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ABSTRACT: Land surface air temperature in Asia has been increasing significantly since the
1950s. However, current understanding of Asian warming since 1901 in terms of observations and
simulations is still poor. Based on a newly developed observation dataset with 2658 stations and
Coupled Model Intercomparison Project Phase 5/6 (CMIP5/6) output data, we analyze changes
in mean (Tpean), maximum (Ty,,), and minimum (7T,;,) temperature, and diurnal temperature
range (DTR) over Asia during 1901-2100. Annual mean land surface air temperature over Asia
increased significantly, and Tecan, Tmaxe @nd Ty, increased by 1.81, 1.47, and 2.15°C during
1901-2020, respectively. The T, warming rate is about 1.5x that of T}, resulting in a decline of
Asian DTR by 0.68°C since 1901. We also found that Asia has experienced more substantial warm-
ing than the global case and the Northern Hemisphere, and the decline in DTR is more substantial
in Asia. Spatially, Asia exhibits a general warming trend with a gradual increase in spatial warm-
ing from low to high latitudes, and the effect of high-latitude warming has gradually strengthened
since the 2000s. Seasonally, Asian warming in the cold season is stronger than in the warm sea-
son. Furthermore, CMIP5/6 can capture the Asian warming in the historical period 1901-2020.
However, it underestimated T,,;, and overestimated T,.y, contributing to their poor performance
in simulating the historical change of DTR. Under Shared Socioeconomic Pathway (SSP) 2-4.5,
Asian Tyean Tmax and Ty, are projected to increase by 3.5, 3.4, and 3.7°C century™! during
2021-2100, respectively. The Asian warming rate under SSP5-8.5 is about 2x that of SSP2-4.5.
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1. INTRODUCTION

The Asian continent spans multiple climatic zones,
from the equator to the Arctic, resulting in various
and complex climate conditions. As home to the
largest land area on Earth and in the Northern Hemi-
sphere, Asia experiences more substantial warming
rates than the global average (Sun et al. 2017, Xu et
al. 2018), and is projected to continue to warm in the
future (IPCC 2021). Asian warming has resulted in a
drastic change in Asian glaciers, water resources
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(Alcamo et al. 2007, Piao et al. 2010, Sorg et al. 2012),
food security (Saseendran et al. 2000, Piao et al.
2010), and human health (Dhiman et al. 2010). Given
the impact of Asian warming on these various
aspects over the last century, it is crucial to investi-
gate the spatial and temporal changes in Asian
warming since 1901.

Observations show that Asian warming during the
last century, particularly after the 1950s, was more
substantial than global and other continental warm-
ing (Xu et al. 2018, H. M. Zhang et al. 2020, P. F.
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Zhang et al. 2021). Asian warming in the 20th cen-
tury has also been confirmed by robust observational
evidence at regional scales. However, the degree of
warming varied significantly across the continent,
with distinct seasonal changes and phasic processes.

Some studies have reported more substantial sur-
face warming in East Asia than in the Northern
Hemisphere and globally. Multiple observational
data show that the mean temperature (Tiean) in
China has experienced a warming rate of approxi-
mately 0.08-0.10°C decade™ from the 1900s to the
2000s (Tang & Ren 2005, Li et al. 2010, Cao et al.
2013). Moreover, China has experienced 2 rapid
warming periods: one from 1901 to the 1940s and the
other after the 1980s (Ding & Dai 1994, Ding et al.
2007, Yan et al. 2020). Similar T,.., changes have
also been detected in Japan, South Korea, and the
Democratic People’s Republic of Korea (Jung et al.
2002, Yue & Hashino 2003, Om et al. 2019). In South
Asia, previous studies found that the warming in the
20th century differed in monsoon and post-monsoon
seasons. In India, Dash et al. (2007) indicate that
Tean increased by 1 and 1.1°C during winter and
post-monsoon months in the 20th century, respec-
tively. In Central Asia, observational data from the
Goddard Institute for Space Studies (GISS) showed
that Tpean increased by 0.073°C decade™! from 1880
to 2011. In addition, there was a transition from warm
and dry to warm and wet around the 1970s (Shi et al.
2007). Chen et al. (2011) found that the warming
rates of Tican in these arid regions are higher than in
humid regions, especially in winter. According to
observations in the Arctic region, the most significant
Arctic warming in the past 400 yr has occurred dur-
ing the 20th century (Overpeck et al. 1997), and the
Arctic's strong warming can even influence global
warming trends, especially in winter (Dai et al. 2019).
Other high-latitude regions in Asia also experienced
strong warming throughout the 20th century (Grois-
man et al. 2013, Kumar et al. 2014), and Russia's
warming even reached 0.39°C decade™ during the
period 1972-2006 (Meleshko et al. 2008).

In addition to observations, previous studies have
evaluated and projected Asian warming in global
coupled models. Fan et al. (2020) indicated that Cou-
pled Model Intercomparison Project (CMIP) Phase 6
(CMIP6) models could capture the interdecadal
changes in T, since the early 20th century on a
global scale. According to some previous studies
(Jiang et al. 2020, Zhu & Yang 2020, You et al. 2021),
lower warming rates and poor interdecadal simula-
tion still exist in CMIP6's simulation of T;,.,, in China
since the 1950s, although the climatology simulation

performance of the CMIP6 models has been
improved from CMIP Phase 5 (CMIPS5). Under differ-
ent emission scenarios within CMIP6, Asian Ty can
projections show more substantial warming at high
latitudes and weaker warming in the tropics and the
southern part of the Northern Hemisphere (Fan et al.
2020). In China, Tyean is projected to increase by
1.08, 2.97, and 5.62°C, respectively, under Shared
Socioeconomic Pathways (SSPs) SSP1-2.6, SSP2-4.5,
and SSP5-8.5in 2081-2100 relative to the current cli-
mate period (You et al. 2021). In South Asia, Tean iS
projected to increase by 1.2, 2.1, and 4.3°C under
SSP1-2.6, SSP2-4.5, and SSP5-8.5 by the end of the
21st century, respectively.

Overall, in recent years, there have been some
studies on the warming of Asia since the 1950s, but
more of them have focused on specific regions or
countries. This has resulted in a poor understanding
of Asian warming since 1901, especially regarding
historical and future changes in Ty, maximum
temperature (Ty,.x), minimum temperature (Ty,;,), and
diurnal temperature range (DTR) across Asia. For
this study, we reanalyzed the spatiotemporal
changes in annual and seasonal T ean: Tmaxr Tmin @and
DTR in Asia since 1901 using the C-LSAT dataset
developed by the China Meteorological Administra-
tion. We compared them with results from the Cli-
matic Research Unit (CRU) dataset. Additionally,
based on CMIP5/6 model output data, we evaluate
the performance of the models for Asian warming
and project the temperature changes under different
SSP scenarios.

2. DATA AND METHODS
2.1. Observational data

Observed Teans Tmaxe @and Ty, used in this study
during 1901-2020 are from the C-LSAT v.1.1 dataset
(Sun et al. 2017, Xu et al. 2018) developed by the
China Meteorological Administration (CMA), National
Meteorological Information Center (http://data.cma.
cn/). As described in Sun et al. (2017) and Xu et al.
(2014): 'The original data sources of CMA-LSAT data
include 3 global datasets (Global Historical Climato-
logy Network-V3 dataset (GHCN-V3), Climatic Re-
search Unit Temperature 4.0 dataset (CRUTEMA4.0),
and Berkeley Earth Surface Temperature dataset
(BEST)); 2 regional datasets (European Climate As-
sessment & Dataset (ECA&D), and Historical Ins-
trumental Climatological Surface time series of the
greater Alpine region database (HISTALP)); and 8
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national datasets (China, USA, Russia, Canada, Aus-
tralia, Korea, Japan, Vietnam).

Further, the C-LSAT integrated dataset was car-
ried out for quality control and the homogenization
process. Quality control mainly refers to the methods
used in the GHCN dataset (Menne et al. 2009, Law-
rimore et al. 2011). The RHtest-V3 system developed
by Wang (2008a,b) is mainly used for the non-
homogenized station test. For a more specific intro-
duction to the C-LSAT dataset, please refer to Sun et
al. (2017) and Xu et al. (2018).

Sun et al. (2017) have compared the advantages of
the C-LSAT and other station datasets. The dataset's
station advantages in Asia are primarily concentrated
in the surrounding areas of China and high latitudes,
with the addition of several unique stations. For ex-

ample, the dataset includes a collection of 24 stations
in China that have a record length of >100 yr.

The study area is Asia, as defined by the World
Meteorological Organization (WMO), shown in
Fig. 1a as the blue area. We minimized data uncer-
tainties by adopting specific station-selection crite-
ria, which required that stations:

¢ Have a record length of >40 yr in the study period
(1901-2020) and an observational record of 215 yr in
the climate base period (1961-1990).

® Possess >9 mo of observation records per year to
be considered valid.

e When estimating the trend from 2001 to 2020,
the station selected must conform to the above-
mentioned criteria, and it is not required to have a
record length >10 yr from 2001 to 2020.
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Fig. 1. (a) Observation stations in Asia (to the right of the graph: number of stations at different latitudes). (b) Changes in the
number of stations at different latitudes from 1901 to 2020 (inset: only those at >60° N)
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The study assessed 2658 stations across Asia that
met the selection criteria (shown in Fig. 1a as purple
dots and green squares). Stations located >60° N lat-
itude and those in West Asia have poor spatial cover-
age compared to other areas in Asia, and high spatial
coverage is mainly concentrated in China, Japan,
and South Korea. Before the 1950s, the number
of stations increased from 250 to >1000. Since the
1960s, the number of stations has remained >2000
consistently, as shown in Fig. 1b.

Fig. 1a shows 251 stations with records exceed-
ing 100 yr. Stations with >100 yr of records are
mainly distributed in Central and South Asia. In

Table 1. The CMIP5 and CMIP6 models used in this study.
Null values: no simulated data. MIP: Model Intercomparison

Project
Model no. Model name Historical Scenario MIP
CMIP6
1 ACCESS-CM2 v v
2 ACCESS-ESM1-5 v v
3 AWI-ESM-1-1-LR v
4 BCC-CSM2-MR v v
5 BCC-ESM1 v
6 CanESM5 v v
7 CMCC-ESM2 v v
8 EC-Earth3 v v
9 EC-Earth3-AerChem v
10 EC-Earth3-CC v v
11 EC-Earth3-Veg v v
12 EC-Earth3-Veg-LR v
13 FGOALS-g3 v v
14 FIO-ESM-2-0 v v
15 GISS-E2-1-G v
16 GISS-E2-1-H v
17 INM-CM4-8 v v
18 INM-CM5-0 v v
19 IPSL-CM6A-LR v v
20 MPI-ESM-1-2-HAM v
21 MPI-ESM1-2-HR v v
22 MPI-ESM1-2-LR v v
23 MRI-ESM2-0 v v
Total 23 16
CMIP5
1 ACCESS1-3 v v
2 CSIRO-Mk3-6-0 v v
3 GFDL-CM3 v v
4 GFDL-ESM2M v v
5 GISS-E2-H v v
6 GISS-E2-R v v
7 HadGEM2-ES v v
8 MIROC-ESM v v
9 MIROC-ESM-CHEM v v
10 MRI-CGCM3 v v
11 NorESM1-M v v
Total 11 11

East Asia, most of the stations that meet this crite-
rion can be found in eastern China, Japan, South
Korea, and southeastern Russia. Conversely, West
Asia and high latitudes have fewer stations with
such long records.

In addition, to compare C-LSAT against the most
widely used existing dataset in representing Asian
and sub-regional warming, we also used Ty, Tins
and DTR data from the high-resolution CRU TS4.0.4
version dataset, with a spatial data resolution of
0.5° x 0.5° (Harris et al. 2020). Based on C-LSAT and
CRU datasets, we compared the warming in Asia
and its 5 sub-regions: East Asia (0-60°N, 90-180°E),
Central Asia (35-60° N, 60-90° E), West Asia (0-60° N,
35-60°E), South Asia (0-35°N, 60-90°E), and the
High Latitudes (60-90° N, 35-180° E). The sub-regions
are defined as shown in Fig. la.

2.2. CMIP5/6 output data

Model simulations of historical T,.x and Ty,
data are obtained from 11 models in CMIP5 and
23 models in CMIP6 (Table 1), covering the period
1901-2020. The data used by CMIP5 (CMIP6) for
2006-2020 (2015-2020) is based on SSP2-4.5. Pro-
jected Ty.x and T, data are obtained from 16
models in CMIP6 under SSP2-4.5 and SSP5-8.5,
covering the period 2021-2100 (Table 1). The spa-
tial resolution of the models varies from 0.5° to
2.5°, and therefore for consistency, all simulations
are regridded to the resolution 5° x 5° to match
the observations using the bilinear interpolation
method.

2.3. Methods

The method for constructing an Asian anomaly
time series was as follows. The construction of the
time series refers to the area-weighted average
method of Jones (1994). First, all stations were
divided into a 5 x 5° latitude and longitude grid box
(274 in total of 5 x 5° latitude and longitude grid
boxes in Asia), with each grid having >1 station;
then, the anomaly of each grid box value was calcu-
lated, and the latitude cosine of the grid center point
was used as the weighting coefficient of the area-
weighted average, and finally the regional time
series was obtained. The Theil-Sen trend estimation
method was used to estimate the trend (Sen 1968),
and the Mann-Kendall test to test the trend signifi-
cance level (p < 0.095).
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3. OBSERVED ASIAN WARMING
3.1. Asian warming during 1901-2020

From 1901 to 2020, Tpeanr Tmaxr @nd Ty, in Asia
demonstrated an upward trend (Fig. 2a). Since 1901,
the warming of Tieans Tmax and T, in Asia can be
divided into 3 phases: an early warming period
before the 1940s; a period of insignificant change
from the 1950s to 1970s; and a rapid warming period
after the 1970s. Moreover, Asia also experienced a
warming slowdown from the late 1990s to 2014.
Additionally, the 10 hottest years for T, and Ty,
since 1901 occurred after 2000, with 2020 ranking as
the hottest year.

From 1901 to 2020, Asia's Tyax and Tp,;n show dif-
ferent warming rates, with T,,,, increasing by 1.47°C
and Ty, increasing by 2.15°C. These long-term
asymmetric changes reduced DTR by 0.68°C during
1901-2020. Before the 1950s, T,,.x Showed more sub-
stantial warming than Ty, and after the 1950s, T,
showed more substantial warming than T;,.,, which
led to a trend reversal of DTR from increasing to

N

decreasing around the 1950s (Fig. 2b). This DTR
trend reversal phenomenon was also reported glob-
ally and for the Northern Hemisphere (Thorne et al.
2016, X. B. Sun et al. 2019).

Fig. 3 illustrates the spatial patterns of the warm-
ing trends across Asia. Tyean: Tmax and Ty, in Asia
consistently show a gradual increase in spatial
warming from low to high latitudes, with an overall
warming trend observed from 1901 to 2020. From
1961 to 2020, the spatial non-uniformity of Asian
warming increased, and the warming became
stronger at high latitudes, where T;, warming is
more substantial than T,,.,. From 2001 to 2020, the
spatial non-uniformity of Asian warming increases
further, and the middle and low latitudes do not
show more substantial warming than other periods,
while the warming at high latitudes almost domi-
nates the Asian warming in this period. Addition-
ally, the long-term trends since 1901 and since 1961
reveal a broad decline in DTR, while the decline in
DTR after 2001 was concentrated mainly in East
Asia, with other Asian regions showing non-uniform
changes.
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Fig. 3. Spatial distribution of the observed (a—c) Theans (A—f) Thaxs (G—1) Timin, @and (j—1) DTR trend over Asia in different periods
(1901-2020, 1961-2020, and 2001-2020). Abbreviations as in Fig. 2

To further our understanding of Asian warming,
we examined seasonal warming trends across Asia.
Fig. 4 presents the seasonal trends in Tyean Tmax
Tinin, and DTR from 1901 to 2020. Warming rates of
Tiean in Asia during the cold seasons (spring and
winter) are higher than those in the warm seasons
(summer and autumn), and summer displayed the
lowest warming rate of all seasons. Ty, and Ty, dis-
played non-symmetrical changes across seasons,
contributing to the substantial DTR changes. The
seasonal changes in DTR represent a more marked
negative trend that occurs in the cold season
(autumn and winter), especially in winter, as illus-
trated in Fig. 4d. During 1961-2020, Asian DTR
shows a significant decreasing trend in the autumn
and winter.

3.2. Asian warming at different latitudes

Furthermore, we investigated the differences be-
tween warming trends at different latitudes during
different periods (Fig. 5). The warming of Ty, is
greater than Tj,.x in the middle and high latitudes
(>30°N). However, at low latitudes, the warming
rate of T, is greater than that of T, contributing
to the long-term increase of DTR in these areas.
However, this increase in DTR at lower latitudes is
not statistically significant. Moreover, T,.x and
Tnin at different latitudes exhibited asymmetric
changes in different periods. Since 1901, DTR has
shown a statistically significant decline at mid to
high latitudes, with the most notable being high-
latitude decline. Therefore, the decline of DTR at
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mid and high latitudes has been identified as the
primary driving factor for the overall DTR decline
across Asia.

Additionally, the substantial high-latitude warm-
ing became more evident after 1961, and after 2001,
this high-latitude warming became more significant.
The series in Fig. 6 shows the contribution of high-
latitude warming to the overall warming in Asia (dif-
ference between the entire Asian series and the mid-

low latitude series) for Theans Tmaxr Imins @nd DTR.
The contribution of high-latitude warming gradually
strengthened over time and had an increasingly sub-
stantial impact on Asian warming since the 2000s.
After 2001, Asia's high-latitude warming trends are
3-4x more than those in middle and low latitudes
(Fig. 3). Despite this, there is no significant change in
the effect of high latitudes on the long-term DTR
variation.
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3.3. Comparison of different data representations
of warming in sub-regions of Asia

Fig. 7 compares the C-LSAT and CRU time series
for Asian warming and the decadal means of the
difference between the 2 series. It was found that
the Asian warming represented by the C-LSAT and
CRU series is generally consistent. The CRU series

Tmean Tmax
1 1 i 2 1 1 1 1 1

anomaly value is higher than the C-LSAT value
before the 1960s; however, the difference between
the 2 series gradually decreased after the 1960s.
There is, however, a noticeable difference in the
Twin Tepresented by the 2 series in the early 20th
century, which led to the CRU series representing
much lower DTR values than the C-LSAT series
before the 1960s.
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Fig. 7. Asian warming series based on C-LSAT and CRU data (upper row of graphs) for Tieans Tmaxr ITmin: @nd DTR, and the
decadal means of the difference between the 2 types of series (lower row of graphs). Abbreviations as in Fig. 2
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Fig. 8. As in Fig. 7 but for East Asia (upper rows), South Asia (middle rows), and Central Asia (lower rows)

Fig. 8 compares East, South, and Central Asia, sim-
ilar to Fig. 7. In East Asia, the difference between
CRU and C-LSAT was relatively small throughout
the entire study period, and temperature changes
showed a similar pattern to the warming of the entire
Asian continent, with significant 3-stage changes. In
contrast, the differences between CRU and C-LSAT
in Central and South Asia are relatively large before
the 1960s, especially in Ty,;,. In addition, both series
indicate no rapid warming period similar to Asia
before the 1940s in Central and South Asia. Still, the
most recent rapid warming period began in the
1960s, significantly earlier than in Asia.

Fig. 8 also reveals that both East and South Asian
DTRs represented by CRU and C-LSAT both show
a decreasing trend, and the DTR decline repre-
sented by C-LSAT is more substantial due to the
lower T, value of C-LSAT compared to CRU
before the 1950s. In South Asia, the trend for DTR
represented by CRU and C-LSAT both show
insignificant changes, although there is a significant
interannual variability difference between the 2
series. Overall, the warming characteristics repre-
sented by C-LSAT and CRU are similar in Asia and
its sub-regions, but CRU exhibits weaker warming
than C-LSAT.




76

Clim Res 91: 67-82, 2023

4. ASIAN WARMING IN CMIP5/6 MODELS

Fig. 9a—d displays the observed and simulated time
series of Theanr Tmaxr Iminy @nd DTR. Overall, the
CMIP5/6 multi-model ensemble (MME) can capture
Asian warming from 1901 to 2020 (Fig. 9a—c); how-
ever, these models cannot simulate DTR interdecadal
variability. Fig. 9e indicates that the trends simulated
by the CMIP5/6 models for Ty ean, Tmax: @nd Ty, are
similar to the observed trends from 1901-2020 and

the 1961-2020 period. The trends in the CMIP6 sim-
ulations for these parameters are larger than those in
CMIP5. The DTR decline simulated by CMIP5/6
models is smaller than the observations, but CMIP6
is closer to the observations.

Based on the output data of the new-generation
CMIP6 models, we also project future Asian warm-
ing. Fig. 10 illustrates Tiyeans Tmaxr Imin, @nd DTR pro-
jected in CMIP6 models under SSP2-4.5 and SSP5-
8.5, and the trends from 2021 to 2100. Tyeans Tmax:
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Fig. 9. Observed and CMIP5/6 simulated time series of historical (&) Tieans (D) Tmaxr (€) Tmin, @nd (d) DTR (anomalies relative

to 1961-1990), and (e) warming trends for historical and future periods. Error bars in (a—d) on CMIP5/6 MME curves: +1 SD;

in (e): £1 SE. Observation refers to observations from 1901 to 2020. Historical refers to the historical experiments in 11 (23)
CMIP5 (CMIP6) models. MME: multi-model ensemble. Other abbreviations as in Fig. 2
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years when GW 1.5 and 2°C, respectively, are reached under SSP5-8.5 and SSP2-4.5 scenarios. The table at the bottom rep-

resents the periods when global warming reaches 1.5 and 2°C under SSP2-4.5 and SSP5-8.5 scenarios, as well as the changes
in various climate factors under the GW 1.5°C/2°C backgrounds.OBS: observation. Other abbreviations as in Fig. 2

and T, is projected to continue to increase in Asia.
Under the SSP2-4.5 scenario, Asia's Teans Tmaxs @nd
Tmin Warming rates are 3.5, 3.4, and 3.7°C century’l,
respectively. The warming rate under the SSP5-8.5
scenario is about twice that of the SSP2-4.5 scenario
or about 5-7x that of historical warming, implying
unprecedented warming in Asia if SSP5-8.5 occurs.
In the future, the projected warming rate of Ty, in
Asia is still higher than that of T, resulting in a
continuous decline in DTR. Under the SSP5-8.5
scenario, the Asian DTR (-0.6°C century~!) will con-
tinue to decline at a rate similar to the observed his-
torical DTR decline. Under global warming of 1.5°C
(2°C), Tmean: Tmax and T, in Asia will increase by
1.87-1.99°C (2.62-3.01°C), 1.99-2.12°C (2.47-2.84°C),

1.99-2.12°C (2.77-3.18°C), respectively, compared
with 1961-1990. This implies that the future warm-
ing in Asia will be much higher than the global level.
The above results are similar to the conclusion
reported by You et al. (2022) and Sun et al. (2019).

We also explored the warming rate in Asia at dif-
ferent latitudes. Table 2 lists projected Tieans Tmax:
Thin, @and DTR trends at different latitudes. The grad-
ual increase in warming from low to high latitudes in
Asia is projected to continue. The projected future
warming rates at high latitudes are about 2x those at
low latitudes. Overall, the CMIP6 models simulate
accelerated warming mainly over high latitudes,
suggesting that high-latitude regions are still partic-
ularly sensitive to future climate warming.
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Table 2. Observed and projected mean (Tjeqn), Mmaximum
(Thax), @and minimum (Ty,;,) temperature, and diurnal tem-
perature range (DTR) trends in Asia at different latitudes.
The future projected trend is the multiple models mean in
CMIP6. Underlined font: trend not significant

Trend (°C century™?)
Obser- CMIP6 SSP SSP
vation simulation 2-4.5 5-8.5
(1901-2020) (1901-2020) (2021-2100) (2021-2100)

0-30°N
Trnean 0.62 0.88 2.38 5.67
Trnax 0.82 0.76 2.32 5.44
Trin 0.42 1.00 2.43 5.89
DTR 0.39 -0.24 -0.11 -0.44
30-60°N
Trnean 1.76 1.47 3.43 8.01
Trnax 1.35 1.32 3.32 7.71
Trin 2.18 1.62 3.55 8.32
DTR -0.82 -0.30 -0.22 -0.61
60-90°N
Tnean 1.95 2.27 4,99 10.95
Trnax 1.78 2.11 4,77 10.41
Thin 2.75 2.44 5.21 11.49
DTR -0.97 -0.33 -0.43 -1.08

5. DISCUSSION
5.1. Asian warming and its uncertainties

Based on observational data from the C-LSAT
dataset, we analyzed the changes in the Ti,ean, Tiax
Twin, @and DTR over Asia from 1901 to 2020. The spa-
tial coverage of early station records in Asia is rela-
tively low (green squares in Fig. 1a), especially before
the 1940s. This has resulted in significant uncertainty

Tmean Tmax
. A

L L 2 L L

L L |

in the present results. We further investigated the
influence of different station record lengths on Asian
warming. Fig. 11 compares the time series of stations
with observational records >100 yr and all stations,
and the decadal mean of the differences between the
2 time series. Overall, the series of observational
records >100 yr can represent the warming trend of
Asia. One key distinction is that the long-term record
station series demonstrates higher inter-annual vari-
ability when compared with the all-station series.
Comparing different record-length series reveal rel-
atively minor differences in T,..,. Compared with
Tean: the differences between T, and T, series
from different record-length series are more pro-
nounced, especially regarding their interannual vari-
ability. Compared with the Tj,.x (Tmin) Series recorded
at stations with >100 yr record, all stations feature
lower anomalies in Tj.x (Tmin) before the 1960s, with
higher (lower) anomalies evident from the 1980s to
the 1990s.

Table 3 compares global, Northern Hemisphere,
and Asian warming trends since 1901. The results
show that the Asian Ty, has increased by 1.56°C
(1.3°C century™?) since 1901, higher than the global
and Northern Hemisphere warming rates. In par-
ticular, since 1961, the magnitude of Asian warm-
ing (2.9°C century™!) has been greater than that of
global warming (2.5°C century™!). During 1998-
2014, Asia showed a global warming slowdown of
1.1°C century~!, similar to the global warming level
since 1880. Table 3 also shows that the warming of
Thax @and T, in Asia is also larger than that in the
global case and the Northern Hemisphere since
1901. This also resulted in a more substantial DTR
decline in Asia than globally and in the Northern
Hemisphere.
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Fig. 11. Time series of stations with observational records >100 yr and all stations (upper row of graphs), and the decadal mean
of the differences between the 2 time series (lower row of graphs)
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Table 3. Comparison of warming rate in the global case, Northern Hemisphere, and Asia. Underlined font: trend not
significant. Abbreviations as in Table 2

Region Data Period Trend (°C decade™) Reference
Tnean Global Multi-source data 1880-2020 0.11 IPCC (2021)

1960-2020 0.25
1980-2020 0.30

Northern C-LSAT 1901-2014 0.12 Sun et al. (2017),

Hemisphere 1979-2014 0.32 Xu et al. (2018)
1998-2014 0.11

Asia C-LSAT 1901-2020 0.15 This study
1961-2020 0.27
2001-2020 0.22

Tax/ Tmin/DTR  Global C-LSAT 1901-2014 0.10/0.14 / -0.04 X. B. Sun et al. (2019)

1951-2014 0.19/0.24 / -0.05
1979-2014 0.28/0.30/-0.02
1998-2014 0.08/0.12/-0.04

Northern C-LSAT 1901-2014 0.11/0.15/-0.04 X. B. Sun et al. (2019)

Hemisphere 1951-2014 0.20/0.26 / -0.05
1979-2014 0.31/0.35/-0.02
1998-2014 0.09/0.12/-0.05

Asia C-LSAT 1901-2020 0.12/0.18/-0.06 This study
1961-2020 0.23/0.31/-0.08
2001-2020 0.19/0.24 / -0.05

5.2. Possible causes of Asian warming

Recently, studies have focused on the impact of
greenhouse gases and anthropogenic aerosol emis-
sions on Asian warming (Dong et al. 2016, Lu et al.
2022). Dong et al. (2016) indicated that the increase
in greenhouse gas emissions was the main driver of
warming in China and Northeast Asia. Tett et al.
(2000) proposed that the increase in greenhouse
gases and natural causes can explain the warming
observed in the early 20th century. However, in the
latter half of the 20th century, they found that the
warming is mainly due to changes in greenhouse gas
concentrations.

Our study confirmed that the mid-latitudes and
high latitudes of Asia experience more substantial
warming. However, studies have found that the
causes of warming in the mid-latitudes and high lat-
itudes of Asia are different. For the mid-latitude
warming, Huang et al. (2013) and Guan et al. (2018)
reviewed previous studies and indicated that the
longwave radiation effect combined with strong
land-atmosphere interaction amplified the warming
in arid and semiarid regions. For the Arctic amplifi-
cation phenomenon, this is generally believed to be
caused by the radiative forcing of greenhouse gases

in the atmosphere and the positive feedback from the
melting ice and snow (Polyakov et al. 2012, IPCC
2021). The settlement of black carbon aerosols on the
ice and snow surface could accelerate the melting
and, thus, the positive feedback process (Hansen &
Nazarenko 2004). Recent research has also empha-
sized the role of natural climate variability in Arctic
warming amplification (e.g. Chylek et al. 2009, Lee
2012, Dai et al. 2019). It was also shown that the
inter-decadal temperature variability in the polar
areas was mainly related to the North Atlantic
Oscillation (NAO).

Another primary reason for Asian warming that
cannot be ignored is urbanization. On a global scale,
urbanization may have little impact on the tempera-
ture trends estimated from the existing observational
networks (Jones et al. 1990, 2008, Peterson & Owen
2005, Brohan et al. 2006). Zhang et al. (2021) also
concluded that the impact of urbanization on global
land surface air temperature is >12%, while the
impact on regional scales, such as subcontinent-scale
surface temperature trends in East Asia, is close to
25%. This is also similar to previous assessments of
the contribution of urbanization to surface tempera-
ture trends in East Asia and China (Zhou et al. 2004,
Hua et al. 2008, Ren & Zhou 2014). In East Asia,
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urbanization influenced the surface air temperature
trends obtained by the existing observational net-
works. It contributed >27% to the T.., warming
trends (0.25°C decade™!) of mainland China's national
reference climate and primary meteorological sta-
tions for nearly half a century (Zhang et al. 2010, Ren
& Zhou 2014). This has become the primary source of
uncertainty in mainland China's estimates of temper-
ature changes (Ren et al. 2008, Zhang et al. 2010,
Yang et al. 2011, Ren & Zhou 2014). The records of
surface air temperature in Japan and the Korean
Peninsula have been noticeably influenced by
urbanization (Chung et al. 2004, Fujibe 2009), and
also indicate that the effects of urbanization can be
detected even at slightly urbanized sites in Japan
(Fujibe 2009). Furthermore, Sun et al. (2021) found
that urbanization contributed 25.9, 28.2, and 43.6 %
t0 Thaxr Tmin» and DTR trends in East Asia during
1951-2018, respectively. This indicates that DTR
trends are more sensitive to the effects of urbaniza-
tion. Therefore, it is necessary to evaluate the contri-
bution of urbanization in the future.

This study found an increasing trend in DTR at low
latitudes, but it is not statistically significant. Studies
conducted by Easterling et al. (1997) and Thorne et
al. (2016) both indicate an increasing trend in DTR at
low latitudes in Asia, occurring specifically in India
and Indonesia, since 1901. Kumar et al. (1994) inves-
tigated 121 observation stations in India and reported a
statistically insignificant trend of an increase in DTR
from 1901 to 1987. Their study also revealed that the
effects of urbanization and altitude on DTR changes
were negligible. Sen & Balling (2005) confirmed the
insignificant trend of an increase in India's DTR from
1931 to 2002. Furthermore, their study found a sig-
nificant negative correlation between Indian cloud
cover and DTR, although the cloud cover trend was
statistically insignificant. The above studies indi-
cate that the long-term changes in cloud cover pri-
marily explain the statistically insignificant trend of
increase in low-latitude DTR. Therefore, the dif-
ferential changes in DTR between high and low lat-
itudes in Asia are primarily driven by the spatial
heterogeneity of cloud cover changes.

6. CONCLUSIONS

Based on a newly developed observation dataset
with 2658 stations and CMIP5/6 output data in Asia,
we analyzed the changes in Asia's Tyean Tmaxr Lmins
and DTR during 1901-2100. The key findings and
conclusions are as follows:

(1) Overall, the observed annual mean land surface
air temperature over Asia has increased significantly
since 1901, and Tean Tmax @nd Ty, increased by
1.81, 1.47, and 2.15°C during 1901-2020, respec-
tively. The T,;, warming rate is about 1.5x that of
Tmax Tesulting in a 0.68°C decrease in DTR. Asian
warming represented by the C-LSAT and CRU series
is generally consistent. The CRU series anomaly
value is higher than the C-LSAT series anomaly
value before the 1960s, and the difference between
the 2 series gradually decreased after the 1960s. In
addition, the warming rate of Ty, is larger than that
of Tax especially in high latitudes, which directly
leads to a long-term decreasing trend of DTR over
Asia. Moreover, The temperature increase in Asia's
cold season (winter and spring) is larger than in the
warm season (summer and autumn).

(2) Regionally, Asia exhibits an overall warming
trend with a gradual increase in spatial warming
from low to high latitudes, and the effect of high-lat-
itude warming has gradually strengthened since the
2000s. Moreover, both the CRU and C-LSAT series
indicate that the warming in East Asia is similar to
that of the entire Asian continent, with 2 rapid warm-
ing periods: before the 1940s and after the 1970s. The
rapid warming in South Asia and Central Asia began
in the 1960s, earlier than the rapid warming in East
Asia that started in the 1970s. The warming charac-
teristics represented by C-LSAT and CRU are similar
in Asia and its sub-regions, but CRU exhibits weaker
warming compared to C-LSAT.

(3) For the historical period (1901-2020), the multi-
model ensemble in CMIP5/6 can capture overall
Asian warming. The trends in Tiecan, Tmaxe @nd Tinin
simulated by CMIP5/6 models are close to the obser-
vations during 1901-2020 and 1961-2020, but the
trends in CMIP6 simulations are larger than those in
CMIP5. The DTR decline simulated by CMIP5/6
models is lower than the observations, but CMIP6 is
closer to the observations. In the future, the warming
of Theanr Tmaxe @nd T, in Asia is projected to con-
tinue. Under the SSP2-4.5 scenario, the warming rate
of Theanr Tmax and T, in Asia is increasing by 3.5,
3.4, and 3.7°C century™!, respectively. The warming
rate under the SSP5-8.5 scenario is about 2x that of
the SSP2-4.5 scenario or about 5-7x that of historical
warming. This implies that Asia will face unprece-
dented warming under the SSP5-8.5 scenario.
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