
International Journal of Climatology, 2024; 0:1–16
https://doi.org/10.1002/joc.8696

1 of 16

International Journal of Climatology

RESEARCH ARTICLE

Projected Changes in Diurnal Temperature Range Over 
India Using a Coupled Ocean–Atmosphere Regional 
Climate Model
C. B. Jayasankar1,2   |  Vasubandhu Misra1,2,3

1Center for Ocean-Atmospheric Prediction Studies, Florida State University, Tallahassee, Florida, USA  |  2Florida Climate Institute, Florida State 
University, Tallahassee, Florida, USA  |  3Department of Earth, Ocean and Atmospheric Science, Florida State University, Tallahassee, Florida, USA

Correspondence: C. B. Jayasankar (cbjayasankar@gmail.com)

Received: 12 October 2023  |  Revised: 7 November 2024  |  Accepted: 11 November 2024

Funding: This work was supported by NASA Earth Science Division grant numbers: 80NSSC19K1199, 80NSSC22K0595.

Keywords: climate change projections | diurnal temperature range | dynamical downscaling | India | regional climate model

ABSTRACT
This study investigates the projected changes in the diurnal temperature range (DTR) over India and explains its considerable 
spatial heterogeneity from a 20-km resolution coupled regional climate model (RSM-ROMS) integration. The RSM-ROMS is 
driven at the lateral boundaries by the Community Climate System Model version 4 (CCSM4) model. Observations reveal spatial 
heterogeneity in DTR trends with significant declining trends at many grid points interspersed with areas of either increasing 
or insignificant trends of DTR during each of the four seasons. The present-day simulations from RSM-ROMS show reasonable 
skill in simulating the daily maximum temperature (Tmax) and minimum temperature (Tmin) over India. Our results show a 
significant decrease in DTR over the Gangetic Plains in boreal winter and fall seasons and over southeastern India during bo-
real summer in the projected mid-21st century climate under the RCP 8.5 emission scenario. The future reduction in DTR over 
Region-1 (over Bihar and the eastern regions of Uttar Pradesh) during December–February (−0.86°C) and over Region-3 (over 
the rain shadow regions of Peninsular India) during June–September (−0.49°C) is attributed to large changes in surface radia-
tive fluxes, with some of the decrease in downward short wave flux attributed to an increase in high cloud cover at the time of 
Tmax while there is a considerable increase in downward longwave flux in the mid-21st century climate. The enthalpy fluxes 
at the time of Tmax also act to reduce the rate of its warming. As a result, the warming rate of Tmax is less compared with the 
corresponding warming rate of Tmin, which leads to a reduction of the DTR in some regions that display a significant reduction 
in future climate. In contrast, Region-2 (over Rajasthan) and Region-4 (over northeast India) exhibit insignificant DTR changes 
in the mid-21st century climate for lack of asymmetrical changes in Tmin and Tmax.

1   |   Introduction

The increase in global mean temperatures with the corre-
sponding increase in greenhouse gas (GHG) emissions is a 
major concern across the globe. Many studies have noted that 
the changes in the daily maximum (Tmax) and minimum 
surface temperatures (Tmin) are equally important metrics 
to monitor and project climate change (Dai, Trenberth, and 

Karl 1999; Braganza, Karoly, and Arblaster 2004). The trends 
in daily mean temperature can be caused by trends in either 
maximum or minimum temperatures or by a combination of 
the trends in both. The difference between daily maximum 
and minimum temperatures denoted as the diurnal tem-
perature range (DTR), and the variations in the DTR can 
have a significant impact on various sectors like agriculture, 
human health, water resources, and so forth (Wilkens and 
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Singh 2001; Lobell, Bonfils, and Duffy 2007; Yang et al. 2013; 
Hamal et al. 2021). For example, grain filling rates of wheat 
are more responsive to Tmin than Tmax, with higher DTR 
likely to boost yields (Wilkens and Singh  2001; Lobell and 
Ortiz-Monasterio 2007). However, increased DTR has a clear 
detrimental effect on yields in various major rice and maize-
growing regions such as India and the United States, respec-
tively (Lobell, Bonfils, and Duffy 2007).

Previous studies show that DTR is declining across various 
parts of the globe and this decline is attributed to the fact that 
the Tmin has increased at a faster rate compared with Tmax 
(Karl et  al.  1993; Easterling et  al.  1997; Vose, Easterling, and 
Gleason 2005; Doan et al. 2022). This faster increase in Tmin 
(night-time temperature) is attributed to the increases in cloudi-
ness, precipitation and soil moisture (Karl et al. 1993; Easterling 
et  al.  1997; Dai, Trenberth, and Karl  1999). Over India, many 
of the earlier studies show that the DTR is increasing (Rupa 
Kumar, Krishna Kumar, and Pant 1994; Roy and Balling 2005; 
Bhutiyani, Kale, and Pawar 2007; Rai, Joshi, and Pandey 2012; 
Vinnarasi et al. 2017; Jaswal, Kore, and Singh 2016) and a few 
other studies suggest a decrease in DTR over certain areas over 
India (Jhajharia and Singh 2011; Prakash and Norouzi (2020); 
Mall et  al.  2021). For example, Rai, Joshi, and Pandey  (2012) 
conducted a study utilising datasets from 122 stations across 
India, and their findings revealed that the DTR shows an in-
creasing trend across all seasons. They also found the largest 
increasing trends in DTR during the winter, whereas the small-
est increasing trends occurred during the post-monsoon period. 
Similarly, Rupa Kumar, Krishna Kumar, and Pant (1994) found 
an increasing trend in DTR across 121 stations in India with the 
rate of rise being faster for Tmax than Tmin. Roy (2019) showed 
that across most of India, DTR exhibits positive trends during 
the drier months in the first half of the year but shifts to nega-
tive trends in the later half of the year. Shahfahad et al. (2023) 
found that there is a decline in the DTR trend in megacities such 
as Delhi and Mumbai, which is accompanied by an increased 
trend in the frequency of extreme temperature events, poten-
tially increasing vulnerability to heat waves. However, Jhajharia 
and Singh (2011) suggested that a reduction in sunshine dura-
tion may cause a decrease in DTR over Northeastern areas of 
India. Mall et al. (2021) found a decline in DTR over areas of the 
Gangetic Plain between 1991 and 2016, which they attributed 
to a decrease in solar radiation. Joy and Satheesan (2022) inves-
tigated the influence of soil moisture on DTR and discovered 
that there is significant negative feedback on DTR in central and 
northern India. Hamal et al. (2021) demonstrated a decreasing 
trend in the observed annual DTR across the southern slope of 
the Central Himalayas. However, their findings also revealed 
that the CMIP6 models project a more rapid decline in DTR 
under the SSP5-8.5 scenario compared with the SSP2-4.5 and 
SSP1-2.6 scenarios. On the other hand, multi-model ensemble 
mean (MME) from 36 state-of-the-art CMIP6 models exhibit a 
decreasing trend in DTR (from −0.06°C/decade to −0.18°C/de-
cade) during 1980–2014 over India (Huang et al. 2023, in their 
Figure  S5) after it was confirmed that overall CMIP6 models 
verified with observations that global DTR trends are decreasing 
between 1980 and 2014. This result should be noted with the fact 
that CMIP6 models are coarse in spatial resolution which limits 
the model's ability to effectively represent the observed spatial 
heterogeneity in the trends of DTR across India. Furthermore, 

Huang et al. (2023) indicate significant inter-model variations in 
the spatial variability of DTR.

In a related study, Sillmann et  al.  (2013) showed that the an-
nual averaged DTR in the CMIP3 and CMIP5 models were sig-
nificantly underestimated across South Asia than the gridded 
observational indices data set (HadEX2). The Global General 
Circulation Models (GCMs) face difficulties in capturing the 
magnitude of the observed asymmetric trends in Tmin and 
Tmax, and hence underestimate the DTR changes (Stone and 
Weaver  2002; Braganza, Karoly, and Arblaster  2004). Various 
climate models project notable future changes in the DTR (Stone 
and Weaver 2003; Lobell, Bonfils, and Duffy 2007). Based on the 
analysis of both observations and model simulations, Solomon 
et al.  (2007) indicate that the future DTR is likely to continue 
to decrease over global land areas which is linked to increases 
in cloudiness. In a study, Doan et al. (2022) used a convection-
permitting regional climate model to explain the potential 
cause of DTR decline over the Kanto Plain (in Japan) and the 
Malaysian peninsula. They demonstrated that the higher day-
time cloudiness in warmer climates reduces the insolation, re-
sulting in the under-warming of Tmax. By using a GCM, Zhou 
et al.  (2008) however found that a significant reduction in the 
DTR over the Sahel region is attributed to the decrease of soil 
emissivity which warms Tmin much faster than Tmax.

Lal, Srinivasan, and Cubasch (1996) utilised the ECHAM3 at-
mospheric model coupled with a large-scale geostrophic ocean 
model and obtained a notable future (i.e., mid-21st century) 
decrease in the DTR over India in winter. Interestingly, they 
did not observe significant trends in DTR during the monsoon 
season. Lindvall and Svensson  (2015) show that the MME of 
CMIP5 models exhibits a significant reduction (ranging be-
tween −0.5°C and −1.0°C) in annual averaged DTR at the end 
of the 21st century (2070–2099) throughout India under the 
Representative Concentration Pathway (RCP) 8.5 scenario 
compared with the 1970–1999 period. Using CMIP5 model 
simulations, Singh, Chaturvedi, and Mall (2023) showed a het-
erogeneous projected change in DTR, however, there is a con-
sistent decline over northern India and the highest decline is 
found during winter and pre-monsoon season. Using the MME 
of eight CMIP6 models, Liu et al. (2022) found a consistent fu-
ture reduction in DTR throughout India across three different 
emission scenarios. Using PRECIS regional climate modelling 
system, Revadekar et al. (2012) show that the DTR area averaged 
over India is likely to decrease during winter and pre-monsoon 
months at the end of the 21st century under future warming 
scenarios. However, the DTR trend is highly heterogeneous 
in India. The large and diversified terrain of India, combined 
with distinct vegetation cover and soil types, and a varied evo-
lution of the monsoon, causes substantial differences in surface 
temperature trends across the country. The global GCMs may 
not be therefore good enough to capture this heterogeneity in 
the projected DTR changes due to its coarse spatial resolution. 
Therefore, many of the earlier studies using coarser models, pro-
jected area averaged DTR changes across India and avoid the dis-
cussion of the spatial variability of DTR trends (e.g., Revadekar 
et al. 2012; Lindvall and Svensson 2015; Liu et al. 2022).

In this work, by using a relatively high-resolution coupled RCM 
(at 20 km grid spacing), we seek to investigate the anticipated 
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future changes in DTR over India across different seasons in 
the mid-21st century under RCP 8.5 scenario. For this purpose, 
we intend to focus on sub-regions of India where the observed 
trend in DTR exhibits significant trends. In addition, we also 
discuss the plausible factors responsible for the projected future 
changes.

2   |   Model and Datasets

2.1   |   Coupled Regional Climate Model

This study utilised a 20-km resolution coupled RCM simula-
tions from dynamical downscaling set up over India following 
Jayasankar, Misra, and Karmakar  (2023) hereafter referred to 
as RSM-ROMS. RSM-ROMS otherwise the Regional Spectral 
Model (RSM; Juang and Kanamitsu  1994; Misra, Mishra, and 
Bhardwaj  2018) coupled with the Regional Ocean Modelling 
System (ROMS, Shchepetkin and McWilliams  2005) is an ex-
tensively used tool for regional climate modelling studies (Li 
and Misra 2014). The details of RSM and ROMS are described 
in Table 1. There is no usage of flux correction during the RSM-
ROMS integration for this study. Both the RSM and ROMS mod-
els are built upon an identical grid with a resolution of 20-km 
to avoid the flux coupler. This approach enables a direct inter-
change of atmospheric fluxes and sea surface temperature (SST) 
amongst the two model components at each hour of the model 
integration, eliminating the need for interpolation.

The initial and the time-varying lateral boundary conditions for 
both the atmosphere and the ocean are derived from the CCSM4 
model that participated in the CMIP5. The CCSM4 coupled 
model is widely utilised for the dynamical downscaling over the 
Indian region because of its greater skill in simulating the cli-
mate of the region (Jayasankar, Rajendran, and Surendran 2018). 
We have generated two sets of 20-years simulations: (a) histori-
cal simulation (1986–2005) and (b) mid-21st century simulation 
(2041–2060). The future simulations are based on the highest 
GHG emission scenario that is, RCP 8.5 scenario. Since the 
focus is on terrestrial DTR, we provide some further details on 
the NOAH land surface model (Ek et al. 2003), which is used 
in the RSM-ROMS simulations of this study. The NOAH land 
surface scheme fundamentally uses bulk aerodynamic formulas 
to compute the surface enthalpy fluxes. However, these fluxes 
are scaled by the corresponding resistances where the resistance 
is due to aerodynamic resistance while resistance for evapora-
tive flux is additionally a function of stomatal conductance and 
canopy resistance that includes heat stress (air temperature), dry 
air stress (air humidity) and dry soil stress (soil moisture). There 
are four soil layers (10, 30, 60 and 100 cm thick), with surface 
skin temperature, total soil moisture in each layer (volumetric), 
soil temperature in each layer, canopy water content, snowpack 
water equivalent content and snowpack depth being the prog-
nostic quantities of the scheme. The soil temperature and mois-
ture are computed using one-dimensional heat conduction and 
Richardson's equation, respectively. In addition to the enthalpy 
fluxes, the NOAH land surface scheme also provides upward 
longwave and shortwave radiative fluxes.

2.2   |   Validation Datasets

We use the India Meteorological Department (IMD) grid-
ded minimum and maximum temperature data (Srivastava, 
Rajeevan, and Kshirsagar  2009) for the period 1986–2022 for 
the validation of the RCM simulation. Srivastava, Rajeevan, 
and Kshirsagar  (2009) interpolated data from 395 stations 
using Shepard's angular distance weighting algorithm, pro-
ducing gridded data with a resolution of 1° × 1° up to 2007. 
Subsequently, the number of stations was lowered to around 
180. The model simulations were re-gridded to the resolution 
of IMD observation for verification. In addition, we also uti-
lised the 0.5° × 0.5° daily maximum and minimum tempera-
ture data from the Climate Prediction Center (CPC) Global 
Unified Temperature dataset (from their website https://​psl.​
noaa.​gov). The CPC data utilises the same data through the 
Global Telecommunication System as the IMD dataset and is 
gridded using the Shepard Algorithm. To validate the simu-
lated 2-m air temperature, we used monthly Climate Research 
Unit Timeseries (CRU TS) version 4.07 data (Harris et al. 2020). 
The 0.1° × 0.1° resolution Integrated Multi-Satellite Retrievals 
for Global Precipitation Mission version 6 (IMERG; Huffman 
et  al.  2019) precipitation data at ~3.5-month latency (final 
product) is used to generate a Taylor diagram to validate the 
model simulated precipitation. We utilized hourly ECMWF 
Reanalysis v5 (ERA5; Hersbach et  al. 2020) dataset to obtian 
Tmax an Tmax and Tmin over the ocean. Finally, we also make 
use of the Optimally Interpolated SST v2 (OISST) following 
Huang et al. (2021), which is available at 0.25° × 0.25° for veri-
fication of the SST from the model simulations.

TABLE 1    |    Outline of the physics used in RSM-ROMS.

Physical parameterisation Reference

Atmospheric model (Regional Spectral Model)

Shortwave radiation Chou and Suarez (1994)

Longwave radiation Chou and Lee (1996)

Clouds (explicit) Zhao and Carr (1997)

Deep convection Moorthi and 
Suarez (1992)

Shallow convection Tiedtke (1983)

Boundary layer Hong and Pan (1996)

Gravity wave drag Alpert et al. (1988)

Land surface Ek et al. (2003)

Ocean model (Regional Ocean Modelling System)

30 vertical sigma levels 
on horizontal staggered 
Arakawa-C grid

Haidvogel et al. (2000) 
and Shchepetkin and 
McWilliams (2005)

Boundary layer formulation 
K-profile

Large, McWilliams, 
and Doney (1994)

Turbulence closure model Mellor and Yamada (1982)

Generic length-scale 
parameterization

Umlauf and 
Burchard (2003)

Second order biharmonic 
horizontal diffusion

Ezer, Arango, and 
Shchepetkin (2002)
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3   |   Results and Discussion

3.1   |   Observed DTR Climatology and Trends

Using IMD observations, we estimated the spatial distribu-
tion of the 37-year mean climatology of the DTR over India 
(Figure  1a–d) across four seasons (DJF: December–January–
February, MAM: March–April–May, JJAS: June–July–August–
September and ON: October–November1). During the DJF, 
MAM and ON seasons, central and northwest India experiences 
higher DTR (> 15°C) compared with other regions of the coun-
try (Figure 1a,b,d). In contrast, Peninsular India and the eastern 
coast exhibit comparatively lower DTR values. During the JJAS 
season, the western coast, northeast India and the northern 
parts of the east coast exhibit lower DTR values compared with 
other regions of the country (Figure 1c). Furthermore, we esti-
mated the observed linear trend in DTR across India using IMD 
observations. Figure 1e–h depicts the spatial pattern of the ob-
served DTR trend during the 37-year period from 1986 to 2022. 
The Theil-Sen trend estimator is used to estimate the trend and 
the Mann–Kendall test is used to estimate its significance. There 
is a considerable spatial heterogeneity in the observed DTR trend 
across India during all the seasons. But generally, the trends in 
DTR are consistent across seasons, with parts of northeast, cen-
tral and southern India exhibiting a positive trend, whereas the 
rest of the country shows a negative trend with exceptions over 
Jammu and Kashmir, parts of Karnataka and Andhra Pradesh 
showing some seasonality.

We chose four different locations for this study (Figure  S1) 
based primarily on the spatial patterns of the observed trends 
which are statistically significant at least one season (Figure 1): 
Region-1 (over Bihar and the eastern regions of Uttar Pradesh), 
Region-2 (over Rajasthan), Region-3 (over the rain shadow 

regions of Peninsular India) and Region-4 (northeast India). 
Region-1 is a part of the Indo-Gangetic plain, which receives 
plenty of rainfall during the monsoon. The average annual tem-
perature in Region-1 is between 20.1°C and 25.0°C. Region-2 is 
an arid region (i.e., Thar desert) and the average annual tem-
perature is between 25.1°C and 26.7°C. Region-3 is located in 
peninsular India, with the majority of the area being arid and 
some parts of it being tropical with an average annual tempera-
ture of above 26.7°C. The area-averaged observed trend over 
Region-3 is not statistically significant in any season, though 
some grid points are significant in DJF and JJAS. However, a 
significant projected change is expected by the mid-21st century. 
Region-4, located in northeast India, is characterised by com-
plex topography, and most of the areas are under a hilly eco-
system. This region's annual average temperature ranges from 
14.1°C to 25.0°C. In terms of the trend in DTR, Region-4 exhibits 
a contrasting positive trend compared with the predominantly 
negative trend observed in other regions.

There is a significant decreasing trend observed over Region-1 
during the DJF, MAM and ON seasons, which varies from 
−0.1°C/decade to −0.52°C/decade across the seasons (Figure 1). 
In examining the corresponding trends in Tmin and Tmax 
(Figure S2) we find that in Region-1, the trend in Tmin is pos-
itive while it is negative for Tmax in DJF which explains the 
corresponding decreasing trend in DTR (Figure  1e). Similarly 
in other seasons of the year, the different trends in Tmin and 
Tmax reflect the reducing trend of DTR over Region-1. It is 
found that most parts of Region-2 (the region with high clima-
tological DTR) also show a significant decreasing trend in DTR 
across all seasons (ranging between −0.11°C/decade to—0.41°C 
/decade). Notably, the ON season shows the highest decreasing 
trend of DTR over Region-2 (< −0.41°C/decade). This reduc-
ing trend in DTR over Region-2 becomes obvious from the fact 

FIGURE 1    |    Spatial distribution of 37-years (1986–2022) observed climatology of the diurnal temperature range (°C, a–d) and trend (°C/decade) 
in the DTR (e–h) for (a, e) DJF, (b, f) MAM, (c, g) JJAS and (d, h) ON seasons. The hatched areas represent trends significant at 5% significance level 
(p = 0.05) using the Mann–Kendall test. The Theil-Sen trend for area averaged DTR over four regions (Region-1—R1, Region-2—R2, Region-3—R3 
and Region-4—R4) outlined in (a) and (e) are shown in each subfigure with * indicating trends are significant at 5% significance level. [Colour figure 
can be viewed at wileyonlinelibrary.com]
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that the consistent warming trend in Tmin across all seasons 
(Figure  S2a–d) is asymmetric to the statistically insignificant 
cooling trend of Tmax for most of the year with a weaker warm-
ing trend in MAM (Figure S2e–h). During the DJF and ON sea-
sons, a majority of North and Northwest India and Southern 
Peninsular India display a significant decreasing trend in DTR 
(Figure  1). However, during the MAM season, Jammu and 
Kashmir, Northern Himachal Pradesh and Madhya Pradesh 
show a notable increasing trend in DTR. Also, during the JJAS 
season, there is a significant decreasing trend (−0.09°C/decade) 
observed over Region-3. Region-4 exhibits a significant increas-
ing trend in DTR across all four seasons (ranging between 
−0.17°C/decade to −0.41°C/decade), with the ON season show-
ing the highest increasing trend (0.41°C/decade) which is consis-
tent with the results following Jhajharia and Singh (2011). They 
showed that Thakurbari station located in Assam exhibited a 
significant increasing trend in DTR (1973–2000) during the 
October–November months. These results suggest that regions 
with high DTR climatology, such as Region-2, are experiencing 
a decrease in DTR, whereas regions with slightly lower clima-
tological DTR like Region-4, are experiencing enhanced DTR 
over time. These spatially heterogeneous trends in DTR across 
India can be understood from the corresponding differences in 
the trends between Tmin and Tmax shown in Figure S2.

3.2   |   Present-Day Simulations

In a recent study, Jayasankar, Misra, and Karmakar (2023) inves-
tigated the present-day JJAS mean climatology of precipitation, 
precipitable water vapour, 2-m air temperature (T2m), mean sea 
level pressure and zonal and meridional winds simulated by the 
RSM-ROMS. They found that the RSM-ROMS performs better 
than its parent GCM (CCSM4). We have used the Taylor diagram 
to compare the spatial pattern of mean climatology of simulated 
precipitation (Pr) and T2m across four seasons with IMD and 
0.5° × 0.5° resolution CRU TS version 4.07 observations, respec-
tively (Figure  2). The precipitation shows the highest pattern 
correlation coefficient (PCC) of 0.75 during ON and the lowest 
PCC during MAM (0.40). The simulated variances of Pr closely 
match observations for MAM, JJAS and ON, whereas for DJF, it 
slightly deviates from the observation. For the simulated T2m, 
the PCC exceeds 0.97 for all seasons, with ratios of standardised 
variance varying between 1.22 and 1.25 across the season.

In addition, we also evaluated the RSM-ROMS simulated Tmin 
(Figure  3a–d), Tmax (Figure  3e–h), T2m (Figure  3i–l) and Pr 
(Figure  3m–p) over Indian landmass against the correspond-
ing IMD observations. The PCC of the 20-year climatology of 
the present-day climate (1986–2005) for Tmax (Tmin) between 
the RSM-ROMS and the corresponding IMD observation is 0.85 
(0.83), 0.83 (0.84), 0.73 (0.77) and 0.84 (0.82), for DJF, MAM, 
JJAS and ON respectively. The spatial distribution of the clima-
tology of seasonal mean Tmin shows that RSM-ROMS underes-
timate Tmin over most of the grid points across India during DJF 
(Figure 3a), MAM (Figure 3b) and ON (Figure 3d) seasons. But 
during the JJAS season (Figure 3c), RSM-ROMS tends to over-
estimate Tmin at most of the grid-points. Similarly, RSM-ROMS 
underestimated the mean Tmax at majority of the grid-points 
over India during DJF and ON seasons (Figure  3e,h). In con-
trast, during the MAM (Figure 3f) and JJAS seasons (Figure 3g), 

RSM-ROMS tends to overestimate Tmax at most of the grid 
points. The RSM-ROMS underestimate both the Tmin and 
Tmax over high-altitude regions in North and Northeast India 
where the IMD observation stations are also sparse. Similarly, 
T2m exhibits a negative bias during DJF and ON seasons 
(Figure 3i,l) across most grid-points. However, during the MAM 
and JJAS seasons (Figure 3j,k), many grid points show a positive 
bias, especially over the northern states of India. The system-
atic precipitation bias in the simulation shows a wet bias over 
Southeast Peninsular India during the DJF season (Figure 3m), 
which is when the region receives most of its rainfall. The RSM-
ROMS shows a dry bias during the MAM season (Figure 3n) and 
a wet bias during the ON season (Figure 3p) across majority of 
the grid-points. During the JJAS season (Figure 3o), the model 
shows dry bias over Central India and wet bias over the western 
ghats and adjacent regions, which is a known issue with the at-
mospheric component of the RSM-ROMS (i.e., RSM, Jayasankar, 
Misra, and Karmakar 2023).

Figure 4 shows the simulated 20-year (1986–2005) climatologi-
cal monthly mean Tmin and Tmax area averaged over the four 
regions. Overall, in most months, the model simulated Tmin and 
Tmax verify reasonably well with the observations. However, 
Tmin is consistently underestimated by the model in all four lo-
cations from January to May (Figure 4a–c). During April–June, 
the model overestimates Tmax in Region-1 (Figure 4e), Region-3 
(Figure 4g) and Region-4 (Figure 4h). In contrast, in Region-2, 
the model clearly underestimates Tmax in January–March and 
September–December. In Region-4, the model underestimates 
Tmin throughout the year (Figure 4d), whereas Tmax is over-
estimated from mid-March to mid-June (Figure 4h). Also, un-
like other regions, there exists a disparity between the IMD 
and CPC observations, which may be attributed to the lack of 

FIGURE 2    |    Taylor diagram illustrating the 20-year climatology 
of four seasonal means (DJF: December–January–February, MAM: 
March–April–May, JJAS: June–July–August–September and ON: 
October–November) for precipitation (Pr; mm/day) and 2-m air 
temperature (T2m;°C) simulated by RSM-ROMS. The IMERG data 
and CRU TS v4.07 are used as the verification dataset for Pr and T2m, 
respectively. [Colour figure can be viewed at wileyonlinelibrary.com]
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sufficient in situ observations to constrain the varying analysis 
techniques.

3.3   |   Projected Changes in DTR

Figure 5 exhibits the spatial distribution of the projected change 
(climatological difference between mid-21st century and his-
torical simulations) in DTR. The statistical significance of the 
projected changes was determined using Student's t-test. During 
DJF season, the model projects a significant decrease in DTR 
over Region-1 (−0.86°C; Figure  5a) which is consistent with 
observed trends in the current climate. However, Region-2, 
Region-3 and Region-4 show a statistically insignificant change 

(Figure 5a). These patterns of change in DTR from RSM-ROMS 
can be understood from the corresponding change in Tmin and 
Tmax (Figure S3). For example, the projected decrease in DTR 
during DJF season in Region-1 is a result of significant warm-
ing in Tmin (Figure S3a–d) which is relatively smaller in Tmax 
(Figure  S3e–h). Similarly, in the other regions, the change in 
DTR is relatively small because the projected change in Tmin 
and Tmax are comparable (Figure  S3). In the MAM season, 
the majority of the grid points show insignificant projected 
changes in DTR (Figure 5). However, during the JJAS season, 
the model projects a significant decrease in DTR over Region-3 
(−0.45°C; Figure 5c) aligning with observed trends, whereas the 
other three regions show insignificant changes. In the ON sea-
son, the majority of the grid points show a projected decrease 

FIGURE 3    |    Present-day 20-year climatological seasonal mean bias in (a–d) minimum temperature (°C), (e–h) maximum temperature (°C) and 
(i–l) 2-m air temperature (°C) with respect to IMD observations and (m–p) precipitation (mm/day) with respect to IMERG observation for (a, e, i, 
m) DJF, (b, f, j, n) MAM, (c, g, k, o) JJAS and (d, h, l, p) ON seasons. The hatched areas represent bias significant at a 5% significance level (p = 0.05) 
according to Student's t-test. [Colour figure can be viewed at wileyonlinelibrary.com]
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in DTR, particularly in peninsular India, northwest India, and 
parts of the Indo-Gangetic Plain. DTR decreases significantly 
in Region-1, Region-2 and Region-3 during ON, with reductions 
of −0.75°C, −0.77°C and −0.70°C, respectively. These projected 
decreases in DTR in ON is a result of the corresponding stronger 
warming in Tmin than in Tmax (Figure S3d,h). In contrast to 
the observed positive trend across all the seasons in Region-4 
(Figure  1e–h), the model projects an insignificant future 
change in DTR over Region-4 (Figure 5). Again, these patterns 
of change in DTR across India from RSM-ROMS simulation 
can be easily understood from the projected near symmetrical 
changes in Tmin and Tmax (Figure  S3). These results reaf-
firm the heterogeneous nature of the projected changes in DTR 
across India, which is in contrast with the findings of Lindvall 
and Svensson (2015). Lindvall and Svensson (2015) utilised the 
MME of CMIP5 models, which showed a significant reduction 
in annual DTR across India.

3.4   |   Mechanism for Projected Changes

In this section, we attempt to understand the projected seasonal 
mean changes in DTR from a series of projected seasonal mean 
changes of related variables. For example, in Figure 6 we show 
the seasonal mean projected change in cloud cover (expressed 

as a % of grid coverage), area averaged over the four regions at 
the time of Tmin and Tmax, respectively. There are significant 
seasonal and regional variations in the projected cloud cover 
changes. For example, the total, middle and low cloud cover 
shows considerable seasonal variability across all four regions. 
In contrast, the high cloud cover shows a systematic increase 
over most regions and seasons (Figure  6d,h,l,p). Especially, 
in regions and seasons where the projected change in DTR is 
declining in Figure 5, we see that the high cloud cover is pro-
jected to increase both at the time of Tmax and Tmin, with a 
larger increase at the latter time. For example, in the ON season, 
Region-1, 2 and 3 or Region-1 in DJF or Region-3 in JJAS show 
an increase in the high cloud cover (Figure 6).

Because of the projected changes in the seasonal mean high 
cloud cover, there is an implication on the radiative fluxes 
(Figure 7). It may be noted that in computing these fluxes, the 
downward flux directed from atmosphere to surface is regarded 
as positive while the flux directed from surface to overlying at-
mosphere is regarded as negative. In terms of the corresponding 
seasonal mean radiative fluxes, the downward shortwave flux at 
the surface at the time of Tmax is projected to reduce over most 
regions and most seasons (Figure 7a,e,i,m). So, again focusing 
on regions and seasons when DTR declines in Figure 5, we see 
a projected decrease in downward shortwave flux in Region-1 

FIGURE 4    |    Present-day 20-year (1986–2005) climatological monthly mean (a–d) minimum temperature (Tmin) and (e–g) maximum temperature 
(Tmax) area averaged over four regions. The solid lines in black, red and blue indicate the IMD observation, CPC observation and RSM-ROMS, 
respectively. Similarly, the standard deviations for IMD, CPC and RSM-ROMS are shaded as grey, red and blue, respectively. [Colour figure can be 
viewed at wileyonlinelibrary.com]
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in DJF, Region-3 in JJAS and across Region-1, Region-2 and 
Region-3 in ON. However, we also recognise the non-linear im-
pacts of the projected changes in the water vapour content of the 
atmospheric column (not shown), mid and low-level cloud cover 
and their overlap with high clouds on the downward shortwave 
flux at the surface which are more difficult to attribute. However, 
the seasonal projected change in the upward shortwave flux at 
the time of Tmax nearly uniformly decreases over all regions 
across most seasons (Figure  7b,f,j,n). This suggests that there 
is likely a reduction in surface albedo in a future climate at the 
time of Tmax owing to an increase in soil moisture (discussed 
later in reference to Figure  9). It may be noted, however, that 
the changes in these shortwave flux terms are negligible at the 
time of Tmin.

On the other hand, the projected changes in the downward 
and upward longwave fluxes are comparable in Region-1 and 
Region-3 but much larger than the shortwave fluxes in the other 
two regions (Figure  7). Furthermore, they are of comparable 
magnitude at the time of Tmin and Tmax (Figure 7). The pro-
jected change in downward longwave flux at surface shows to 
uniformly increase across all regions and seasons at both times 
of Tmin and Tmax in the future climate. Similarly, the projected 
seasonal change in the upward longwave fluxes at the surface 
shows a uniform increase over all regions and seasons at both 
the time of Tmin and Tmax, which is also a reflection of increas-
ing surface temperature in the future climate.

The corresponding projected changes in the enthalpy fluxes 
at the surface are shown in Figure 8. In focusing on regions 
and seasons where the DTR is projected to decline, we observe 
that the sensible heat flux decreases (Figure 8a–d) while la-
tent heat flux increases (Figure  8e–h) at the time of Tmax. 
These enthalpy fluxes are much smaller at the time of Tmin. 
The corresponding projected change in top (10 cm) and root 
zone (1 m) soil moisture in Region-1 shows an increase at the 
time of Tmax (Figure 9). The wetter soil in the mid-21st cen-
tury suggests a decrease in surface albedo that results in the 
reduction of the upward shortwave flux at surface, higher la-
tent heat flux and lower sensible heat flux at the time of Tmax. 
It may be noted that in our simulations there is a projected 
increase in the Indian summer monsoon rainfall (Figure S4). 
In Region-2, the projected seasonal mean sensible heat flux in-
creases while the latent heat flux reduces at the time of Tmax 
for most of the year (except in ON). This region is also marked 
by a reduction in the soil wetness (Figure 9). In Regions 3 and 
4, the projected changes in sensible and latent heat flux show 
considerable seasonal variations, which is also marked by cor-
responding seasonal variations in the projected change in soil 
moisture.

In summary, the decline in projected DTR over Region-1 in DJF 
and ON and Region-3 in JJAS and ON is a result of asymmetri-
cal projected increase in Tmin and Tmax, with larger increase 
in the former. These changes in Tmin and Tmax are associated 

FIGURE 5    |    Projected changes in DTR (°C) over the land at the mid-21st century (2041–2060) under RCP 8.5 scenario for (a) DJF, (b) MAM, (c) 
JJAS and (d) ON seasons. The hatched areas represent changes significant at a 5% significance level (p = 0.05) according to Student's t-test. [Colour 
figure can be viewed at wileyonlinelibrary.com]
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with increases in high cloud cover that reduce the downward 
shortwave flux, sensible heat and upward short wave fluxes 
while increase in the latent heat flux and downward longwave 
fluxes at the time of Tmax. Similarly, at the time of Tmin the 
downward long wave flux increases while there is a compa-
rably weaker reduction in the upward longwave flux, which 
causes a stronger warming in Tmin than Tmax resulting in 
some of the regions in some seasons displaying a decrease in 
DTR over India.

3.5   |   Diurnal Temperature Range Over Oceans

Figure  10a–d exhibits the spatial patterns of mean SST bias 
of RSM-ROMS from observation (OISST). The RSM-ROMS 
displays cooler SST over the northern Arabian Sea (AS; 0°–
20° N and 58°–73° E) and Bay of Bengal (BoB; 0°—20° N and 
86°—94° E) across all four seasons. However, the model ex-
hibits a significant negative bias over the coasts of Oman and 
Pakistan during the DJF and MAM seasons. The mean bias over 

FIGURE 6    |    Seasonal mean projected changes in total (TCC; a, e, i and m), low (LCL; b, f, j and n), mid-level (MCL; c, g, k and o) and high cloud 
cover (HCL; d, h, l and p) at the time of Tmax (pale red) Tmin (brown), which is area averaged for (a–d) Region-1, (e–h) Region-2, (i–l) Region-3 and 
(m–p) Region-4. The units are in % of grid coverage. [Colour figure can be viewed at wileyonlinelibrary.com]
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AS and BoB is −0.08°C (−0.83°C) and − 0.26°C (−0.37°C) for 
DJF (MAM) seasons. During DJF, the equatorial Indian Ocean 
is slightly warmer in the model. During the JJAS and ON sea-
sons, the model shows warmer SST over the majority of AS and 
BoB than observed, with a significant positive bias (ranging 
between 0.5°C and 1°C) over the northern equatorial Indian 
Ocean. In contrast, the mean bias over AS and BoB is 0.24°C 
(0.25°C) and 0.50°C (0.38°C) for JJAS and ON seasons.

We analysed the model's simulated biases in Tmax 
(Figure 10e–h), Tmin (Figure 10i–l) and DTR (Figure 10m–p), 
over the ocean relative to the ERA5 reanalysis dataset. Similar 
to the SST bias, the model exhibits a significant negative Tmin 
bias along the coasts of Oman and Pakistan during the DJF 
and MAM seasons. The average Tmin bias across the AS and 
BoB is 0.23°C and 0.46°C for DJF (Figure 10e) and −1.16°C and 
−0.54°C for MAM (Figure 10f), respectively. In contrast, during 

FIGURE 7    |    Seasonal mean projected changes in downward shortwave (DSF; a, e, i and m), upward shortwave (USF; b, f, j and n), downward 
longwave (DLF; c, g, k and o) and upward longwave fluxes at the surface (ULF; d, h, l and p) at the time of Tmax (pale red) Tmin (brown), which 
is area averaged for (a–d) Region-1, (e–h) Region-2, (i–l) Region-3 and (m–p) Region-4. The units are in W/m2. [Colour figure can be viewed at 
wileyonlinelibrary.com]
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the JJAS and ON seasons, the model exhibits a positive Tmin 
bias over the majority of the Indian Ocean, with the BoB being 
warmer than the AS in both seasons (Figure 10g,h). The Tmin 
biases over AS are 0.33°C and 0.52°C during JJAS and ON and 

over BoB, it is 0.61°C and 1.01°C during JJAS and ON, respec-
tively. The model shows a positive Tmax bias over the majority 
of the Indian Ocean during all four seasons, except for a few 
places having a negative bias around the coasts of Oman and 

FIGURE 8    |    Seasonal mean projected changes in sensible heat flux (SHF), and latent heat flux (LHF), at the time of Tmax (pale red) and Tmin 
(brown), which is area averaged for (a, e) Region-1, (b, f) Region-2, (c, g) Region-3 and (d, h) Region-4. The units are in W/m2. [Colour figure can be 
viewed at wileyonlinelibrary.com]

FIGURE 9    |    Seasonal mean projected changes in the top (SM1; 10 cm) and root zone (SM2; 1 m) soil moisture at the time of Tmax (pale red) and 
Tmin (brown), which is area averaged for (a, e) Region-1, (b, f) Region-2, (c, g) Region-3 and (d, h) Region-4. The units are 100 × fractions of grids. 
[Colour figure can be viewed at wileyonlinelibrary.com]
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Pakistan during the DJF and MAM seasons. The Tmax bias over 
the AS is 0.71°C, 0.06°C, 0.82°C and 1.07°C and over the BoB it is 
0.77°C, 0.46°C, 0.88°C and 1.23°C for the DJF, MAM, JJAS and 
ON seasons, respectively. Similarly, the DTR bias is found to be 
slightly lower than the Tmin and Tmax bias. However, DTR bias 
is positive over the majority of the Indian Ocean during all four 
seasons. The DTR bias over the AS is 0.48°C, 1.23°C, 0.49°C and 
0.56°C and over the BoB it is 0.31°C, 1.0°C, 0.27°C and 0.22°C for 
the DJF, MAM, JJAS and ON seasons, respectively. The highest 
DTR bias is found to be during the MAM season (Figure 10n).

Furthermore, in Figure 11, we looked at the projected changes in 
the DTR during the mid-21st century over the northern Indian 
Ocean under the RCP 8.5 scenario. The future DTR changes 
are found to be very small (and barely statistically significant) 

compared with land. For example, the projected changes in DTR 
over the AS is −0.01°C, 0.04°C, 0.02°C and 0.01°C and over the 
BoB it is −0.01°C, −0.01°C, −0.02°C and − 0.03°C for the DJF, 
MAM, JJAS and ON seasons, respectively.

4   |   Concluding Remarks

The analysis of the observed DTR climatology demonstrates 
that central and northwest India consistently display higher 
DTR (> 15°C) during DJF, MAM and ON seasons, while 
Peninsular India and the eastern coast exhibit relatively lower 
values. On the other hand, the observed DTR during JJAS 
is low in comparison to the other seasons. Furthermore, we 
examined the observed trends in the DTR, which indicates 

FIGURE 10    |    Present-day 20-year climatological seasonal mean bias in (a–d) sea surface temperature (SST; °C) with respect to OISST, (e–h) 
minimum temperature (°C), (i–l) maximum temperature (°C) and (m–p) diurnal temperature range (DTR; °C) with respect to ERA5 reanalysis for 
(a, e, i, m) DJF, (b, f, j, n) MAM, (c, g, k, o) JJAS and (d, h, l, p) ON seasons. The areas considered for AS and BoB are shown (a) in magenta rectangular 
boxes. The hatched areas represent bias significant at a 5% significance level (p = 0.05) according to Student's t-test. [Colour figure can be viewed at 
wileyonlinelibrary.com]
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a complex pattern throughout India's various regions and 
seasons, which is driven by asymmetrical trends in Tmin 
and Tmax. Region-1 and -2 exhibit a significant decreasing 
trend in DTR, particularly during the DJF and ON seasons, 
with the DJF season over Region-1 showing the highest de-
cline (−0.52°C/decade). Many places in North, Northwest and 
Southern Peninsular India experience significant reductions 
in DTR during the DJF and ON seasons. In many of these re-
gions, the warming trend of Tmin is far greater than the trend 
in Tmax. During the MAM season, however, Jammu and 
Kashmir, Northern Himachal Pradesh and Madhya Pradesh 
display a significant increase in DTR in the observations. 
Furthermore, during the JJAS season, Region-3 exhibits an 
observed decreasing trend of −0.08°C/decade. In contrast, 
Region-4 over northeast India exhibits a consistent increasing 
trend in DTR in the observations throughout the year. These 
results highlight the wide regional and seasonal differences in 
DTR trends across India.

This study utilises a coupled ocean–atmosphere RCM (i.e., 
RSM-ROMS), which has been extensively verified for its 
present-day climate simulation (Jayasankar, Misra, and 
Karmakar 2023) to assess the projected changes in DTR. The 
simulated seasonal mean climatology of precipitation and 2-m 
air temperature across four seasons from the RCM validate 
well with observed data. The 20-year mean climatology of 
mean Tmax and Tmin were evaluated against the observa-
tion, which revealed the PCC for Tmax is between 0.73 and 
0.85, while the PCC for Tmin is between 0.77 and 0.84 for the 
different seasons of the year. The RCM shows reasonable skill 

in simulating the present-day Tmin and Tmax over the four 
regions considered in this study.

The RCM projects significant spatial variations in projected 
changes of DTR in the mid-21st century across different seasons 
and regions of India. DJF and ON seasons show significant de-
creases in DTR (from −0.73°C to −0.86°C) in certain regions 
(Regions 1, 2 and 3), whereas the MAM season shows insig-
nificant changes across India. Region-3 exhibits significant de-
creases (−0.49°C) in DTR during JJAS, which is a continuation 
of the observed trends in the current climate. Region-4, how-
ever, shows a future reduction of DTR, especially during DJF, 
which contrasts with the observed increasing trend. The pro-
jected reduction in the DTR in all these regions across all sea-
sons is mainly associated with asymmetrical projected warming 
of Tmax and Tmin.

In focusing over regions and seasons that displayed a significant 
projected decrease in DTR in the mid-21st century we find that the 
high cloud cover increases in such instances. In association with 
this increase, we find that the downward shortwave flux and up-
ward shortwave flux is reduced, with the former being larger at the 
time of Tmax. Furthermore, at the time of Tmax, sensible heat flux 
reduces and latent heat flux increases in association with wet soil, 
from increased precipitation. These processes reduce the rate of 
warming of Tmax. Similarly, at time of Tmin, the downward long-
wave and upward longwave fluxes increase in the future climate, 
with the former dominating. The shortwave fluxes and enthalpy 
fluxes are comparatively weaker. Consequently, there is a surplus 
energy to increase the rate of warming of Tmin at these locations 

FIGURE 11    |    Projected changes in DTR (°C) over the ocean at the mid-21st century (2041–2060) under RCP 8.5 scenario for (a) DJF, (b) MAM, (c) 
JJAS and (d) ON seasons. The hatched areas represent changes significant at a 5% significance level (p = 0.05) according to Student's t-test. [Colour 
figure can be viewed at wileyonlinelibrary.com]
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and seasons, which results in DTR reducing in the future, mid-
21st century climate. The model could simulate SST, Tmin, Tmax 
and DTR reasonably well over the northern Indian Ocean. The 
projected changes estimated for the mid-21st century over the AS 
and BoB were found to be relatively small and insignificant com-
pared with the Indian landmass. Further research using several 
high-resolution regional climate models under different emission 
scenarios is recommended to better quantify potential uncertain-
ties embedded in the projected changes in DTR and its spatial 
heterogeneity.
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sis in this study is accessible from https://​www.​imdpu​ne.​gov.​in/​
cmpg/​Gridd​ata/​Min_1_​Bin.​html and https://​www.​imdpu​ne.​gov.​
in/​cmpg/​Gridd​ata/​Max_1_​Bin.​html. The daily minimum and max-
imum temperature from Climate Prediction Center (CPC) Global 
Unified Temperature Data is accessible from https://​psl.​noaa.​gov. 
The monthly 2-m air temperature data is Climate Research Unit 
Timeseries (CRU TS) version 4.07 is accessible from https://​cruda​
ta.​uea.​ac.​uk/​cru/​data/​hrg/​cru_​ts_4.​07/​. The daily IMERG precip-
itation data set used in this study is available at https://​gpm.​nasa.​
gov/​data. The ERA5 reanalysis data at hourly intervals used in this 
study is available at https://​doi.​org/​10.​24381/​​cds.​adbb2d47 (Hersbach 
et al. 2020). The OISST version 2 data used in this study is accessible 
from https://​psl.​noaa.​gov/​data/​gridd​ed/​data.​noaa.​oisst.​v2.​highr​es.​
html (Huang et al. 2021). The RSM-ROMS simulation datasets for the 
analysis and to generate the figures shown in the paper are available 
from jcb@fsu.edu. All the final figures were created by utilising the 
NCAR Command Language v6.6.2 which is available via https://​doi.​
org/​10.​5065/​D6WD3XH5.

Endnotes

	1	We are forced in this instance to have a two-month season given that 
the summer monsoon is identified with 4 months.
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Supporting Information section.
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Figure S1. The representation of topography (m) in RSM-ROMS is shown at 20 km grid spacing 
with four regions (Region–1 - R1, Region–2 - R2, Region–3 - R3, and Region–4 – R4) marked in 
Magenta color. 
 
 
 
 



 
 
 
 
 
 
 
 

 

 
Figure S2: Spatial distribution of 37-years (1986-2022) trend (℃/decade) in the Tmin (a-d) and 
Tmin (e-h) for a, e) DJF, b, f) MAM, c, g) JJAS, and d, h) ON seasons. The hatched areas represent 
trends significant at 5% significance level (p = 0.05) using the Mann-Kendall test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

 
 
Figure S3. Projected changes in Tmin (a-d) and Tmax (e-h) at the mid-21st century (2041-2060) 
under RCP8.5 scenario for a, e) DJF, b, f) MAM, c, g) JJAS, and d,h ) ON seasons. The hatched 
areas represent changes significant at a 5% significance level (p = 0.05) according to Student's t-
test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

Figure S4: The projected changes (future [2041-2060] minus present-day [1986-2005]) in Indian 
summer monsoon (June-September) rainfall (mm/day). The hatched areas represent changes 
significant at 5% significance level (p = 0.05) using the Student's t-test. 
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