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Abstract

The evolution of regional arid/humid patterns caused by global climate change deserves attention. We inve
the changes in the area of arid/humid climate regions over Asia under the aegis of national-committed emi
reductions to comply with the Paris Agreement using an ensemble of 17 global climate models (GCMs) fro
Fifth Coupled Climate Model Intercomparison Project (CMIP5) archives. Our results indicated an overall trg
towards aridity in a future warmer climate based on an aridity index (Al), defined as the ratio of precipitatio
potential evapotranspiration (PET). In the future, the humid region will contract and the arid region and arid

scenario. If global warming is controlled to the ambitious 2.0 °C and 1.5 °C scenarios instead of that of the
pledge scenario, a decrease in the changes in the area of arid/humid regions by more than half would be

greatly. Changes in the spatial pattern of the arid/humid zones over Asia show strong similarities between
model simulations, although there are some differences in detail.
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transition zones will expand. Compared with the present period, arid/humid region switch is projected to ocgur in
a land area of 2512.8 <3k over Asia under the Intended Nationally Determined Contributions (INDC)-pledige

NDC-

expected. In addition, the arid/humid regions with continuous global warming are estimated to contract/expand
multi-

Introduction

According to the Fifth Assessment Report of the Inter-
governmental Panel on Climate Change (IPCC), the glo-
bal mean temperature increased 0.85°C (0.65—1.06 °C)
between 1880 and 2012, and a larger increase is pro-
jected in the future (IPCC 2014). Changes in regional
aridity are among the primary effects anticipated under
global warming (Dai 2012, Trenberth et al. 2013, Greve
and Seneviratne 2015). Changes in moisture conditions
greatly affect the distribution of arid/humid patterns
(Yin et al. 2015), but accurately quantifying those effects
remains a challenge. Projected changes in temperature
and precipitation will cause shifts in arid/humid climate
zones worldwide (Hanf et al. 2012, Feng et al. 2014,
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Rohli et al. 2015). Present-day climate types will grad-
ually shift towards warmer and drier types over the
twenty-first century according to the Representative
Concentration Pathway 8.5 (RCP8.5) scenario (Feng
et al. 2014). The projected expansion of arid regions,
semi-arid regions, or both has been investigated in West
Africa (Sylla et al. 2016), the Mediterranean (Gao and
Giorgi 2008, Alessandri et al. 2014), and China (Li and
Ma 2013, Ma et al. 2019). However, to what extent fu-
ture climate change will affect arid/humid regions in
Asia is unknown and differs among regions.

The Paris Agreement sets a limit of 2°C on the global
mean temperature change and pursues efforts to limit
warming to 15°C relative to preindustrial levels
(UNFCCC 2015a, b). To achieve the goal of the Paris
Agreement, countries submitted national mitigation
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the future on the basis of a series of greenhouse gas and
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aerosol forcing scenarios, such as RCPs (van Vuuren
et al. 2011). In contrast, the focus of the Paris Agreement
and current mitigation commitments negotiated by gov-
ernments is on global mean warming limits. Therefore, it
is more important to quantify projected climate changes
using the temperature targets associated with the current
mitigation commitments negotiated by governments ra-
ther than prearranged emission scenarios.

In our study, we examined the trend in hydroclimatic
variables using the INDC emission reduction scenarios for
the next few decades and investigated the changes in arid/
humid regions using observational climatology and an en-
semble of comprehensive global climate models (GCMs)
from the Fifth Coupled Climate Model Intercomparison
Project (CMIP5). Specifically, potential evapotranspiration
was estimated using the revised Penman-Monteith model
and was then combined with precipitation to construct an
aridity index to classify arid/humid climate types. Our re-
sults revealed the sensitivity of arid/humid patterns to
projected climate change and indicated the hotspot re-
gions, providing a scientific foundation for making policy
with respect to climate change.

Data and methods

Emission scenarios

In this study, the INDC mitigation target scenarios based
on the Paris Agreement were analysed. We calculated
future quantified emission targets for each country using
the normalisation method and INDC emissions data
submitted by 192 countries (UNFCCC 2019). Because
the published INDCs provide emission targets proposed
to be achieved by 2030, we extended the INDC scenarios
to the end of this century by analysing the IPCC AR5
scenario database. Detailed information is provided in
Text S1. We focused on the INDC-sustained mitigation
scenario (hereafter, INDC pledge; Fig. S1), which is con-
sistent with the ‘continued action’ pathway reported in
Rogelj et al. (2016), Wang et al. (2018), and CAT (2017).
We further estimated the global mean warming (at the
end of this century) response to the INDC-sustained
mitigation and determined that T,ypc 29-33°C
(median =3.1°C) is the most likely temperature increase
range for the ‘continued action’ pathways of the INDCs
(Zhang and Wang 2019) (Text S2).

In addition, we analysed the 2.0°C and 15°C
temperature target scenarios consistent with the Paris
Agreement. The 2.0°C and 1.5°C target scenarios are
based on the AR5 (IPCC 2014) and 1.5 °C Special Report
of the IPCC (IPCC 2018).

Data description

To derive the regional climate changes and the corre-
sponding spatial shifts in the arid/humid zones across
Asia, we adopted 17 state-of-the-art CMIP5 GCMs
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(Taylor, Stouffer, and Meehl 2011). Basic information
about these GCMs is summarized in Table S1. The pre-
dictions by the mean of the ensemble of these GCMs are
better than that of any individual ensemble member be-
cause the uncertainty of the predictions corresponds to
the intermodel variability, which can be filtered (Reichler
and Kim 2008, Pierce et al. 2009). Therefore, the multi-
model ensemble mean was used to reflect the future cli-
matic characteristics. All model data were interpolated
to a common 0.5 x 0.5 horizontal grid for ensemble ana-
lyses, and, to treat all models equally, we selected the
first run for the multiple-ensemble models.

The CRU (Climate Research Unit) Time Series dataset
v. 4.03, with a horizontal resolution of 0.5 x 0.5 based on
stationary observation (Harris et al. 2014), was used to
validate the GCMs. Before simulation data are used to
study the impact of climate change, a linear correction
using the bias correction method is recommended to re-
duce the bias of climate model simulations compared
with observed climate data (Durman et al. 2001) (Text
S3). Here, the simulated climatic variables were adjusted
to have the same climatological annual mean as the real
observations over Asia for the baseline period 1961—
1990. While the general features of the observed arid/
humid patterns were reasonably reproduced by the cor-
rected model data, mild biases were evident (Figs. S3
and S4).

With respect to the social impact, the projected popu-
lation distributions under different shared socioeco-
nomic pathways (SSPs) (Jones and O’Neill 2016) were
used to investigate the population distribution in chan-
ging arid/humid climate regions. In this paper, we
present the population-related results estimated using
the population projected for 2100 under the SSP2 sce-
nario because the results based on projections under
other SSP scenarios are qualitatively similar.

Since the internal variability can lead to uncertainty of
climate change projection (Hu et al.,, 2019), on the basis
of previous research (Robert et al. 2014, Schleussner
et al. 2016, Huang et al. 2017), we used a time slice ap-
proach in which the spatial state at a specific warming
point with respect to T npc (or 2.0°C, 1.5°C) is taken
from decadal time slices, with the respective mean
warming for each model taken separately. More gener-
ally, this time slice approach can relate various climate
indicators to global mean warming (see Text S4).

Arid/humid zone classification

The interplay between water supply and demand, includ-
ing both precipitation (P) and potential evapotranspir-
ation (PET), is critical to the projection of changes in
dryness (Cook et al. 2014, Greve and Seneviratne 2015,
McEvoy et al. 2016) and dryland dynamics (Huang et al.
2017). The aridity index (Al), expressed as the ratio of P
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period (19852005) based on CRU observational data

Fig. 1 Annual precipitation and PET across Asia for the present period. Annual precipitation (left) and PET (right) across Asia for the p|

to PET (Budyko 1974), is widely used as an indicator of
regional moisture conditions and is an effective index
for classifying arid/humid zones. In general, PET indi-
cates the maximum water demand for an environment
to maintain its water balance, and P reflects the water
supply over large scales. Because PET observed over
large regions is difficult to determine, we considered the
Penman—Monteith model (Text S5), a widely used
method to simulate PET (Allen and Ingram 2002). It is
used to project long-term drought and dryland evolution
under climate change (Sherwood and Fu 2014, Huang
et al. 2017). Present-day P, PET, and Al based on the
above methods are displayed in Figs. 1 and 2.

Currently, more researchers have generally divided the
climate classification of drylands using the Al criteria
and considered that the PET estimated by the common

Penman—Monteith equation is closer to the real-world
conditions under all climates (e.g. Fu and Feng, 2014;
Yang et al., 2017). Based on the United Nations Conven-
tion to Combat Desertification classification, drylands
are characterised by P/PET < 0.65 and are further divided
into hyperarid (P/PET <0.05), arid (0.05<P/PET <0.2),
semiarid (0.2<P/PET <0.5), and dry sub-humid (0.5<P/
PET <0.65) regions (Middleton and Thomas, 1997). In
this paper, we broadly classify the land surface into four
zones based on Al (AI=P/PET): humid, sub-humid, semi-
arid, and arid, with details given in Table 1.

Results

Changes in P and PET

Changes in multi-model-projected P and PET under
1.5°C, 2.0°C, and INDC-pledge scenarios relative to the

based on CRU observation data

Fig. 2 Arid/humid climate regions across Asia for the present period. Arid/humid climate regions across Asia for the present pe2ia@bj19
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Table 1 Criteria for demarcating the arid/humid climate regiongartially oppose this thermodynamic response in some

of Asia according to Al
Arid/humid climate region

Humid Al=0.65
Sub-humid 0.5 Al <0.65
Semi-arid 0.2AlI <05
Arid Al <0.2

present day are shown in Fig. 3. Annual precipitation in-
creases moderately (< 10%) over most of Asia under the
INDC-pledge scenario, with the most prominent in-
crease (up to 30% or more) in the northern periphery of
the Tibetan Plateau. By contrast, a decrease is seen in
some regions in the Middle East, Central Asia, and
southern China. There are less significant changes in the
annual P under the 1.5°C and 2.0 °C scenarios, although
the spatial distribution of variation is similar. The pro-
jected increasing precipitation across Asia can be mostly
explained by the thermodynamical mechanism, which
assumes fixed atmospheric flow patterns but increased
water vapour in the lower troposphere (Held and Soden,
2006). However, the changes in atmospheric circulation

regions (Allan, 2012).

Aridity index (Al=P/PET) On the other hand, annual PET (simulated using the

Penman—Monteith model) is likely to significantly in-
crease across almost the entire continent under the
INDC-pledge scenario, with a relatively uniform increase
of 0—20% in most lands. In general, the larger relative in-
creases occur at the high latitudes. The changes in PET
under the 1.5°C and 2.0 °C scenarios also show a spatial
pattern similar to but smaller than the results under the
INDC-pledge scenario. The overall change of the annual
PET is more significant than that in the annual P based
on the results of statistical tests (stippling in Fig. 3). The
significant increase in PET can be mainly explained by a
thermodynamical mechanism that the warming is caus-
ing a higher vapour pressure deficit and evaporative de-
mand. PET is also affected by other factors such as net
radiation, wind, and humidity (Huang et al., 2017, 2019).

Future changes in the arid/humid pattern are deter-
mined by the combination of changes in P and PET.
The increase in PET is more remarkable than that in P
(columns 1 and 2 in Fig. 3), resulting the degree of arid-
ity increases over most regions in Asia in the future

Fig. 3 Changes in annual precipitation, PET, and Al across Asia. Changes in annual precipitation (left column), PET (middle column),
column) across Asia (multi-model mean). The scenario used is indicated in the upper-left corner of each panel. Black stippling indicate
where at least 2/3 models agree on the sign of the changes for each grid
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