing the true 
ocean skin temperature rather than using the bulk 
ocean temperature as the SST. The estimation of 
surface fluxes, such as the latent heat flux, sensible 
heat flux, and wind stress, directly or indirectly 
depends on the ocean skin temperature. Hence, the 
accuracy of surface fluxes also depends on the 
accuracy in representing the true ocean skin 
temperature. However, most coupled models use the  
5 m temperature as the boundary forcing from the 
ocean to the atmospheric model. The 5 m ocean 
temperature misses two crucial diurnal processes that 
clearly distinguish between bulk and skin 
temperature. First, the daytime warming is due to the 
establishment of a diurnal warm layer as the surface 
ocean absorbs incoming solar radiation. Second is the 
night time cooling at the ocean surface due to 
outgoing longwave radiation, latent heat, and sensible 
heat from the air-sea interface. Due to the diurnal 
warming, the ocean skin temperature remains warmer 
than the bulk temperature during the daytime, 
whereas, due to the night time cooling, the ocean skin 
remains cooler than the bulk oceanic temperature. A 
schematic representation of diurnal warming and 
cooling is given in Figure 1. Diurnal ocean variability 
is shown to reduce the errors in simulated SST and 
upper ocean temperature profiles by 5 – 40 % and  
10 – 40 %, respectively, in the Bay of Bengal 
(BoB)30. The cold tongue biases over the equatorial 
Pacific region are also reduced with diurnal skin 
temperature parameterisation31. The cool skin effect 
has also been shown to reduce errors associated with 
the overestimation of heat flux32.  
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In this direction, the coupled model, the Climate 
Forecast System (CFS), is used as the tool to 
investigate the role of diurnal skin temperature and 
flux parameterisation on various temporal and spatial 
scale ocean and atmospheric processes. Dynamical 
long-range prediction for the Indian monsoon is based 
on Monsoon Mission CFS (MMCFS33) with increased 
atmospheric horizontal resolution (T382; 38 km) in 
CFSv2(ref. 34) and has been operational at India 
Meteorological Department (IMD) since 2012. The 
default version of CFS uses the National Center for 
Atmospheric Research (NCAR) flux35 scheme to 
estimate the air-sea interaction fluxes. Earlier 
studies36,37 have highlighted that the flux scheme, such 
as the Coupled-Ocean Atmosphere Response 
Experiment (COARE) 3.0(refs. 38,39) performs better than 
the NCAR flux scheme. COARE 3.0 is one of the 

popular bulk flux algorithms used by oceanographers 
to estimate turbulent fluxes for its efficiency and 
accuracy. One of the major advantages of COARE 3.0 
is the presence of diurnal skin temperature 
parameterisation, which the NCAR flux scheme or the 
default CFS model lacks. Therefore, the present study 
attempts to resolve some of the long-standing coupled 
model problems that exist at various temporal and 
spatial scales. In this direction, sensitivity experiments 
are carried out using the CFS model (a) without diurnal 
skin temperature and with NCAR flux 
parameterisation, and (b) with diurnal skin temperature 
and with COARE 3.0 flux parameterisation.   

 
Materials and Methods   
Data: Observation and model 

As mentioned above, the study investigates 
whether the novel approach of revising flux and skin 
temperature parameterisation helps overcome model 
biases at diurnal to seasonal time scales. Unless 
explicitly mentioned, this study focuses on model 
biases during the boreal summer season, i.e., from 
June to September (JJAS) months. The details, 
including the source of data, its temporal and spatial 
resolutions, and references for the 
observation/reanalysis datasets used in the analyses, 
are reported in Table 1. 

The present study uses the CFS version 2 (CFSv2) 
model as the experimental tool, and its coupled 
configuration is represented in Figure 2. NCEP-
Climate Forecast System Reanalysis (CFSR40), 
atmospheric and oceanic initial conditions are used to 
initialise the model during February month and are 
integrated for nine months. The model hindcasts (for a 
period of 1998 – 2017) are prepared by following the 
lagged ensemble method where the model is 
initialised with ten ensemble members on the 5th, 10th, 
15th, 20th, and 25th February at 00 and 12 UTC of each 

 
 

Fig. 1 — Schematic representation of the processes involved in 
(a) Diurnal warming, and (b) Diurnal cooling of ocean skin as 
compared to the bulk temperature 

Table 1 — Details of different observation/reanalysis data used in this study 

DatasetReference Variables Time Period Resolution 

Temporal Spatial 
SeaFlux54 SST 1998-2008 Hourly 0.25°×0.25° 
TRMM55 Rainfall 1998-2017 3-Hourly 0.25°×0.25° 
TAO/TRITON 
RAMA56 

Subsurface Temperature 1998-2017 Hourly Point Obs. 

GPCP v2.357 Rainfall 1981-2017 Monthly 2.5°×2.5° 
ERSST58 SST 1981-2017 Monthly 2.5°×2.5° 
TropFlux59 LHF, SHF, WS 1998-2015 Daily 1.0°×1.0° 
JRA5560 Atmospheric Variables 1981-2017 Daily 1.25°×1.25° 
GLORYS61 MLD 1998-2008 Daily 1/12° 
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year. In the present study, the CFSv2 is used at a 
lower horizontal resolution of the atmospheric model 
(T126; 100 km) due to limited computational 
resources to carry out the sensitivity experiments. 
MOM4p0 is the ocean model with a varying 
meridional resolution (0.25° at lower latitude to 
progressively decreasing to 0.5° at higher latitude) 
and fixed zonal resolution (0.5°). The ocean and 
atmospheric model time step is set to 30 and 10 min, 

respectively, and they interact with each other at 
every 30-minute interval (coupling time). In the 
default (control run: CTL) configuration, the 5 m 
ocean temperature is passed from the ocean model to 
the atmospheric model as a boundary forcing, and the 
bottom atmospheric meteorological parameters 
(winds, humidity, pressure, etc.) and surface fluxes 
(latent heat, sensible heat, wind stress, long wave, and 
shortwave radiation) are passed from the atmosphere 
model to the ocean model as a forcing. However, with 
the implementation of skin temperature and COARE 
3.0 flux parameterisation, the boundary forcing to 
both the ocean and atmospheric models are modified 
at each coupling time step. In the revised (sensitivity 
run: SEN) model configuration, the corrected skin 
temperature is passed from the ocean model to the 
atmosphere model and the COARE 3.0 estimated 
surface fluxes from the atmosphere model to the 
ocean model as forcing.   
 

Results 

Addressing the diurnal scale problems  
As mentioned earlier, the SEN and CTL hindcast 

runs differ from each other in terms of the 
representation of skin temperature variability. The 
impact of representing skin temperature on the diurnal 
variability of SST can be seen in Figure 3, where a 
diurnal range of SST (dsst) is compared in two model 
simulations against the observation for the three 

 
 

Fig. 2 — Schematic representation of various components of the 
CFSv2 model 

 

Fig. 3 — Three months (March to May) mean diurnal range in SST (dsst; °C) from (a) Observation (Sea-flux), (b) CTL, and (c) SEN run. 
(d - f) and (g - i) are the same as (a - c) but mean during the months of June – September and October – November (ON) 
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seasons (i) March to May (MAM), (ii) June to 
September (JJAS), and (iii) October to November 
(ON). The diurnal range is computed as the maximum 
minus minimum temperature difference during a  
24-hour cycle. For a given season, the mean diurnal 
range is computed by taking an average of diurnal 
ranges of each day of the season. The diurnal ocean 
warming is dependent on solar insolation, wind 
conditions, and cloud cover. Therefore, the observed 
diurnal warming is higher (lower) in the summer 
(winter) hemisphere. During MAM, the tropical 
Indian Ocean has higher diurnal warming (with a 
magnitude of 0.8 °C or more) over most of the 
regions. On the other hand, higher dsst (with a 
magnitude of 0.8 °C or more) can be seen over 
relatively smaller regions such as the western and 
eastern equatorial Pacific Ocean. However, during 
JJAS, the northern tropical Pacific Ocean (0.6 °C) has 
a higher magnitude of dsst than the Indian Ocean. 
Relatively weaker (0.3 – 0.5 °C) diurnal warming can 
be seen over the equatorial Indian Ocean. During the 
ON months, the observed diurnal range is comparable 
in both oceans. The diurnal range in SST is 
significantly underestimated in the CTL run during all 
the seasons, as shown in Figure 3(b, e & h), where the 
seasonal mean maximum dsst reaches 0.3 – 0.4 °C 
across all the seasons. With the inclusion of diurnal 
skin temperature parameterisation, the diurnal SST is 
significantly improved over the tropical Indian Ocean 
and Pacific Oceans. The magnitude  and  locations  of  
maximum dsst in the SEN run are comparable and 
agree better with the observation than that in the CTL 
run. Over the north and south Pacific Ocean, dsst is 
still underestimated in the SEN run specifically during 
the JJAS and ON seasons. This could be attributed to 
the biases in the horizontal advection of heat and also 
the biases in shortwave radiation linked to the 
misrepresentation of stratus clouds in the atmospheric 
model23. Implementing diurnal skin temperature 
parameterisation helped improve the diurnal 

variability of the surface ocean, thereby increasing the 
diurnal range in ocean temperature. Further 
investigation is carried out on the diurnal SST 
variability w.r.t the local solar cycle over the BoB and 
Pacific Ocean, focusing on the boreal summer 
monsoon period (JJAS). Table 2 shows the diurnal 
amplitude (local maximum minus local minimum 
during the local solar cycle) and the maximum and 
minimum ocean temperature timing at the mentioned 
locations during the southwest monsoon season. For 
this analysis, the moored buoy observations are taken 
as the reference for comparison. From the observed 
statistic, it can be seen that diurnal amplitude is higher 
at the Pacific locations (5° N – 156° E, 8° N – 137° E) 
than at the northern BoB location (15° N – 90° E). 
Smaller diurnal variability over BoB is due to the 
strong winds persisting throughout the monsoon 
season. At these locations, the local solar time for 
minima and maxima are 7:00 and 15:00 h, 
respectively. Due to a lack of solar insolation during 
the night time and a well-mixed layer during the early 
morning, the surface temperature is minimal. During 
the local afternoon time, due to the absorption of solar 
radiation, the surface ocean heats up and achieves a 
maximum in SST during 15:00 h. However, the 
timing of minima and maxima is incorrect in the CTL 
run for all the locations as it achieves the minima and 
maxima 2 h later than that in observation. The CTL 
simulated diurnal amplitude is also smaller for these 
locations. For the Pacific and BoB locations, the 
underestimation of diurnal amplitude in the CTL run 
is approximately 50 % and 20 % of the observed 
magnitude. Interestingly, with the implementation of 
skin temperature corrections, the diurnal variability in 
the SEN run has improved significantly, considering 
both the amplitude and time of maxima/minima. As 
shown in Table 2, the SEN run could produce the time 
of diurnal minima (6:00 h) and maxima (15:00 h) 
correctly over the BoB and Pacific Ocean locations. 
Also, the diurnal amplitude of SST in SEN over the 

Table 2 — Details of the Local Solar Cycle (LSC) in SST computed from moored buoy observations and model  
simulations during the southwest monsoon season (JJAS) 

Location Observation CTL SEN 

Time of max. 
(in h) 

Time of  
min.(in h) 

Diurnal 
amplitude 

(in °C) 

Time of  
max. 
(in h) 

Time of  
min. 
(in h) 

Diurnal 
Amplitude 

(in °C) 

Time of  
max.(in h) 

Time of  
min.(in h) 

Diurnal 
amplitude (in 

°C) 

15° N - 90° E 15 7 0.1597 18 9 0.1304 15 6 0.2056 
8° N - 137° E 15 7 0.3349 18 9 0.1707 15 6 0.4498 
5° N - 156° E 15 7 0.3538 18 9 0.1444 15 6 0.372 
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Pacific Ocean and BoB has increased by 150 %  
(35 %) and 50 % (30 %) as compared to that in the 
CTL run (OBS), respectively. The revised ocean skin 
and flux parameterisation not only improves the 
diurnal surface ocean variability but also improves 
mixed layer processes in the model simulation. 
Similar to the previous analysis, further analysis on 
diurnal amplitude and time of maximum and 
minimum in Mixed Layer Depth (MLD) is also 
carried out (Figure not shown). The analysis suggests 
that the CTL underestimates the depth of the mixed 
layer, specifically during the night time, compared to 
the SEN run and observation. The diurnal amplitude 
calculated in terms of a difference in night time 
deepening and afternoon shallowing of mixed layer 
also suggested that the CTL run could not simulate 
the diurnal amplitude properly over the tropical 
oceans. Therefore, the impact of skin temperature and 
flux parameterisation improves the mixed layer 
processes in addition to the surface ocean energetics. 

As mentioned earlier, most of the coupled models 
have challenges in simulating the diurnal amplitude of 
tropical precipitation. Therefore, this study analyses 
the diurnal amplitude of precipitation to show the 
impact of the surface ocean's diurnal cycle on the 
diurnal precipitation. Figure 4 shows the diurnal 

amplitude of precipitation (dprate) calculated as the 
maximum minus minimum in precipitation during a 
24-hour cycle. In observation, the pattern in the 
diurnal precipitation amplitude resembles that of the 
seasonal rainfall pattern during JJAS. A high 
magnitude of diurnal precipitation (~2 – 2.5 mm/hr) 
can be seen over equatorial Indo-Pacific Oceans and 
tropical landmasses, including India, Africa, and 
America. On comparing the model simulations 
against the observation, it can be seen that although 
the pattern looks similar to the observation, the 
magnitude of diurnal amplitude is significantly 
underestimated in the CTL run. In the presence of 
diurnal skin temperature variability, the diurnal 
precipitation amplitude is significantly enhanced and 
is comparable to the observed pattern and magnitude. 
However, the SEN run overestimates the diurnal 
range in precipitation over tropical lands and oceans. 
The enhancement in dprate in SEN run compared to 
the CTL run is as high as 1 mm/hr. This analysis's 
results align with some of the suggestions reported in 
earlier studies. For example, Slingo41 suggested the 
possibility of diurnal SST warming, which can act as 
a trigger for convection, mostly during the suppressed 
phase of convection. The triggering can result in the 
formation of cumulus congestus clouds, which 
gradually moisten the free atmosphere and generate a 
favourable condition for deep convection. Also, there 
is a possibility of an increase in low and mid-level 
clouds due to the revised COARE 3.0 surface 
turbulent flux algorithm42. Li et al.43 also reported that 
the forcing due to skin temperature can  
increase diurnal precipitation over the tropical  
Indo-Pacific Ocean in an atmospheric model. The 
above analyses show that an improvement in diurnal 
surface and mixed-layer oceanic processes can lead to 
an improvement in diurnal convection and 
precipitation.  

 
Addressing the intra-seasonal problems 

Any error present at the diurnal scale can hinder 
the predictability of longer-time scale variability as 
the errors grow into longer-time scales via scale 
interaction. Similarly, the improvements in diurnal 
time scale can also scale interact and improve the 
simulation of longer time scale processes in coupled 
models. Also, studies44–47 has reported that the diurnal 
cycle of SST can modulate the atmospheric and 
oceanic processes at intra-seasonal and seasonal time 
scales. Therefore, the present section analyse the 
importance of diurnal SST in improving the 

 
 

Fig. 4 — Seasonal mean (JJAS) diurnal range in precipitation 
(dprate; mm/hr) from (a) Observation (TRMM), (b) CTL, and 
(c) SEN run 
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simulation of intra-seasonal variability of SST and 
monsoon precipitation.  

The process of enhancement or reduction in the 
intra-seasonal SST variability by diurnal variability is 
called rectification45,48. To quantify the amplitude of 
intra-seasonal rectification of SST by the diurnal 
SSTs, an index is defined as:  
 

𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑅𝑒𝑐𝑡𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = ൫𝑆𝐷ௗ௦௦௧ − 𝑆𝐷௙௦௦௧൯/

𝑆𝐷ௗ௦௦௧  × 100                … (1) 
 

Here, 𝑆𝐷ௗ௦௦௧ is the intra-seasonal standard 
deviation of SST, including the diurnal cycle and  
𝑆𝐷௙௦௦௧ is the intra-seasonal standard deviation of SST 
removing diurnal cycle (otherwise known as 
foundation SST, which is independent of a diurnal 
cycle). The foundation temperature is taken as the 
night time minimum temperature48. The intra-seasonal 
signal from both the time series is obtained by 
applying a 30 – 60-day Lanczos bandpass filter. At 
various tropical moored buoy locations, the amplitude 
of rectification is computed from observation and 
model simulation and is tabulated in Table 3. 
Although the analysis is performed for all the buoys 
having continuous (at least for five years)  
high-frequency (hourly) data, only a few are listed 
here, and inferences for others can similarly be drawn. 
Diurnal SST tends to enhance the intra-seasonal 
variability at most Indo-Pacific Ocean locations 
except at a few locations over the central and eastern 
Pacific Ocean. Over the Indo-Pacific warm pool 
locations (at 137°, 147°, 156°, and 165°), the 
amplitude of rectification is significantly higher than 
that of the rest of the locations. At location such as  
5° N – 235° E, the observed amplitude of rectification 
is negative. The enhancement or reduction of intra-
seasonal SST variability due to diurnal variability 

depends on the local ocean and atmospheric 
feedback48. The atmosphere forces the ocean over the 
Indo-Pacific warm pool region at an intra-seasonal 
time scale. In this situation, during the suppressed 
(active) phase of convection, calm (strong) wind 
conditions are accompanied by high (low) diurnal 
warming and high (low) intra-seasonal SST warming. 
Therefore, the dsst-wind and SST-wind relations are 
out-of-phase, whereas the dsst-SST relation is in 
phase. On the other hand, over the central and eastern 
Pacific region, the ocean forces the atmosphere. In 
this situation, the warm (cool) phase of SST leads to 
strong (weak) wind conditions, which results in 
weaker (stronger) diurnal warming. Therefore, the 
dsst-wind and dsst-SST relations are out of phase with 
each other, whereas the SST-wind relation is out of 
phase. Therefore, the observed intra-seasonal 
rectification is positive over the Indo-Pacific warm 
pool region and is negative over the eastern Pacific 
region. On comparing the model simulated values 
against the observation, the CTL significantly 
underestimate the rectification amplitude at most 
locations. In observation, the amplitude is 8 – 12 %, 
whereas, in CTL run, the amplitude is merely as high 
as 1 %. With the implementation of diurnal skin 
temperature variability and its rectification into an 
intra-seasonal scale, the SEN run produces a realistic 
amplitude of rectification, as shown in the table. In 
the SEN run, the simulated amplitude is as high as  
10 – 11 % and is comparable to the observed values. 
Therefore, the above discussion showcased how the 
inclusion of the diurnal cycle of the ocean can 
improve the intra-seasonal ocean variability through 
the process called rectification.  

The ocean dynamics over BoB play an important 
role in governing the monsoon rainfall at diurnal, 
intra-seasonal, and seasonal time scales. Mujumdar  
et al.49 have shown that intra-seasonal variability of 
ocean temperature and mixed layer over BoB can be 
high despite persistent strong winds during the 
monsoon season. Earlier studies16,17 suggested 
misrepresentation in air-sea interaction over BoB as 
one reason for improper phase and amplitude of 
Monsoon Intra-Seasonal Variability (MISO) in 
coupled models. Therefore, an analysis is carried out 
to see if the simulation characteristics of MISOs can 
be improved by improving the SST and turbulent flux 
representation. For this analysis, MISOs are defined 
w.r.t. an index calculated by standardised filtered  
(20 – 90-day Lanczos bandpass filter) rainfall 

Table 3 — The amplitude of intra-seasonal rectification in 
observation and model simulation during the southwest monsoon 

season (JJAS) 

Lat (°N) Lon (°E) OBS CTL SEN 

8 90 17.52 1.01 4.81 
5 137 12.98 1.10 10.45 
5 147 5.71 1.12 8.69 
5 156 8.64 1.20 10.74 
5 165 8.57 -0.06 4.73 
5 180 1.29 0.29 0.65 
5 205 3.13 -0.28 -1.05 
5 220 -0.10 -0.56 -1.80 
5 235 2.96 0.09 0.22 
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anomalies averaged over the central Indian box. i.e., 
15° N – 25° N, 70° E – 85° E. The active (break) 
phase of the monsoon is defined as the days when the 
MISO index is greater (smaller) than +1 (-1). MISOs 
start near the south of the equator and propagate 
northward all the way to 20° N. Hovmöller analysis of 
rainfall anomalies associated with MISO northward 
propagation is carried out during the break phase 
(-30 to 30 days of peak break day) over BoB. Figure 5 
shows the observed and model-simulated 
longitudinally (85°:95° E) averaged filtered rainfall 
(shading) and SST (contour) anomalies during the 
break phase of the monsoon. In observation and 
model simulations, northward propagation of negative 
rainfall anomalies followed by positive anomalies 
indicates that an active phase follows the break phase. 
In observation, the anomalies start near the equator, 
propagate up to 20° N, and are stronger during the 
active phase following the break phase. However, in 
the CTL run, the MISO rainfall anomalies during 
active and break phases are significantly weaker than 
those observed. Also, the propagation of rainfall 
anomalies is restricted to a latitude of 16° N. On the 
other hand, SEN simulation shows an improved 
MISO northward propagation in terms of both 
stronger magnitude and farther location of northward 
propagation of rainfall anomalies. Cooler SST 
anomalies prior to the break phase and warmer SST 
anomalies prior to the active phase can be seen in 
observation, and model simulations are in line with 

earlier studies. The warmer SST anomalies before the 
active spell (and during the break spell) destabilise the 
lower atmosphere and enhance convection50,51. The 
underestimation of rainfall anomalies in CTL is also 
associated with weaker SST response during the break 
phase and following the active phase. Further 
comparison of SST anomalies in the model 
simulations indicates that warmer SSTs prior to the 
active phase are stronger in the SEN run (~0.6 °C) 
compared to the CTL run (~0.4 °C). Therefore, 
warmer SST anomalies in the SEN run destabilise the 
atmosphere more than the CTL; hence, the 
precipitation anomalies during the active spell are also 
stronger in the SEN run. Including diurnal SST and 
flux parameterisation also improves the SST response 
during MISO northward propagation in the SEN run.   

At the intra-seasonal scale, surface heat flux (Qnet) 
and mixed layer dynamics drive the intra-seasonal 
SST changes during the coupled evolution and 
northward propagation of monsoon intra-seasonal 
oscillations50-53. Therefore, an analysis similar to the 
earlier figure is carried out to compare the Qnet and 
MLD variability during and after the monsoon break 
in observation and model simulations, as shown in 
Figure 6. The comparison of CTL and SEN 
simulations can point out the dynamic impact of the 
diurnal scale on the intra-seasonal scale. In both 
reanalysis and model simulations, Qnet leads to SST 
anomalies by approximately ten days. A similar lead-
lag  between  Qnet  and  SST  was  also  observed  by  

 
 

Fig. 5 — Hovmöller diagrams for filtered rainfall anomalies (mm/day; coloured shading) and SST anomalies (°C; contours) in (a) 
Observation, (b) CTL, and (c) SEN run. The anomalies are averaged longitudinally over 85° E – 95° E. The horizontal axis represents the 
latitude, and the vertical axis represents the number of days prior to (negative) and after (positive) the peak of the break phase over central 
India (CI) 
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Fig. 6 — Hovmöller diagrams for filtered Qnet (Wm-2; shading) and SST anomalies (°C; contours) in (a) OBS, (b) CTL, and (c) SEN run. 
(d - f) same as (a - c) but for filtered SST (°C; shading) and MLD (m; contour) anomalies. The anomalies are averaged longitudinally 
over 85° E – 95° E. The axes are the same as mentioned in Figure 5 
 

Sengupta et al.50. Hence, they concluded that the SST 
anomalies are basically generated by surface heat flux 
anomalies, which modulate the northward 
propagating active/break phase in convection. The 
break (active) phase of the monsoon is characterised 
by weaker (stronger) winds, which reduce (enhance) 
the turbulent flux from the ocean surface16,50. The 
comparison of model simulations suggests that the 
Qnet anomalies are amplified in the SEN run during 
and after the break phase compared to the CTL run. 
The reduction in latent heat flux (figure not shown) in 
the SEN run results in a higher Qnet and warmer SST 
anomalies before the subsequent active phase. The 

modified surface heat flux with warmer SST can 
modulate the moist static energy budget51 to favour 
enhanced convection. Due to well-organised and 
enhanced convection, the subsequent active phase is 
accompanied by a stronger precipitation anomalies. 
During the active phase, the Qnet anomalies are 
reduced in the SEN run compared to the CTL run, 
indicating a stronger active phase. The convective 
downdrafts associated with a stronger active phase in 
the SEN run can cause a drier boundary layer and 
cooler surface air15. Hence, it increases the air-sea 
temperature and humidity difference, enhancing air-
sea interactive fluxes such as the latent heat flux and 
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sensible heat flux. The stronger winds (not shown) 
during a convective period can result in higher air-sea 
fluxes. Whether the sub-surface ocean dynamics 
support similar inferences or not, further analysis on 
MLD is carried out. Figure 6(d - f) shows the MLD 
anomalies as contours with SST anomalies as 
coloured shading for reanalysis, CTL, and SEN runs. 
Shallower (deeper) MLD anomalies are found to be 
coherent with warmer (cooler) SST anomalies, 
although MLD anomalies slightly (by a few days) 
lead to the SST anomalies. The deeper (shallower) 
MLD anomalies prior to (during) the break phase are 
significantly stronger in GLORYS reanalysis than 
both CTL and SEN simulations. The MLD anomalies 
during the warming period/break phase (prior to the 
active phase) are shallower in the SEN run compared 
to the CTL run. Similarly, deeper MLD anomalies 
with cooler SSTs in the SEN run can be seen during 
the active phase. Therefore, it is evident that due to 
the rectification of intra-seasonal variability by the 
diurnal scale, both the surface, subsurface oceanic, 
and atmospheric conditions favour a strong break 

phase followed by a stronger active phase in the SEN 
run compared to the CTL run. 
 
Addressing seasonal problems  

As mentioned earlier, most of the global coupled 
models have significant problems in simulating 
seasonal mean rainfall patterns and their magnitude 
around the globe. Most of the coupled models 
overestimate (underestimate) the rainfall over the 
tropical oceanic (land) regions19,23. The present 
section discusses the cumulative impact of diurnal and 
intra-seasonal improvements due to the 
implementation of skin temperature and flux 
parameterisation on some of the mean biases causing 
hindrance to seasonal predictability in CFSv2.  
Figure 7 shows the seasonal mean rainfall bias in both 
model simulations. In the CTL run, the oceanic wet 
bias over the tropical Indo-Pacific Ocean is in the 
order of magnitude of 4 – 6 mm/day. SEN run 
significantly reduces wet bias over the tropical 
oceans, which is 3 – 5 mm/day. The dry bias over the 
tropical landmasses, specifically over India and South 

 

Fig. 7 — Seasonal (JJAS) mean rainfall bias (mm/day) in (a) CTL, and (b) SEN run 



INDIAN J GEO-MAR SCI, VOL 53, NO 05, MAY 2024 
 
 

394

America, is of the order of 5 – 7 mm/day in the CTL 
run. In the SEN run, the dry bias over the Indian 
landmass is reduced by 2 – 4 mm/day. The reduction 
in dry bias in the SEN run can be attributed to  
(a) amplified diurnal rainfall activities, and (b) a 
stronger active phase of monsoon, as discussed in 
earlier sections. During the monsoon season, a 
significant enhancement in convective rainfall over 
central India is also noticed in the SEN run as 
compared to the CTL run (Fig. S1). The enhanced 
convective rainfall can contribute significantly 
towards the reduction of the seasonal rainfall bias in 
the SEN run.  

Proper representation of tropical teleconnections, 
such as the IOD-monsoon, ENSO-monsoon, etc., is 
key for seasonal monsoon prediction over India. 
Most of the present-generation coupled models face 
challenges in reproducing realistic monsoon-SST 
teleconnections over tropical oceans24. 
Overestimation of the impact of ENSO on monsoon 
and opposite IOD-monsoon relations to that in 
observation are major weaknesses of coupled 
models that need to be addressed. Pradhan et al.24 
have pointed out that the improper simulation of 
surface ocean-atmosphere (SST-surface flux) and 
subsurface-to-surface ocean (thermocline-SST) 
relations are major factors contributing to the 
improper tropical teleconnections in models. In this 
study, we look at these teleconnections in model 
simulations with and without the presence of the 
diurnal cycle of the ocean and COARE 3.0 flux 
parameterisation. Table S1 shows the observed and 
model-simulated correlation of ocean monitoring 
indices such as two poles (IODe and IODw) and 
Dipole Model Index (DMI) for IOD and Niño 3.4 
index with all India land averaged rainfall (ISMR). 
In the CTL (-0.75) run, the impact of ENSO on 
IMSR is overestimated as compared to the 
observation, whereas, in the SEN run (-0.25), the 
overestimation is reduced significantly. On the 
other hand, the association of IOD is better 
reproduced in the SEN run than in the CTL run. 
The correct polarity of association between monsoon 
rainfall and SST over the eastern and western poles of 
IOD in the SEN run shows improvement compared to 
the CTL run, where the associations are opposite to 
those in observation. Therefore, the phase of tropical 
teleconnections is better represented when the diurnal 
cycle in the surface ocean is included in the model 
parameterisation.    

Conclusions 
Building upon earlier studies that suggested 

improving air-sea interaction in coupled models can 
reduce systematic biases and improve model 
performance, this study attempted to improve the 
accuracy in representing the SST and surface fluxes. 
Diurnal warm layer and cool skin temperature 
correction to the bulk ocean temperature is 
incorporated in the CFSv2 model to account for the 
diurnal variability of the ocean surface. Also, the 
existing surface flux algorithm is replaced with the 
COARE 3.0 bulk flux algorithm to improve the 
accuracy of air-sea interactive fluxes. Analyses are 
performed to showcase how diurnal to seasonal scale 
challenges using the coupled model as a 
prediction/forecasting tool can be overcome through 
these revised model parameterisations. The diurnal 
scale analysis and comparison of model sensitivity 
experiments indicate that in the absence of skin 
temperature parameterisation, SST and MLD's diurnal 
phase and amplitude are not realistically reproduced 
in model simulations. However, implementing skin 
temperature parameterisation led to an improved 
representation of the timing of minima/maxima and 
diurnal range in SST and MLD in model simulations. 
The spatio-temporal diurnal characteristics of tropical 
precipitation are also significantly improved with the 
modified model configuration. The diurnal warming 
in the model triggered more convection; hence, the 
sensitivity simulations enhanced the diurnal range of 
tropical precipitation. This study also addressed the 
long-existing problem of weaker and slower 
northward propagating monsoon intra-seasonal 
rainfall anomalies in the coupled models. In the 
modified model, an enhanced diurnal warming with a 
shallower MLD during the break phase of the 
monsoon led to higher SST anomalies. This resulted 
in stronger moisture convergence and enhanced 
rainfall anomalies during the active phase following 
the break phase of the monsoon. The northward 
propagation characteristics are significantly better 
because of the improvements in diurnal warming-
SST-precipitation response. The cumulative impact of 
the diurnal and intra-seasonal ocean, atmosphere, and 
air-sea boundary state resulted in the reduction of 
seasonal mean rainfall biases in the model. 
Specifically, the dry bias over Indian landmass is 
significantly reduced due to enhancement in diurnal 
and intra-seasonal precipitation characteristics over 
the oceanic regions. The present study also showcased 
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that the inability of the models to simulate a realistic 

ENSO-ISMR and IOD-ISMR can also be overcome to 

a certain extent with the diurnal skin temperature 

parameterisation and revised surface flux algorithm. 

Therefore, the study attempted to address the long-

existing coupled model problems at diurnal, intra-

seasonal, and seasonal time scales by improving the 

representation of the diurnal surface ocean and its 

scale interaction into a longer time scale. 
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