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Abstract
Diurnal temperature range (DTR) which reflects the difference between the daily maximum (Tmax) and minimum tempera-
ture (Tmin) is an important indication of changing climate and a critical thermal metric to assess the impact on agriculture, 
biodiversity, water resources, and human health. The major aim of this study is to assess the probable future spatio-temporal 
changes in the Tmax, Tmin, and DTR and their long-term warming trend from 2006 to 2099 under two representative con-
centration pathways (hereafter RCP4.5 and RCP8.5) over diverse agroclimatic regions of India. The observed data from India 
Meteorological Department (IMD) was used to evaluate the performance of climate models (1970–2005). The result shows 
a very slight underestimation in DTR by models compared to the observed. In future projections, we found a reduction in 
DTR (0.001 to 0.020 °C/year) partly linked to the substantial increase in Tmin (0.020 to 0.071 °C/year) than Tmax (0.031 
to 0.060 °C/year) that was stronger in far twenty-first-century future under RCP8.5. The decline in DTR was profound and 
consistent over northern India (up to 3 °C) surrounding the Indo-Gangetic Plain, western dry region, and part of central India 
with the highest decline observed in winter and pre-monsoon season. However, a decline in DTR was also anticipated over the 
plateau, coastal, and eastern Himalayas region. Change in land use land cover (LULC) also complimented the decline in DTR. 
The main findings of the study advocate implementation of a robust framework for climate change adaptation strategies to 
mitigate adverse consequences to the natural ecosystem and human health over specific regions arising due to declining DTR.

1 Introduction

There is evidence that DTR could provide more particulars 
about climate change research than the mean average tem-
perature (Tmean) and clarity about human-centric induced 
climate change (Wang et al. 2014; Lindvall and Svensson 
2015). At a global level, the rise in the rate of Tmin has 
been much faster than Tmax subsequently causing DTR 
to decrease (Karl et al. 1991, 1993; Hua and Chen 2013; 
Lindvall and Svensson 2015; He et al. 2015). For example, 
past observational studies reported a global decrease in DTR 
by 0.07 °C/decade during 1950–1980 (Vose et al. 2005) to 
0.036 °C/decade between 1901 and 2014 with a relatively 
smaller increase in the Tmax (1.1 °C) as compared to the 

Tmin (1.6 °C) (Sun et al. 2019). However, there have been 
regional inconsistencies such as in the mid-latitudes and 
low-latitude regions like East Asia, the decrease in DTR 
is mainly attributed to a reduction in daily Tmax, whereas 
in India, the decline in DTR is mainly due to the increase 
in daily Tmin (Hua and Chen 2013; Vinnarasi et al. 2017; 
Waqas and Athar 2018; Mall et al. 2021; IPCC 2021).

The warming is likely to have serious repercussions 
on cloud cover, accelerating extreme heat wave events, 
droughts, intense rainfall and flooding, wildfires, tropical 
cyclones, and melting of ice (Cox et al. 2020; Mall et al. 
2019). These adverse events will directly or indirectly be 
linked to loss of agricultural production, erratic changes 
in water resources, adverse health effects and further loss 
of livelihood, and food security issues (Mall et al. 2018, 
2021; Bhatt et al. 2019; Singh et al. 2019; Sonkar et al. 2019;  
Sonkar et al. 2020; Singh et al. 2021a, b; Patel et al. 2022; 
Jaiswal et al. 2023; Rajput et al. 2023; Dubey et al. 2023).

Moreover, DTR could be influenced by several processes. 
Aerosols and their interaction with clouds (cloud cover), 
greenhouse emissions and humidity, and land surface char-
acteristics (LULC) influence DTR in multiple ways, such 
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as by the fraction of solar energy absorbed by the surface 
albedo, by modulating the changes in canopy evaporation 
and transpiration and the evaporative cooling by the soil 
moisture (Dai et al. 1999; Hua et al. 2013; Lindvall and 
Svensson 2015).

Simulation of future changes in DTR could provide valu-
able information as they provide vital scientific informa-
tion to combat climate change and effectively manage the 
associated impacts. However, past studies reported the inef-
ficiency of general circulation models (GCMs) to capture 
the magnitude of change in DTR (Stone and Weaver 2002; 
Braganza et al. 2004; Dai and Trenberth 2004; Lobell et al. 
2007; Wild 2009; Zhou et al. 2010; Lewis and Karoly 2013; 
Sillmann et al. 2013). Several studies reported different fac-
tors to cause the incompetency of a model to simulate DTR 
efficiently, such as the poor representation of the stable plan-
etary boundary layer (McNider et al. 2012), modeling of 
clouds, and aerosols, surface solar radiation (Srad) and soil 
moisture that could also cause large intermodel discrepan-
cies (Wild 2009; Fischer et al. 2012; Sillmann et al. 2013; 
Cubasch et al. 2013; Lindvall and Svensson 2015; Cattiaux 
et al. 2015). Our lack of understanding of different atmos-
pheric processes also leads to deviation of model outputs 
from the actual scenarios. Therefore, reliance on one simula-
tion model would be inadequate to quantify the uncertainty 
in future changes in DTR.

Despite being an important factor to assess climate 
change acceleration, only a handful of studies have discussed 
the past and future changes in the spatiotemporal trend of 
DTR and its impact (Ullah et al. 2018; Salehnia et al. 2020). 
The high asymmetry in DTR depending upon spatial and 
temporal trends and an active monsoon pattern makes India 
different from the other parts of the world. A recent study 
on past annual and seasonal trends in the DTR over 14 dif-
ferent agroclimatic regions of India showed a decreasing 
trend in DTR (0.02 °C/decade) after 1991 owing to a distinct 
increase in Tmin (0.210 °C/decade) than Tmax (Mall et al. 
2021). Similarly, Vinnarasi et al. (2017) reported a decrease 
in DTR up to 2 °C in some parts of India. It was found that 
regions of south India that usually witness low DTR have 
shown an increasing trend in DTR, whereas regions of north 
India characterized by high DTR were showing a declining 
trend. This past evidence demands the assessment of the 
causes of these profound spatiotemporal heterogeneity and 
changes in future.

Acknowledging the above research gap, we base our 
analysis on climate simulations provided by modeling 5 
GCM groups participating in the Fifth Phase of the Cou-
pled Model Intercomparison Project (CMIP5) into respec-
tive RCMs along with the other RCM, i.e., RegCM4. The 
analysis was performed over 14 agroclimatic zones of India. 
This paper aims to document the past (1970–2005) and 
projected changes in DTR, Tmax, and Tmin at annual and 

seasonal levels with the associated uncertainties for the two 
RCP scenarios RCP4.5 and RCP8.5 in two future periods: 
mid-century (2041–2060) and far-century (2071–2099). The 
role of LULC in the projected changes in DTR, Tmax, and 
Tmin was also analyzed. The role of Srad, cloud cover, and 
aerosols were also incorporated from other literature sources 
over the same study region. Study area, data, methods, and 
computation of indices are described in “Section 2,” result 
and discussion in “Section 3,” and conclusions are drawn 
in “Section 4.”

2  Material and methods

2.1  Study area

The present study considers India as a whole divided into 14 
different agroclimatic zones based on physiography, crop-
ping patterns, climate, and soil type (Mall et al. 2021). The 
geographical location and topographical characteristics of 
the study area are shown in Fig. 1. An additional zone that 
lies outside (island) of the mainland is not considered in the 
present study. The climate type of India is mainly tropical 
monsoon with large regional variations in terms of rainfall, 
temperature, and vegetation type. There are four distinct sea-
sons in India, winter (January–February: JF), pre-monsoon 
(March–April-May: MAM), monsoon (June-July–August-
September: JJAS), and post-monsoon (October–November-
December: OND) (https:// www. imdpu ne. gov. in/ Weath er/ 
Repor ts/ gloss ary. pdf). A distinct cold spell during winter 
and hot and dry heatwave (referred to as Loo) in summer are 
prominent in the northern part of the country. A persistent 
thick aerosol layer characterizes entire India with a heavy 
aerosol loading found above the Indo-Gangetic Plain (IGP) 
in the northern part of India (Dey and Di Girolamo 2011; 
Kumar et al. 2018; Singh et al. 2021c), which is also the 
most productive region of India (Sonkar et al. 2019). There-
fore, IGP often remains the center of investigation.

2.2  Data

The daily data on Tmax and Tmin for the historical and 
future periods was collected as outputs from six dynami-
cally downscaled climate projections (Table S1). DTR 
was defined as the difference between the daily Tmax and 
daily Tmin. The model datasets comprise five dynami-
cally downscaled projections using a high-resolution RCM 
“Conformal Cubic Atmospheric Model” (CCAM) devel-
oped at Commonwealth Scientific and Industrial Research 
Organization (CSIRO) Australia driven from five different 
GCMs, namely, ACCESS 1.0, CNRM-CM5, MPI-ESM-
LR, NorESM-1 M, and GFDL-CM3. The other RCM, 
i.e., RegCM4 (downscaled using parent GCM “LMDZ,” 

https://www.imdpune.gov.in/Weather/Reports/glossary.pdf
https://www.imdpune.gov.in/Weather/Reports/glossary.pdf
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Giorgi et al. 2012) developed at The Abdus Salam Inter-
national Centre for Theoretical Physics (ICTP), Italy, 
was obtained from the Mahamana Center of Excellence 
in Climate Change Research (DST-MCECCR), Banaras 
Hindu University (Singh et al. 2021d). The simulations 
were obtained at the same grid size (0.50° × 0.50°). LMDZ 
and CCAM ensembled were obtained from the Coordi-
nated Regional Climate Downscaling Experiment-South 
Asia (CORDEX-SA) portal, managed in collaboration 
with the Centre for Climate Change Research (CCCR), 
and Indian Institute of Tropical Meteorology (IITM). 
The observed climate data over 1970–2005 are extracted 
from the India Meteorological Department (IMD) grid-
ded data set (0.50° × 0.50°) for 1154 grids. We focus on 
the annual and seasonal analysis. Models are evaluated by 
comparing their historical simulations with observations 
over the period 1970–2005. Future changes are assessed 
by calculating differences between the historical period 

(1970–2005) and the future (2041–2060 and 2071–2099), 
in two distinct scenarios, namely, RCP4.5 and RCP8.5.

The fractional LULC comprising cropland (gcrop; a 
fraction of each grid cell in cropland), primary land (gothr; 
a fraction of each grid cell in primary land), secondary 
land (gsecd; a fraction of each grid cell in secondary land), 
and urban land (gurbn; a fraction of each grid cell in urban 
land) at 0.50° × 0.50° spatial resolution for the year 2005 
based on HYDE 3.1 and future projections for the year 
2050 and 2090 was obtained from four integrated assess-
ment models (IAMs) and was used for the investigation of 
physical processes underlying DTR changes. These data-
sets are described in detail elsewhere (Hurtt et al. 2006, 
2011).

All regionally averaged statistics are computed over the 
India region defined as the land grid points. Ultimately, all 
models have been taken with equal weights and considered 
in the present analysis for computing ensemble statistics.

Fig. 1  Study site representing fourteen different agroclimatic zones of India
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2.3  Methodology

2.3.1  Bias correction

The outputs from the RCMs are generally biased and are 
rarely used directly. Therefore, it becomes imperative to cor-
rect the RCM outputs so that it adequately represents the 
actual climatic patterns. For this work, we used variance scal-
ing (VS) to correct the biases in the RCM outputs. The details 
of this correction have been discussed in Bhatla et al. (2020). 
The statistical scores like percent bias  (Pbias) and mean abso-
lute error (MAE) were used to show relative bias and error 
estimation  (Pbias, MAE) in the different RCMs computed 
against the IMD datasets for the baseline period 1981–2005 
as follows: ACCESS (− 1.08, 1.49), CCSM (− 2.612, 1.66), 
CNRM (1.083, 1.68), GFDL (1.89, 1.63), MPI (1.76, 1.71). 
The values indicate comparatively less bias in the corrected 
RCM datasets and thus were used in the present analysis.

2.3.2  Trend analysis

In the present study, we used the modified Mann–Kendall 
test (MMK-test) proposed by Hamed and Rao (1998), to 
determine the long-term annual and seasonal trends in the 
temperature (Tmax, Tmin, and DTR) over past and projected 
climates for both the RCPs which accounts for the autocor-
relation in the time series and thus, Kendall’s tau and Sen’s 
slope value are free of autocorrelation and data normaliza-
tion. Kendall’s tau and Sen’s slope were used to detect the 
direction and amplitude of change in trend. The trend values 
at p (significance level) < 0.05 were considered significant.

2.3.3  Spatio‑temporal change in DTR, Tmax, and Tmin 
in future

The change in DTR, Tmax, and Tmin in degree Celsius 
for each agroclimatic zones at annual and seasonal scales 
in the future period (2041–2060 and 2071–2099) for two 
RCPs is calculated by computing the relative change 
in temperature from the historical period (baseline; 
1970–2005) using the formula:

where ΔT  refers to the change in DTR, Tmax, and Tmin; 
T
F
 refers to the temperature in future; and T

H
 refers to the 

temperature in the historical period.

2.3.4  Change in LULC in future

The percentage change in fractional LULC in terms of 
gcrop, gothr, gsecd, and gurbn for each agroclimatic zone 

ΔT = T
F
− T

H

for the year 2050 and 2090 for two RCPs is calculated rela-
tive to the year 2005 using the following formula:

where ΔF
LULC

 refers to the percent change in the fraction of 
LULC in future; F

HLULC
 refers to fractional LULC in the his-

torical year 2005; and F
FLULC

 refers to the fractional LULC 
in the future year 2050 and 2090.

2.3.5  Kernel density estimation (KDE)

Kernel density estimation (KDE) is a non-parametric 
approach to estimating the probability density function. The 
details of this can be found somewhere else (Wahiduzzaman 
and Yeasmin 2020). In this study, KDE is applied to evalu-
ate the performance of different RCMs by comparing the 
distribution of DTR in different RCMs against the observed 
DTR. The KDE also shows the relative change in DTR in 
future in comparison to the past DTR.

3  Results and discussion

3.1  Kernel density estimation (KDE) analysis of DTR 
for different time periods and scenarios

KDEs of daily mean DTR for six model experiments for 
annual and seasons averaged over India are represented in 
Fig. 2. The figure provides an estimation of the temporal 
changes in DTR from historical climate to future as well 
as uncertainty in the model output. From the figure, it is 
very apparent that the model simulation underestimates the 
DTR by 0.08 °C compared to the observed annual basis 
which is contributed by underestimation in Tmax (0.46 °C) 
and Tmin (0.37 °C). Seasonal analysis shows that model 
simulations show agreement with the observed in winter 
and post-monsoon for DTR and Tmax and winter and pre-
monsoon for Tmin, whereas high underestimation was 
observed in pre-monsoon for DTR and Tmax and in post-
monsoon for Tmin. The model response to the increasing 
greenhouse gasses forcing with time is reflected as the 
decrease in the projected DTR under both scenarios for 
each time period. The simulated models show a decrease in 
DTR ranging from 0.27 to 0.31 °C in the RCP4.5 scenario 
to 0.35 to 0.71 °C in the RCP8.5 scenario annually. In 
seasons, the decrease in DTR ranges from 0.07 °C (post-
monsoon) to 0.54  °C (pre-monsoon) in RCP4.5 and 
0.07  °C (post-monsoon) to 1.10  °C (pre-monsoon) in 
RCP8.5 respectively in future compared to the historical 
period. CNRM and MPISM show a comparatively higher 
decline in DTR in future under RCP4.5, whereas NorESM 

ΔF
LULC

= F
HLULC

− F
FLULC
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shows a higher decline in DTR in RCP8.5. GFDL and 
RegCM4 show disagreement with the observed and 
with other models and mostly showed a rise in DTR in 
the future under both scenarios. Annually, most of the 
models show good distribution fit with the observed, but 
in seasons mainly in winter (both RCPs), pre-monsoon 
(mainly NorESM), and post-monsoon (RCP8.5) do not 
complement the observed data. A similar study by Zhuang 
and Zhang (2020), using a multimodel ensemble to analyze 
diurnal asymmetry in future, reported that the Indian 
subcontinent could witness a decrease in DTR up to 0 to 
0.2 °C during 2020–2039 (RCP4.5) and up to 0.4 to 0.6 °C 
during 2080–2099 (RCP8.5) which is mainly attributed to 
increasing Tmin than Tmax.

3.2  Interannual and seasonal variability and trend 
of DTR, Tmax, and Tmin

The interannual and seasonal variability and trend of area-
averaged DTR, Tmax, and Tmin is represented in Fig. 3, S1, 
and S2 and Table S1. Figure 3 helps to assess the uncertainty 
in the model projections, as well as how well the model 
could capture the variability in the observed data for the his-
torical period (1970–2005). The variability is fairly consist-
ent seasonally and annually for different model projections 
except for winter which shows high variability. Different 
model projections seemed to follow declining trends in DTR 
except for RegCM4 and NorESM. RegCM4 has shown a 
consistently increasing trend in DTR while NorESM had 

Fig. 2  KDE of annual and 
seasonal DTR (°C) for observed 
(1970–2005), historical 
(1970–2005), and future peri-
ods: mid-century (2041–2060) 
and far-century (2071–2099) for 
the two RCP scenarios RCP4.5 
and RCP8.5 for different model 
experiments (RCMs)
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shown a consistent declining trend pretty much below the 
mean DTR shown by other models. GFDL on the other hand 
shows very high variability in the winter season (Fig. 3). 
Tmax and Tmin show a fairly consistent positive trend with 
different model projections, except GFDL which shows a 
relatively higher trend and RegCM4 which does not show 
a consistent trend relative to other models (Fig. S1 and 
Fig. S2).

The MMK trend test shows a decreasing trend of 
observed mean annual DTR (1970–2005) (0.001  °C/
year) owing to a significant and higher increase in Tmin 
(0.013 °C/year) than Tmax (0.008 °C/year) (Table S1). 
The observations were supported by the model simulations 
of ACCESS, CNRM, NorESM, and RegCM4 which 
show a similar decline in DTR (0.001 to 0.012 °C/year). 
The decline in model DTR was complimented by the 
significant increase in Tmax (0.008–0.029 °C/year) and 
Tmin (0.018 to 0.026 °C/year) annually. Seasonal analysis 
for the observed period reveals neither DTR nor Tmax or 
Tmin (except in monsoon where Tmin showed a significant 
increase) showed any significant trend. On the other hand, 
the model simulation shows a significant decline in DTR 

in monsoon and post-monsoon by ACCESS and RegCM4 
and in pre-monsoon by CNRM. Tmax and Tmin both show 
a significant increase in all four seasons, with a strong 
increase in Tmin during winter and pre-monsoon and Tmax 
during winter and post-monsoon.

In future, the mean annual DTR shows a decline (0.001 
to 0.020 °C/year) and the rate of decline from mid-century 
to far-century or transition from scenario 4.5 to 8.5 was not 
necessarily high and mostly insignificant (Table S1, Fig. 3). 
The decline in DTR in RCP8.5 is supported by the higher 
(significant) increase in Tmin (max increase of 0.071 °C/
year; GFDL) than Tmax (max increase of 0.060 °C/year; 
GFDL) (Table S1). Among different models, only MPIESM 
shows a significant decline under the far century period in 
RCP8.5. Moreover, models like MPIESM, NorESM, and 
RegCM4 reported inconsistencies in direction of change in 
DTR. However, a unidirectional decline in DTR was reported 
within seasons mostly (significant) in the RCP8.5 scenario, 
with the highest decline in DTR ranging from 0.038 °C/year 
(pre-monsoon, GFDL) in mid-century future of RCP4.5 
to 0.039 °C/year (post-monsoon, ACCESS) in mid-cen-
tury future of RCP8.5 (Table S1). Similarly, the seasonal 

Fig. 3  Annual and seasonal 
variation of the DTR (°C) for 
the entire period of 1970–2099 
for different model experiments 
(RCMs)



Unraveling diurnal asymmetry of surface temperature under warming scenarios in diverse…

1 3

analysis showed a significant increase noted for Tmax and 
Tmin mostly in the RCP8.5 scenario by most of the mod-
els, with the maximum rate of warming for Tmax (0.092 °C/
year; GFDL) and Tmin (0.091 °C/year; ACCESS and GFDL) 
reported in winter and post-monsoon respectively, but the 
rate of increase, in general, was higher for Tmin. The uncer-
tainty in the model projections was also apparent, in which 
almost all the models showed a negative trend in Tmax and 
Tmin in annual and in different seasons but were limited to 
the RCP4.5 scenario and the increase was found to stabilize 
only in the RCP8.5 scenario (Fig. S1 and S2).

Though there lies a paucity of evidence on future changes 
in DTR as most of the literature focus on changes in Tmax 
and Tmin, yet most of the studies ascertain a high rise in 
Tmin than Tmax that eventually will be the reason behind 
declining DTR apart from other factors. Recent evidence of 
changes in DTR in the last several decades over India (Mall 
et al. 2021) emphasized a significant declining trend in DTR 
(− 0.02 °C/decade) post-1991 owing to a relative increase 
in Tmin (0.21 °C/decade, significant) compared to Tmax 
(0.18 °C/decade) with post-monsoon and monsoon months 
syncing with the trend. Similarly, Vinnarasi et al. (2017) 
found a decrease in DTR over different parts of India during 
1981–2010, predominantly due to an increase in Tmin. The 
reason why DTR did not show any significant decline in the 
baseline period 1970–2005 in the present study is probably, 
the evident decline in both Tmax and Tmin occurred only 
after 1991, and thus the overall trend was insignificant. The 
findings of the present study are consistent with the study 
of Sharma and Goyal (2020) who reported that Tmax shows 
high uncertainty under future scenarios and the increasing 
trend stabilized in RCP4.5, but a consistently increasing 
trend was noticed for RCP8.5. Tmin on the other hand 
shows less uncertainty. Zhuang and Zhang (2020), using 
a multimodel ensemble to analyze diurnal asymmetry in 
future, reported that the Indian subcontinent could witness 
a decrease in DTR up to 0 to 0.2 °C during 2020–2039 
(RCP4.5) and up to 0.4 to 0.6 °C in 2080–2099 (RCP8.5) 
mainly attributed to increase in Tmin. Kundu et al. (2017) 
used HADCM3 data (A2 scenario) to report a high rise of 
Tmin in winter and Tmax in the pre-monsoon with the end 
century period predicted to show the highest increment 
(2081–2099) in central India. Dash et al. (2012) indicated 
a rise in the annual mean temperature (Tmean) using 
simulations from RegCM3 between 0.64 °C (2011–2040) 
and 5  °C (2071–2100) relative to 1981–2010. Kumar 
et al. (2021) used 21 CMIP5 GCMs simulations over 24 
major river basins of India for the period 1950–2005 and 
2006–2100 under RCP4.5 and RCP8.5 to show an increase 
in Tmax (pre-monsoon) and Tmin (winter) with the overall 
increasing trend of 0 to 0.50 °C/decade under RCP4.5 and 
mostly, above 0.50 °C/decade under RCP8.5.

3.3  Spatial trend

3.3.1  The annual variation

Figures 4, 5, and S3-S6 display the spatial distributions for 
the changes in zonal averages of DTR, Tmax, and Tmin 
for the future period: 2041–2060 and 2071–2099 relative 
to the historical period 1970–2005 at annual and seasonal 
levels under RCP4.5 and RCP8.5 scenario. The entire 
upper half of India including the northern (most parts of 
WHR, TGPR, UGPR), central (CPHR and parts of WPHR), 
north western (WDR and GPHR), and eastern part of India 
(MGPR, LGPR, EPHR) showed a declining DTR during the 
mid-century and far-century future under RCP4.5 ranging 
from 0.25 to 3 °C in simulations from ACCESS, CNRM, 
MPISM, and NorESM whereas the plateau region (WPHR, 
SPHR, and EPHR), coastal region (ECPHR and WCPGR), 
and Northeast Himalayas (EHR) show an increase in DTR 
varying from 0.5 to 1 °C. The spatial trend, however, also 
showed model uncertainties within the different RCM 
simulations used. Among the six RCMs used, simulations by 
RegCM4 did not act in accordance with the same changing 
pattern in DTR as other models; instead, it showed a 
unanimous increase in DTR over most parts of India (0.5 to 
2 °C) irrespective of the time period and scenario.

In the RCP8.5 that is characterized by a significant 
increase in GHG concentration, a similar pattern of changes 
was observed in the early century period as in RCP4.5; 
however, there is a remarkable decline in DTR evident over 
most of the regions in the far century period except in WHR 
and EHR in most of the model simulations except RegCM4 
(change in DTR by − 0.5 to + 1 in both the time periods; 
RCP8.5). However, the large decline in DTR was still limited 
to the northern and central parts (0.75 to 3 °C) (Fig S4) 
attributed to the higher increase in Tmin. As visible in Fig 
S3 and S4, in the RCP4.5 scenario, mid-century period, the 
increase in Tmax over the northern, central, and western 
regions of India varied from 1 to 1.5  °C, whereas the 
increase in Tmin ranged from 1.5 to 2 °C. In the far century 
period, the difference between the Tmax (0.5 to 2 °C) and 
Tmin (1.25 to 3 °C) increased further. The same trajectory 
was followed in the RCP8.5 with the difference between 
the rise in Tmin to Tmax being 1.5 °C in the mid-century 
to 3.5 °C in the far century period (Fig. S5 and S6). The 
Similar piece of evidence came from Praveen et al. (2016) 
who shows an overall decreasing trend in DTR in future 
over the southern India under RCP8.5. Zhuang and Zhang 
(2020) also reported declining DTR over the Indian region 
(0 to 0.2 °C) in both time periods and scenarios with a higher 
decline in the far century period of RCP8.5 (0.6 to 0.8 °C); 
however, the magnitude of decline was less compared to the 
present study.
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3.3.2  The seasonal variation

The seasonal analysis of DTR did not show any promi-
nent distinguishable change in DTR in any particular sea-
son. Large model uncertainty was found during the win-
ter season in mid-century under both scenarios in which 
MPISM, GFDL, and RegCM4 show an overall increase 
in DTR in RCP4.5 prominently over part of the Hima-
layan region (WHR, EHR) and southern plateau region 
(ECPHR, SPHR, and WCPGR) while ACCESS, CNRM, 
and NorESM show a decline in central (CPHR, WPHR), 
northern (TGPR, UGPR, MGPR), eastern (LGPR and 
EPHR), and western (WDR and GPHR) India (Fig. 4). 
However, during 8.5, the decline in DTR was low than 
RCP4.5 except in NorESM and MPISM. In the far century 
future, the overall decrease in DTR was high, particularly 
in RCP8.5 (Fig. 5). The prominent region of decline is 
mainly concentrated over central India in the far century 
period in both the scenarios up to 3 °C extending to the 
south shown by most of the models except GFDL and 
RegCM4. Pre-monsoon season shows a decline in DTR in 
most of the agroclimatic zones, which is slightly skewed 

towards central, eastern, and southern India and prominent 
during the end of the century varying from 0.5 to 3 °C in 
both scenarios. Most of the models showed a similar pat-
tern of change with some differences in terms of spatial 
coverage and the absolute value of decline in DTR, except 
GFDL (0 to 2 °C, mid-century, RCP4.5) and RegCM4 (0 
to 2 °C, with large variations) which mostly showed an 
increase in DTR. During monsoon, the decline is mainly 
limited to the north, central, and western regions in both 
periods and scenarios ranging from 0.5 to 3  °C, with 
RCP8.5 far century period showing the highest decline. 
MPISM and GFDL show a different pattern of spatial 
decline in comparison to other models, and RegCM4 
shows an overall increase (0 to 1 °C in all scenarios and 0 
to 3 °C in RCP8.5, far century future) in most of the agro-
climatic regions. Likewise, in other seasons, the decline in 
DTR in the post-monsoon season is mainly limited to the 
upper half region of India (0.75 to 2 °C) and the increase 
is mostly noted in part of southern India covering plateau 
and coastal regions. The decline in DTR was unanimous 
in simulations from all the models but the spatial extent 
and magnitude of decline were large in RCP8.5 far century 

Fig. 4  Change in annual and seasonal the DTR (°C) under RCP4.5 mid-century (2041–2060) and far-century (2071–2099) period for different 
model experiments (RCMs)
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future (by 3 °C). However, CNRM and RegCM4 showed 
deviations from other models in midcentury RCP4.5 and 
RCP8.5, respectively.

The seasonal analysis of Tmax and Tmin shows remark-
able warming during winter and cooling in monsoon in 
comparison to other seasons as shown by simulations 
from ACCESS, MPISM, and GFDL, with an increase in 
temperature ranging from 2 to 4 °C in RCP4.5 and up to 
6 °C in RCP8.5 scenario (Fig S3-S6). Moreover, ACCESS 
and GFDL in most of the seasons show intense warming 
over various agroclimatic regions in comparison to other 
models. Other models too showed an increase in Tmax 
(0.5 to 2.5 °C) and Tmin (1.5 to 4.5 °C) with Tmin show-
ing a relatively higher rate of increase. The rise in Tmax 
and Tmin in pre-monsoon season is mostly concentrated 
over northern agroclimatic zones TGPR, UGPR, CPHR, 
WDR, and parts of plateau region (WPHR, and GPHR), 
in all the model simulations except RegCM4. The rise in 
Tmax in pre-monsoon ranged from 1 to 2.5 °C in RCP4.5 
to 1 to 4 °C in RCP8.5 and Tmin from 1.5 to 2.5 °C in 
the mid-century future of RCP4.5 scenario to 3.5 to 6 in 
RCP8.5 (Fig. S3-S6). Interestingly, agroclimatic zones 

covering coastal, plateau, and lower Gangetic regions 
show a decline in Tmax or a very sparse increase while 
the rise in Tmin was comparatively much greater which 
caused a prominent decline in DTR in these regions. Dur-
ing monsoon season, the increase in Tmax was apparent 
in parts of the plateau region (WPHR, SPHR, and EPHR), 
coastal region (ECPHR and WCPGR), and Northeast India 
(EHR) in both periods and scenarios up to 1 to 2 °C while 
most of northern India shows a very slight increase to 
decline in Tmax (− 1 to 1 °C) in all model simulations 
except GFDL and RegCM4. The decline was spatially 
more consistent in the far century period in both scenarios. 
The increase in Tmin on the other hand ranged from 1 to 
1.5 °C in RCP4.5 and 2 to 3.5 °C in RCP8.5. The high rise 
in Tmin in parts of northern and western India caused a 
decline in DTR whereas relative increase in Tmax in some 
parts of the east coast and west coast and SPHR caused a 
rise in DTR. In other parts, the DTR showed unnoticeable 
change. During post-monsoon season, the increase in the 
Tmax was higher over the plateau, coastal, and Himalayan 
region (1.5 to 3 °C) and less over the northern agroclimatic 
region (1 to 2.5 °C) in RCP4.5. In the far century period, 

Fig. 5  Change in annual and seasonal DTR (°C) under RCP8.5 mid-century (2041–2060) and far-century (2071–2099) period for different 
model experiments (RCMs)
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the model simulations do not show any consistent pattern 
altogether but showed an increase mostly ranging from 
0.5 to 3 °C (Fig S3-S6). Tmin, on the other hand, showed 
an increase of 1.5 to 2 °C in the mid-century and 1.5 to 
2.5  °C in the far-century period. GFDL and ACCESS 
showed model uncertainty and reported a large increase 
in mid-century and far-century, respectively. This large 
increase was mostly concentrated in the northern and cen-
tral parts while other regions showed an increase varying 
from 0.5 to 1.5 °C. In the 8.5 scenarios, the Tmax show 
little consistent warming in the range of 2 to 2.5 °C in the 
upper half region of India and 2 to 4 °C in the lower part, 
whereas, in the far century future, the warming inconsist-
ently varied from 1 to 2.5 °C covering most of the agrocli-
matic zones. On the other hand, Tmin showed an increase 
of 3 to 4.5 °C mostly concentrated in the northern part. A 
higher Tmin than Tmax caused a decline in DTR in the 
northern and central parts that further intensified spatially 
in the RCP8.5 scenario, whereas a rise in Tmax greater 
than Tmin led to a rise in DTR in the southern and north 
eastern part.

The results of this study are consistent with the findings 
of previous studies. The multimodel ensemble (MME) 
mean projections over the world show warming in both the 
time periods (2020, 2039) and scenarios (RCP4.5 and 8.5), 
with higher warming, was reported in RCP8.5 far century 
period. The warming was higher in the WHR and Gangetic 
plain region, with Tmin slightly higher than Tmax in the 
far century period. The DTR showed a slight decrease in 
all two scenarios and periods with a higher decrease in 
WDR (Zhuang and Zhang 2020). A similar piece of evi-
dence is reported in the study over the Teesta River basin 
in Eastern Himalayas (EHR) that used four different GCMs 
and two RCP scenarios (RCP4.5 and RCP8.5) that show 
an increase in the Tmax and Tmin both but a high increase 
in Tmax that leads to increase in DTR in the region in the 
RCP4.5 scenario. The Tmin climatology shows a higher 
rate of increase over high altitude regions by Dimri et al. 
(2018). Similar evidence of warming particularly during 
winter time is also reported over the Koshi river basin 
using CMIP5 GCM analysis (Rajbhandari et al. 2016); 
over the Indus river basin using PRECIS (Rajbhandari 
et al. 2015); over the Hindukush-Himalaya-Karakoram 
region (Wiltshire 2014) and Hindukush Himalayas (San-
jay et al. 2017). However, in these studies, the increase 
in Tmax and Tmin shows the same rate of increase in 
the 8.5 scenarios, thus no substantial change in DTR was 
observed, unlike our study shows an increase in DTR over 
EHR in both scenarios (Sharma and Goyal 2020). Dash 
et al. (2012) further reported an increase in the annual 
mean surface temperature by about 0.64 °C in the coming 
30 years from 2011 to 2040 and by 5.15 °C at the end of 
the century (2071–2100).

3.4  Fractional change in LULC in future

In this study, the change in the fraction of four important 
land use states has been calculated to better understand the 
physical reasons for the changes in Tmax, Tmin, and DTR in 
future. Figure 6 shows that spatially aggregated magnitudes 
of key land use states are generally quite similar for the mid 
(2050) and far-century periods (2090) except for gcrop. A 
remarkable increase in gcrop fraction was observed up to 
50% and in some grids up to 97% in parts of EHR, WHR, 
UGPR, MGPR, LGPR, and WCPGR in 2090 with a slight 
decline of 7% in most parts of 2050 in RCP4.5. In the 8.5 
scenarios, gcrop mostly showed mix pattern with a promi-
nent increase limited to the northern part (up to 20%). An 
overall increase in the fraction was noted for gothr in both 
scenarios, but a decline was evident from RCP4.5 to 8.5 in 
TGPR, WDR, GPHR, and parts of CPHR and WPHR up to 
40% (Fig. 6). In past too there have been instances in which 
some parts of India were able to achieve a land use transi-
tion in a manner such that there was an increase in agricul-
tural production and forest cover simultaneously (Lambin 
and Meyfroidt 2011). Importantly, gsecd on the other hand 
mostly showed a decrease varying from 0 to 40%, with some 
grids in HER, WDR, CPHR, WPHR, and EPHR showing a 
decline up to 40 to 55% and the decline further increased to 
25 to 75% in RCP8.5 in comparison to 2005. However, the 
entire northern states covering agroclimatic zones WHR, 
EHR, TGPR, UGPR, MGPR, LGPR, and WCPGR shows an 
increase varying from 0 to 2% in RCP4.5 and up to 32% in 
RCP8.5. The fraction of urban land did not change much in 
the RCP4.5 scenario when compared to 2005 with very few 
grids in the Gangetic plain showing a slight decline. In the 
8.5 scenarios, the urban land decline is prominent in parts 
of the TGPR, LGPR, and southern part of SPHR, WCPGR, 
and ECPHR.

The increased fraction of gcrop, decreasing gothr from 
RCP4.5 to 8.5 and decreasing gsecd in regions of northern, 
central, and western India, could roughly explain the reason 
for a unanimous decline in DTR in most of the agroclimatic 
regions in the northern part and an increase in DTR in the 
eastern and southern plateau region and coastal regions. 
The additional agricultural land use could reduce carbon 
storage and reduce forest habitat for biodiversity and have 
other negative impacts on ecosystem services (Sala et al. 
2000), which is partially offset by an increase in primary 
land (Pereira et al. 2010; Hurtt et al. 2011). In general, 
the LULC significantly controls the DTR change through 
the changes in canopy evaporation and transpiration (Hua 
et al. 2013). The land-use changes may bring changes in 
the surface albedo, surface aerodynamic roughness, and 
terrestrial carbon balance, with further repercussions on 
regional-global atmospheric general circulation, weather, 
hydrology, and climate (Pielke et al. 2002; Piao et al. 2007; 
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Pitman et al. 2009; Shevliakova et al. 2009; Pongratz et al. 
2010; Hurtt et al. 2011). In a separate study, different RCPs 
project large increases in wood harvest and resulting sec-
ondary lands up to 35–75% and between 6.0 and 13.27% 
across the years 2015 to 2100, and most of the increase is 
suspected on potentially forested land causing reductions in 
primary land by 2100 (Hurtt et al. 2011, 2020). However, 
the parts in northern agroclimatic zones that show a rise 
in cropland and a decline in secondary land clearly indi-
cate the rising human disturbances by either the conversion 
of secondary land to cropland or being utilized for other 
anthropogenic activities. Thus, while secondary land may 
actually increase under some scenarios, remaining second-
ary land may be more impacted overall. Thus, secondary 
land might play an important role in Earth system dynam-
ics in the future. The approach to providing annual global 
gridded land-use transitions data from past to future relies 

on a combination of multiple model inputs and other model 
factors that could be considered uncertain and would need 
consistent improvements. Further, urbanization can produce 
remarkable impacts on DTR (Kalnay and Cai 2003; Zhou 
et al. 2004; Hua et al. 2013).

Apart from LULC the Gangetic plain that showed a con-
sistent decrease in DTR in the present and future is often a 
center of investigation due to the persistence thick aerosol 
layer over it (IGP; Kumar et al. 2018) which was reported 
to exceed aerosol optical depth (AOD) > 0.8 during post-
monsoon (Singh et al. 2018) and winter seasons (Kumar 
et al. 2018). The high AOD over IGP has been indirectly 
linked to high cloud cover and solar dimming causing a rise 
in Tmin (Hu et al. 2017; Soni et al. 2012). Srad displayed a 
gradual increase varying from 0.013 to 0.027 MJ  m−2  day−1 
in different regions of India but the northern Himalayan 
region (0.047 MJ   m−2   day−1) and Gangetic plain region 

Fig. 6  Percentage (%) fractional 
change in each grid cell under 
RCP4.5 and RCP8.5 for gcrop 
(cropland), gothr (primary 
land), gsecd (secondary land), 
and gurbn (urban land) over 
the different agroclimatic zones 
of India for the year 2050 and 
2090
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(0.028 MJ  m−2  day−1) showed a declining trend. Even the 
increase in Srad was not consistent as it decreased signifi-
cantly over different regions consistently from 2006 (0.447 
to 0.090 MJ  m−2  day−1). Further, recent evidence shows 
0.5–4% radiation dimming by 2030–2059 with uncertainties 
as high as 10% (relative to 1971–2000), in sync with rising 
aerosol and water vapor dimming (Ruosteenoja et al. 2019) 
with the largest reduction is anticipated for northern India. 
Nevertheless, further studies concerning the mechanisms of 
changes in DTR are still needed.

The study has its strengths and limitations. The study 
presents impressive information about the change in DTR, 
Tmax, and Tmin in the two different time periods in the 
future in two possible emission scenarios taking into con-
sideration the uncertainties associated with different climate 
models at a finer regional scale of fourteen agroclimatic 
zones of India. The study employed RCMs over GCMs that 
can provide better regional information. The study also took 
into consideration the possible changes in LULC in the con-
temporary period that could strongly influence the DTR in a 
region. As India is characterized by a diverse climatic zone, 
any generalization without accounting for regional variances 
would be inadequate and inefficient. This issue has been 
recognized in the present study and quantified. However, 
the results are limited by several uncertainties. The first one 
is the uncertainty in the model projections at both the tem-
poral and spatial scales. Like, RegCM4 and NorESM do not 
show good agreement with the other models in simulating 
mean DTR, whereas GFDL and RegCM4 do not show fairly 
consistent trends for Tmax and Tmin. The DTR is strongly 
affected by changes in incoming radiation, cloud cover, and 
aerosol loading, which was not analyzed in the present study 
that may influence the conclusion of the present study.

4  Conclusions

Our results indicate a decrease in DTR in the future climate 
but the rate of decline was not necessarily higher in high-
emission scenarios. On contrary, Tmax and Tmin displayed 
a significant increase both in past and future, particularly in 
the high-emission scenario (RCP8.5), with Tmin showing a 
relatively higher increase than Tmax. The seasonal analysis 
reported no significant change in observed DTR, Tmax, and 
Tmin; however, for the same period, models did show a sig-
nificant increase in Tmax and Tmin in all four seasons, with 
a strong increase in Tmin during winter and pre-monsoon 
and Tmax during winter and post-monsoon. Moreover, DTR 
displayed a significant decline in different seasons in future 
particularly in pre-monsoon and post-monsoon, while Tmax 
and Tmin reported a maximum decline in winter and post-
monsoon, respectively.

The spatio-temporal analysis revealed that the upper half 
of India including the northern (most parts of WHR, TGPR, 
UGPR), central (CPHR and parts of WPHR), north western 
(WDR and GPHR), and eastern part of India (MGPR, LGPR, 
EPHR) showed a declining trend in DTR that is more promi-
nent in high-emission scenario owing to a high rise in Tmin 
over Tmax. Contrarily, the plateau region (WPHR, SPHR, and 
EPHR), coastal region (ECPHR and WCPGR), and Northeast 
India (EHR) showed an increase in DTR. A large uncertainty 
exists about the change in DTR within the seasons such as the 
midcentury period of both RCPs shows a hotspot of declining 
DTR centered in northwestern and central India, while the 
hotspots shifted towards northeastern, central, and southern 
India in the far century future in winter and pre-monsoon.

The increasing gcrop, and decreasing gothr and gsecd from 
RCP4.5 to 8.5 in regions of central and western India, could 
roughly explain the reason for a unanimous decline in DTR in 
most of the agroclimatic regions in the northern part and the 
increase in DTR in the eastern and southern plateau region and 
coastal regions. This explains that increased LULC and land 
deterioration is an unsustainable practice and will possibly give 
rise to undesirable consequences such as climate change. The 
decline in DTR could interfere with the human circadian cycle, 
causing adverse health impacts, and could also interfere with 
the crop cycle, causing a loss in quality and quantity of crop 
yield. DTR could also influence the activity of nocturnal ani-
mals and thus might affect biodiversity as a whole.

The study attempts to provide evidence of change in DTR 
and other important factors at a regional scale in India using 
multimodel ensembling that can be utilized by stakehold-
ers and policymakers to develop climate change adaptation 
strategies to deal with its possible implications on different 
sectors such as water resource management, agricultural, 
and health planning.
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