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Abstract: Recent decades have shown significant changes to the hydrological cycle over East Asia
(EA), and further changes are expected due to future global warming. This study evaluates projected
seasonal changes in the EA hydrological cycle using simulations that are 1.5 °C, 2.0 °C and 3.0 °C
warmer than pre-industrial, from the Met Office Unified Model (MetUM) Global Ocean Mixed Layer
model version 2.0 (GOML2.0), compared against present-day conditions. The moisture sources of the
warming-induced precipitation changes are identified over five hydrologically unique regions within
EA. Precipitation over EA increases with warming (except over southeastern EA in the spring and
autumn) due to the intensified hydrological cycle. The projected seasonal changes in the hydrological
cycle are usually nonlinear, with the rate of change between 1.5 °C and 2.0 °C larger than the rate
of change between 2.0 °C and 3.0 °C of warming. The warming-induced precipitation increases
are mainly associated with an increase in remote moisture convergence rather than local moisture
recycling, except over the Tibetan Plateau. Decomposition of the changes in moisture sources by
direction and flux component indicate that changes from the west are dominated by changes to
moisture and changes from the north are more circulation driven. The changes from the south are
moisture driven over southern EA and driven by moisture and circulation change over northern EA.
Our results highlight the regionally and seasonally diverse projected changes to the EA hydrological
cycle due to global warming, which will be useful for region-specific climate mitigation policies and
the implementation of seasonally varying adaptation methods.

Keywords: East Asia; global warming; East Asian Monsoon; moisture convergence; GOML2.0

1. Introduction

Global warming is projected to cause substantial changes to global and regional
hydrological cycles, affecting water resource availability and leading to unanticipated
future vulnerability [1]. Variations in precipitation across East Asia (EA) influence water
resources over one of the most populated regions of the world. Understanding the changes
to the moisture supply is relevant for water resource planning, management of food security
and adaptation to natural hazard risks. Improved scientific understanding of the regional
response of the water cycle to anthropogenic warming would allow for implementation of
more effective climate mitigation and adaptation policies.

EA’s annual cycle is characterized by alternating dry (spring and autumn) and wet
(summer and winter monsoons) seasons. The East Asian summer monsoon (EASM) is a
subtropical monsoon, in which low-level southwesterlies replace the northeasterlies associated
with the East Asian winter monsoon (EAWM) [2]. The seasonal march of the EASM [3],
associated with the shift in the inter-tropical convergence zone [4], advances north in abrupt
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jumps. This northward advancement can be identified as seasonal rain belts [5] which are
strongly influenced by frontal systems [6]. During winter, the Siberian High and Aleutian
Low force cold air southward, producing strong pressure and temperature surges [7] and
develop low-pressure baroclinic systems associated with the EAWM over southeastern EA [8].

Studies project a significant increase in regional EA mean and extreme high tem-
perature in response to the global warming compared to the current climate, e.g., [9].
Future projections show increased EASM precipitation by the late 21st century, includ-
ing increases in the frequency and intensity of extremes, with enhanced responses in
higher emission pathways, e.g., [10-16]. Using the emissions—scenario approach, studies
attribute the projected increase in precipitation over EA to enhanced horizontal moisture
convergence [17,18]. Shifts in moisture convergence over EA arise from altered monsoon
circulations associated with shifting temperature gradients [17,19] and increased column
water vapour [11,20] with warming. Changes in EASM circulation are the key source of
uncertainty for projected changes of rainfall in coupled models [18,21]. Projected changes to
the EAWM are far less certain. In some studies, EAWM precipitation is projected to increase,
connected to an enhanced EAWM circulation [22], whereas in other studies EAWM reduces
in intensity as a result of a weakened Aleutian Low and Siberian High [23].

The Paris Agreement, in 2015, focused on climate mitigation efforts to limit global
mean surface temperature warming to below 2.0 °C above pre-industrial conditions, with as-
pirations to further limit warming to only 1.5 °C [24]. Most of the past scientific inquiry has
focused on understanding global warming effects in terms of representative concentration
pathways (RCPs), which project anthropogenic warming based on the carbon emission
scenarios, as summarized above. There is an additional need to understand the benefits
of limiting warming to particular thresholds, beyond the traditional RCP analysis, which
remains valuable. Evidence of regional variations in the effects of a particular warming
threshold may influence governments to implement stricter emission targets [25,26].

Annual mean temperature over EA is expected to increase by 0.6 °C more than the
global mean increase of 2 °C [27], with significant increase in EA temperature extremes with
additional 0.5 °C warming over 2 °C, e.g., [28]. Recent studies show that mean monsoon
intensity, the length of rainy season and extreme precipitation intensity and frequency will
increase over EA with an additional half a degree of warming from 1.5 °C to 2.0 °C [29-31],
which may lead to severe impacts on society [32-34]. The increase in the EASM, due to an
additional 0.5 °C of warming, has been attributed to the concurrent increased atmospheric
moisture content [30,35,36]. Regional analysis of an additional 0.5 °C of warming shows
that EASM precipitation over northern EA is projected to intensify due to only the moisture
increase, whereas over southern EA precipitation increases due to moisture increases as
well as an intensified circulation [37]. Regions within EA also show differences in the
scaling of projected climate indices with global warming [38]. EASM precipitation is
projected to increase nonlinearly with global warming: steeply increasing up to 2.0 °C
after which the rate of increase slows [39]. Exposure to water scarcity also shows a similar
scaling in the projected changes over EA, with the change stabilizing beyond 3.0 °C [40].
The EASM strengthens predominantly due to the increase in moisture up to 2.0 °C of
global warming, whereas circulation plays a dominant role beyond 2.0 °C warming over
eastern and southeastern EA [41]. Projected changes to the climate hazards over EA, due to
warming, is expected to significantly increase the risk associated with hazards in terms of
population affected and economic losses [42].

Guo et al. [43] quantified the contributions to the present-day regional precipitation
over EA by partitioning the contributions into moisture fluxes from each direction and
local recycling. Their results show that major contributors to the mean EA precipitation are
different to precipitation interannual variability. They further attributed strong seasonal
variations in moisture sources to the seasonal cycles of EA monsoons, the freezing and
thawing of the Eurasian continent, and local hydrological recycling over the Tibetan Plateau.
Although some studies have looked at changes in the moisture contribution to EASM
at different global warming thresholds, e.g., [41], an in-depth analysis of the projected
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changes to the moisture sources of precipitation in all seasons over hydrologically unique
regions of EA at different global warming thresholds remain unconsidered. Thus, using the
Guo et al. [43] methodology, this study contributes to the evaluation of the seasonal changes
of the hydrological cycle over EA with global warming. We compare the present-day
against projections in worlds that are 1.5 °C, 2.0 °C and 3.0 °C warmer than pre-industrial,
and diagnose the scaling of projected changes with global warming. Using ensembles of
experiments with a coupled global circulation model, we (a) investigate projected changes
in the seasonal moisture budget of EA in three future warming scenarios compared to
present-day conditions, and (b) identify the seasonal changes in sources of moisture that
contribute to the warming-induced precipitation change over five hydrologically distinct
regions of EA.

In Section 2, we describe the model (Section 2.1), experiments (Section 2.2), study area
and its sub-divisions (Section 2.3), and the analysis methods (Section 2.4). Section 3 details
the moisture budget changes over EA (Section 3.2), and the changes in sources of moisture
contributing to precipitation projections (Section 3.3). We discuss the broader context and
limitations of our results in Section 4, and conclude our findings in Section 5.

2. Methodology
2.1. Model

In this study, we analyse ensembles of simulations from the Global Ocean Mixed
Layer 2.0 coupled configuration of the Met Office Unified Model (MetUM), hereafter
GOML2.0 [44,45]. GOML2.0 couples the MetUM Global Atmosphere 6.0, GA6.0; [46]
atmospheric model to the Multi-Column K-Profile Parameterization (MC-KPP) mixed-layer
ocean model version 1.1. MC-KPP is based on a one-dimensional ocean with the KPP
vertical mixing scheme of Large et al. [47]. GA6.0 and MC-KPP exchange surface fields
via the Ocean Atmosphere Sea Ice Soil coupler, OASIS [48]. The models are coupled only
over the open ocean (i.e., not over enclosed basins or lakes) and only at points that are
always ice-free. The prescribed sea ice climatology varies with the experiment; see details in
Section 2.2. At uncoupled gridpoints, SST is prescribed from a climatology that also varies
with the experiment. The atmospheric resolution is N96 (1.875° longitude x 1.25° latitude)
in the horizontal with 85 vertical levels and a model lid at 85km. MC-KPP is configured
to run with one ocean column under each atmospheric gridpoint, hence the atmospheric
and oceanic horizontal resolutions are equivalent. The MC-KPP ocean columns are 1000 m
deep with 100 vertical points, with increased resolution closer to the surface (70 points in
the top 300 m).

As MC-KPP lacks horizontal and vertical advection, temperature and salinity corrections
must be applied to maintain the desired ocean mean state. These corrections account for
both the lack of ocean dynamics and errors in air-sea fluxes. Seasonally varying temperature
and salinity corrections are prescribed in the GOML2.0 simulations, following the method in
Hirons et al. [44]. These corrections are computed from an initial 10-year GOML2.0 simulation
in which ocean temperature and salinity are relaxed to the 1976-2005 climatology of Smith
and Murphy [49], with a 15-day timescale. The mean seasonal cycle of the relaxation terms
is prescribed in all experiments; see more details in Section 2.2. No relaxation is used in the
simulations analysed in this study. This correction method allows for SST in the simulations
analysed to vary on all temporal scales. It also allows for effectively infinitely long simulations
under a stable mean climate, with small SST biases (typically +/—0.5 °C in the annual mean)
compared to the Smith and Murphy [49] climatology.

Thus, for this study, the advantage of GOML is that it can maintain a stable global
mean temperature in multi-decadal simulations of present-day and future climates, while
retaining atmosphere-ocean coupled feedback. Furthermore, the GOML simulations lack
natural variability from modes such as ENSO (EI Nino Southern Oscillation), which avoids
the biased sampling of natural variability that often affects time-slice analyses in Coupled
Model Intercomparison Project (CMIP) based studies, e.g., [50]. GOML also has lower
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computational requirements than a coupled model with a dynamical ocean, enabling longer

simulations to be analysed here.

2.2. Simulations

We analyse four GOML2.0 experiments with varying target global-mean temperatures:
a control (“present-day”) experiment and experiments targeting 1.5 °C, 2.0 °C and 3.0 °C
warmer than pre-industrial (1851-1900 in Hadley Centre/Climatic Research Unit tempera-
ture dataset version 4.4.0; HadCRUT4.4 [51]). The control, 1.5 °C and 2.0 °C simulations
are the same as those performed and analysed in Mollard and Klingaman [52]; the 3.0 °C
simulation follows the same protocol, but with a higher target global-mean temperature.
The experiment design is described briefly below; for further details, please refer to Mollard
and Klingaman [52]. Figure 1 shows the evolution of global-mean temperatures throughout

the experiments described below.
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Figure 1. Global-mean near-surface (1.5 m) air temperatures (K) expressed as anomalies relative to
the pre-industrial period (1851-1900 in HadCRUT4.4). The solid lines show the ensemble-mean for
each of the four ten-member ensemble experiments: CON (purple), P15 (blue), P20 (orange) and
P30 (red). For these lines, the shading shows the range between the maximum and minimum of the
ten-member ensemble. The dashed lines show the abrupt-CO, simulations that were used to spin-up
from the end of CON to the beginning of P15, P20 and P30, in the same colours. The dotted lines

show the target warming levels for each experiment, also in the same colours. The respective CO,

forcings are provided in the legend.

All experiments comprise a 10-member ensemble of 24-year simulations, of which we
analyse the last 22 years (220 years in total). Ensemble members are generated by random
perturbations to atmospheric initial conditions; the ensemble spread remains consistent
throughout the experiments (Figure 1). All experiments use the same fixed concentrations
of aerosols, methane and other trace gases, derived from 1976-2005 climatologies [52].
All experiments also use the same prescribed seasonal cycles of temperature and salinity
corrections, which are derived from the initial 10-year relaxation experiment described in
Section 2.1. Prescribing these corrections in all experiments is equivalent to assuming that
the mean ocean dynamics do not change with the relatively small levels of global-mean
warming considered here.

The control (CON) “present-day” experiment targets the 19762005 ocean mean
state, which in HadCRUT4.4 is 0.52 °C warmer than pre-industrial. CO; is prescribed at
364 ppm throughout the simulations. Sea ice is prescribed from Hurrell et al. [53]; SST



Atmosphere 2022, 13, 405

5o0f 24

at uncoupled gridpoints, which are primarily in the high latitudes, is prescribed from
Smith and Murphy [49]. Both sea ice and SST are taken from 19762005 climatologies.

Variations to CO, and to prescribed sea ice and SST (at uncoupled gridpoints) are used
to control global-mean temperature in GOML2.0 for future-scenario experiments. As CON
is already 0.52 °C warmer than pre-industrial, we target global-mean temperature increases
of 0.98 °C (for +1.5 °C; P15), 1.48 °C (for +2.0 °C; P20) and 2.48 °C (for +3.0 °C; P30) relative
to CON. For sea ice and SST, anomalies are applied to the 1976-2005 climatologies in CON.
These are taken from a transient (1% increase of CO, per year) simulation of the MetUM
Global Coupled 2.0 configuration with a dynamical ocean and sea ice, GC2; [54], by av-
eraging over a 20-year period with the target global-mean temperature (0.98 °C, 1.48 °C
or 2.48 °C) increase against a GC2 present-day control simulation. For CO,, the required
concentration for each target warming level is estimated from a large ensemble of GOML2.0
abrupt-CO; increase simulations, all of which are initialised from the end of CON and all
of which also have the anomalies to SST and sea ice applied. These abrupt-CO; simulations
are used to compute a regression relationship between CO; and global-mean temperatures,
which in turn is used to compute the CO, concentration required for each experiment [52]:
485 ppm for P15, 575 ppm for P20 and 700 ppm for P30 (Figure 1). The P15, P20 and P30
experiments are initialised from the end of an abrupt- CO, simulation with the target CO,
concentration. The abrupt-CO, simulations are 20 years long for P15 and P20 and 45 years
long for P30, the latter to allow additional time for the model to reach steady state.

Although this technique works well, the actual global-mean warming in P15 (1.03 °C),
P20 (1.57 °C) and P30 (2.45 °C) relative to CON differs from the targets (0.98 °C, 1.48 °C
and 2.48 °C, respectively). Furthermore, as in Mollard and Klingaman [52], there are small
transients within the experiments, due to small remaining imbalances in top-of-atmosphere
radiation (Figure 1). We expect these small variations in global-mean temperatures to have
a negligible effect of on our results.

2.3. Definition of EA Sub-Regions

EA has varied orography and climatic regimes. To understand the projected changes
in EA’s hydrological cycle, we divide EA into five hydrologically distinct regions (Figure 2)
according to climatological precipitation minus evaporation and orography. Guo et al. [43]
demonstrate that such a division allows for each region’s hydrological features to be
relatively homogeneous. The regions, shown in Figure 2, are southeastern EA (Region 1),
Tibetan Plateau (TP; Region 2), eastern EA (Region 3), northwestern EA (Region 4) and
northeastern EA (Region 5).
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Figure 2. Annual-mean precipitation minus evaporation (mm day~!; shaded) for CON ensemble-
mean with the model topography (km; contour; spacing 1 km). The five regions are demarcated by
the regional boundaries in magenta and denoted with their respective numbers.
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2.4. Methods

To evaluate systematic model errors in the GOML2.0 simulations, we validate the CON
simulated mean climate against reanalysis, for 1979-2005, to coincide with the period of the
CON forcing. We use the European Centre for Medium-Range Weather Forecasts (ECMWF)
latest reanalysis, ERA5; [55], available on a 31 km resolution, to validate precipitation,
evaporation and low-level (850 hPa) winds for CON simulations.

To understand the projected changes of the moisture budget over EA due to global
warming, we analyze the differences between the warming experiments (P15, P20 and
P30) and CON. Initially, we analyze the changes in precipitation, evaporation, winds, soil
moisture, surface runoff and vertically integrated moisture transport over EA. We use 70%
ensemble member agreement to evaluate the statistical significance of changes.

For detailed analysis of the changes in the moisture fluxes, we follow the method
of Guo et al. [43]. For each region, evaporation and precipitation are calculated as area-
weighted sums. We calculate the vertically integrated moisture influx across each boundary
(north, south, east and west) of the region using;:

00
F= 7/ qUdp @
P,

where ¢ is the acceleration due to gravity (9.8 m s~2), qU is the horizontal moisture
flux (m s~ 1) i.e., the product of moisture (g) and horizontal wind (1), which is vertically
integrated from the model surface pressure (P;) to 100 hPa. U is the component of the wind
(zonal or meridional) perpendicular to the respective boundary. Using Equation (1), we
calculate moisture influx (Fi") for each region as the sum of influx across all boundaries.

We can decompose precipitation into contributions from remotely advected moisture («)
and local evaporation (p). These are calculated for each region using the Brubaker et al. [56]
method, as detailed in Guo et al. [43]:

zpin

= EAtopm @)
EA
P = EA+2Fm ©)

where « is the contribution to precipitation from remotely advected moisture (unitless); p
is the contribution to precipitation from local evaporation (unitless), which is termed the
precipitation recycling ratio; E is the area-mean evaporation over a region (kg m 2 s~1);
and A is the area of the region (m?). Remote moisture contributions to precipitation («)
within a region can be decomposed into contributions from different directions, east («),
west (apy), north (ay) and south («g), by replacing F i in Equation (2) with the moisture
influx from the respective direction (F i”,‘FiW”, Fli\?‘ and Fg”).

The changes in moisture influx (AF"") due to projected warming can be attributed to
the changes in moisture (Ag, thermodynamic), circulation (AU, dynamic) or the interaction
between the two, i.e., “the product term” (AgAU). We isolate the influences of Aq, AU or
AgAU on AF™ as: ‘ , } ,

AF" = AF" + AR + ARy 4)

where AF‘;” corresponds to the change arising from Ag, AF{! corresponds to the change

arising from AU and AF‘;’{J is the change due to AgAU. Using Equations (1), (4) can also be
written as:

L squyap =1 [ unagdp+ 2 [ qauap s 2 [ aqaua 5
L= [ sy [y
g/PS (qU)dp g/PS qdp 3 J, TAUdpt o [, AqAUdp ®)

We also investigate the projected changes in the EA monsoon onset using a local
monsoon onset index from Wang and LinHo [3], using five-pentad smoothed precipitation
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time-series minus the January mean rainfall. The monsoon onset pentad for each grid-point
is computed as the first pentad at which the index time-series exceeds 5 mm day .

3. Results
3.1. Model Simulations” Validation

Before examining the projected changes for the EA moisture budget, we validate the
EA mean precipitation, evaporation and low-level winds against reanalysis (Figure 3). CON
annual-mean shows low bias for precipitation minus evaporation and low-level over all the
regions of EA except Region 1 precipitation minus evaporation positive bias, Region 1 low-
level wind easterly bias and Regions 2 and 4 low-level wind northerly bias (Figure 3a,b).
The Region 1 annual positive bias in precipitation minus evaporation is associated with
similar positive biases in all seasons, especially Region 1. GOML2.0 CON simulations show
wet bias in Region 1 and dry bias in Regions 4 and 5 for precipitation (not shown), as also
seen in GOMLL1.0 [44]. For evaporation, CON simulations show stronger evaporation from
the oceans for all seasons and lower evaporation than observed over the land, with Regions
2 and 4 showing relatively large negative bias in CON for evaporation than observed
during JJA (not shown). The strong precipitation bias over Region 1 and evaporation
bias over Regions 2 and 4, during JJA, is associated with low-level wind errors, with an
easterly bias over Region 1 and northerly bias over Regions 2 and 4 (Figure 3c,d). These
biases in precipitation, evaporation and low-level winds suggest that future projections
of moisture budget should be interpreted with a degree of caution, particularly given the
limited number ensembles in the GOML2.0 simulations.

3.2. Projected Changes in the Moisture Budget

GOML2.0 projects a significant increase in annual EA precipitation in all three warming
scenarios, compared to CON, except over southwestern EA (Figure 4a—c). The projected pre-
cipitation change scales linearly with warming. The projected changes due to the additional
0.5 °C warming between P15 and P20 (Figure 4d) are relatively smaller and more uncertain
over most of EA than the additional 1.0 °C warming between P20 and P30 (Figure 4f).
During all four seasons (June-July—August: JJA, September—-October-November: SON,
December—January—-February: DJE, March-April-May: MAM), both precipitation and evap-
oration increase with warming over Regions 1, 2 and 3 except over some parts of southern
EA during MAM, JJA and SON (Figure 5). Previous studies also show a similar increase
in precipitation and evaporation over most of EA with warming beyond 1.5 °C above the
pre-industrial [10,29]. The uncertainty of change for precipitation minus evaporation is
higher over Regions 4 and 5 during the drier seasons of SON (Figure 5d—f) and MAM
(Figure 5j-1), possibly due to a smaller signal-to-noise ratio.
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The stippling (black dots) marks regions where less than 70% of the ensemble members agree with
the sign of the change. The five regions are demarcated by the regional boundaries in magenta.
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Figure 5. Seasonal-mean ensemble-mean precipitation minus evaporation differences (mm day~!;
shaded) for JJA between (a) P15 and CON, (b) P20 and CON, (c) P30 and CON. Other seasons shown
are (d—f) SON, (g-i) DJF, (j-1) MAM. The stippling (blue dots) marks regions where less than 70% of
the ensemble members agree with the sign of the change. The vectors show the differences in the
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1) at 850 hPa. The five regions are demarcated by the regional boundaries in magenta.
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During JJA, warming enhances the south-westerly monsoon circulation, as also shown
by Li et al. [41], and strengthens the western North Pacific circulation, which is associated
with the westward extension of the western north Pacific subtropical high (WNPSH)
discussed later. During SON, precipitation over southeastern EA (Region 1) is associated
with convergence from easterly and southwesterly moisture transport from the tropical
Pacific and Indian Oceans, respectively, in CON. However, due to warming, there is an
anomalous cyclonic circulation over the tropical western Pacific, leading to anomalous
divergence of dry northeasterly flow over Region 1, which suppresses moist flow from the
tropical oceans and reduces precipitation in southeastern EA (Figure 5d—f). This anomalous
circulation response is similar to mechanisms for observed autumn drought over parts of
southern EA, caused by warm pool El Nifio events [57,58]. During DJF, warming enhances
northwesterlies off the coast of eastern EA and westerlies over northern and western EA
(Regions 2, 4 and 5) (Figure 5g—i). These anomalous wind patterns suggest increases in
the lower-level EAWM circulation. These changes in the EAWM circulation are associated
with increases in precipitation minus evaporation over most of EA. Hu et al. [59] attribute
increasing moisture, due to higher temperatures, as the cause of increasing precipitation
minus evaporation over EA during winter. Region 1 shows a dry-wet dipole during MAM,
associated with the northeastward shift in the low-level circulation (Figure 5j-1), which
reverses in SON (Figure 5d-f). A similar observed spring drying trend over recent decades
is associated with warming over southeastern EA [60], which may be attributed to the
northward shift in the Meiyu rain belt [35].

Northern EA shows enhanced moisture transport from the west in all four seasons
(Figure 6). Southern EA shows increased southwesterly moisture transport during JJA
and MAM over land, and only during JJA over the South China Sea, with associated
increased moisture convergence. Studies show an increase in the moisture budget during
JJA in the recent decades [61] and increasing moisture convergence and evaporation in
the future [20] as the cause of increasing precipitating trends over southern EA. Enhanced
precipitation over the equatorial western Pacific (Figure 4) is associated with increased
moisture convergence during DJF, MAM and SON. In all seasons, moisture transport from
the the west increases over northern EA, with the lower-level wind changes mirroring the
moisture transport changes for all seasons except JJA. This suggests that, during JJA at
least, the changes in moisture transport from the west in northern EA usually arise from
increasing moisture rather than enhanced circulation, which will be discussed in more
detail in the next section.

The WNPSH has substantial effects on the East Asian monsoon. Although conven-
tionally the 5880 m contour of geopotential height at 500 hPa is used to define the extent
of the WNPSH, e.g., [62], recent studies, e.g., [63] have argued that rising temperatures
increase geopotential height, which is also seen in our study for all seasons (figure not
shown). Thus, the gradient of geopotential height is a better measure of the WNPSH than
an absolute threshold [64]. We therefore use the 0 m contour of the eddy geopotential
height as an index for the position of the WNPSH. It should be noted that, in GOML2.0,
similar to GA6.0 [65], the WNPSH does not extend far enough west when compared with
observations. The eddy geopotential height contours (Figure 6a—c; blue for CON and
magenta for warmer experiments) show a westward shift with warming, which suggests
an extended WNPSH, as in other studies, e.g., [66]. The anomalous western North Pacific
circulation during JJA (Figure 5a—c) and the anomalous southerly moisture transport along
the east coast of EA is associated with the enhanced WNPSH (Figure 6a—c). Although recent
decades have seen a westward extension and intensification of the WNPSH [67], which
limits the moisture propagation to northern parts of EA [61], there is no consensus on the
projected changes of the WNPSH with warming due to the large intermodel spread [68].
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Figure 6. Same as Figure 5, but differences in seasonal-mean, vertically integrated moisture con-
vergence (s~!; shaded) with vertically integrated moisture transport (kg m~! s~1; vectors). Eddy
geopotential height at 500 hPa (0 m; contour; WNPSH index) for CON (blue) and respective warmer
experiments (magenta) is only shown for (a—c) JJA, but not shown for (d—f) SON, (g-i) DJF, (j-1) MAM.
The five regions are demarcated by the regional boundaries in black.

Soil moisture (averaged over the depth of the soil column which is 3m) is projected to
increase over most of EA, due to enhanced precipitation, despite increased evaporation and
surface runoff (Figure 7). Parts of Regions 1 and 5 show drier soils, due to an increase in
runoff and a decrease in precipitation minus evaporation and with warming (Figure 5). Our
results also show reduced soil moisture over parts of the TP (Region 2), which decreases
linearly with warming. Lan et al. [69] show that drier soils with warming over parts of the
TP is associated with loss of frozen soil moisture at higher temperatures.

Saeed et al. [31] showed that it is also important to analyse the changes in the temporal
characteristics of the monsoon, independent of the precipitation intensity changes. Changes
to monsoon progression and timing will modify the cropping calendars for the agriculture
sector. Thus, we also analyse projected changes in EA monsoon onset, withdrawal and
duration (Figure 8), as these not only influence society but also have an impact on the
moisture budget of EA during the spring, summer and autumn seasons. Over the eastern
part of Region 1, the onset begins in early June and progresses northwards (Figure 8a).
The western part of Region 1 shows a slightly delayed onset compared to the eastern
region as also shown by Wang and LinHo [3]. The monsoon withdrawal, beginning in late
July, follows the same northward direction as that of the monsoon onset (Figure 8b). This
similar pattern of onset and retreat occurs as both of these events result from the northward
progression of the monsoon front and the WNPSH [3].

Increased warming leads to earlier EA monsoon onset over parts of Regions 1, 3
and 5 (Figure 8d,g,j), which is consistent with the enhanced MAM and JJA precipitation.
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The climatologically drier Regions 2 and 4 do not show a clear monsoon onset with the
index used. Region 1 shows an earlier-later dipole in monsoon onset over southeastern
EA, which might be related to the northeastward shift in lower-level circulation during
MAM (Figure 5j-1) causing an anomalous precipitation dipole. Monsoon withdrawal and
duration show variability in projected changes, with some regions showing an earlier
withdrawal and shorter duration, whereas other regions show a delayed withdrawal and
longer duration. Saeed et al. [31] showed signals of projected changes in the length of the
rainy season over southern EA, with some regions showing an increase and others showing
a decrease due to warming. Region 1 shows a dipole of earlier-later monsoon withdrawal
as the monsoon onset dipole. P30 shows a delayed withdrawal and longer duration of the
monsoon over parts of Regions 3 and 5, which in previous studies has been associated with
the enhanced WNPSH with warming [e.g., 70], as also seen in Figure 6a-c. The enhanced
WNPSH establishes an anomalous upper-level anticyclone over EA which in turn promotes
low-level convergence and thus enhances rainfall [70].

SON P15 - CON P20 - CON P30 - CON

20

10

-10

-20

80E 100E 120E 140E

80E 100E 120E 140E

Figure 7. Same as Figure 5, but differences in seasonal-mean soil moisture (kg m~2; shaded) averaged
over the depth of the soil column (3 m deep), and surface runoff (mm day~!; stippled; regions of
positive change in blue crosses and negative change in magenta circles) for (a—c) JJA, (d—f) SON,
(g-i) DJE, (j-1) MAM. The five regions are demarcated by the regional boundaries in red. Oceanic
regions are masked in grey.
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Figure 8. Ensemble-mean monsoon (a) onset and (b) withdrawal pentads (shaded) for CON with
the respective colorbar below. 1st of May is the 25th pentad of the year and 21st of November is the
65th pentad of the year. The CON (c) duration is also shown in pentads (shaded) with the respective
colorbar on the right. The respective differences for the same features between (d—f) P15 and CON,
(g-i) P20 and CON and (j-1) P30 and CON are shown with the colorbar on the right. The blue (red)
shading shows early (late) onset and withdrawal and shorter (longer) duration. The five regions are
demarcated by the regional boundaries in black.

3.3. Projected Changes in Moisture Contributions

In this section, we discuss the changes to moisture contributions associated with the
changes in precipitation. The changes to the regional annual-mean hydrological cycle
components are summarized as a schematic in Figure 9a. The changes in moisture influx
(AF™) are calculated from Equation (1), summed over all boundaries. The changes in
precipitation (AP) and evaporation (AE) are calculated as a weighted area-average over
each region, and runoff (AR) is the difference between precipitation and evaporation.
The contribution of moisture influx to precipitation (AP") is calculated as precipitation
multiplied by « from Equation (2); the contribution of local evaporation to precipitation
(APi") is calculated as precipitation multiplied by p from Equation (3). The change in
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moisture outflux is represented as contributions from remote sources (AF9*) and local
evaporation (AF2""). To help interpret the projected changes between warmer scenarios
and CON, all components are normalised by CON precipitation.
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AP AP
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Figure 9. Schematics of the annual-mean differences in the hydrological cycle between future

warming scenarios (b,e,h,kn) P15, (¢ f,i,1,0) P20, (d,g,j,m,p) P30 and CON for each of the five regions,
(b—d) Region 1, (e-g) Region 2, (h—j) Region 3, (k-m) Region 4, (n—p) Region 5. (a) is the key for the
schematic. Arrows denote parts of the hydrological cycle. AF™ is the change in horizontal moisture

influx; AF9* is the change in outflux of advected moisture; AF9 s the change in outflux of locally

evaporated moisture. AP is the change in the component of precipitation originating from advected

moisture; AP:" is the change in component of precipitation originating due to local evaporation. AP

and AE are the changes in precipitation and evaporation respectively represented as a percentage and

the precipitation change is shown as APpy,;;. AR represents the change in surface runoff, calculated

as a residual between precipitation and evaporation. The differences in the moisture budget terms

are expressed as percentages of CON precipitation for that region. APy, (kg s~1) is not normalized

by the CON precipitation.
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Over most regions, there are increases in the moisture influx, evaporation, moisture
outflux and precipitation. Warming-enhanced precipitation is mostly associated with
increased contributions from advected moisture rather than from local evaporation, despite
an increase in evaporation, consistent with the results discussed in Section 3.2. Region 2 (TP;
Figure 9d—f) is the only region with an increasing contribution to precipitation from both
remote sources and local evaporation. In reanalysis data, the precipitation contribution
from local recycling is highest over the TP [43], and the warming-induced increase in
evaporation over this region leads to the increased contribution to precipitation from local
recycling. According to Zhang et al. [71], historical warming has already increased the
contribution to precipitation from both local and advected sources over the TP, which will
only increase with future warming.

Furthermore, increases in precipitation also lead to increases in the residual runoff,
despite increases in evaporation over most of EA, except over the Region 5 where runoff
reduces with warming. This is consistent with the result in Figure 7a—c, where northern-
most parts of Region 5 show reduced surface runoff with warming, due to decreases in
precipitation minus evaporation with warming (Figure 5a—c). Annually, the hydrological
cycle over EA intensifies linearly with warming over most of EA except over Regions 1
and 5. The increase in precipitation over Region 1 from P15 to P20 (Figure 9b—) is larger
than the increase from P20 to P30 (Figure 9c-d), whereas, for Region 5, the increase in
precipitation from P20 to P30 (Figure 90-p) is much larger than the change between P15
and P20 (Figure 9n-o).

In reanalysis data, the dominant moisture contribution for mean precipitation over
Regions 1 and 2 is from the southern boundary but for Regions 3, 4 and 5 the dominant
contribution is from the western boundary in all seasons, with secondary contributions
from the east confined to the typhoon season of autumn and winter [43]. Following the
Guo et al. [43] methodology, in the following sub-sections, we analyse the seasonal changes
of the projected moisture contributions for each region using the next three figures and
discuss the changes for each season. The seasonal changes of the main hydrological cycle
components (precipitation, evaporation, precipitation contribution from moisture influx
and local evaporation) are shown in Figure 10. The changes in contributions discussed are
changes to water content, not just changes in the fractions of water. The seasonal changes
in moisture contributions from each direction to the precipitation of each region (Figure 11)
are calculated as the contributions from the remote sources across northern (xy), southern
(«g), eastern (wg) and western (ayy) boundaries using Equation (2); contributions from local
evaporation (p) are computed using Equation (3). We discuss only the significant and
relative moisture contribution changes. Additionally, we decompose the projected changes
in the moisture influx across each boundary (using Equations (4) and (5) into changes
in contributions from moisture, circulation and the nonlinear product term (Figure 12).
The changes across the eastern boundary are not shown in this figure, as these contributions
are only projected to change significantly over Region 1 during SON and DJF (typhoon
seasons; Figure 11b,c).
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Figure 10. For all five regions, percentage differences (mm day‘l) in seasonal-mean (a) precipitation
(AP), (b) evaporation (AE), (c) precipitation contribution from remote sources (AP;"’) and (d) precipi-
tation contribution from local recycling (AP;”) for P15 and CON, P20 and CON, P30 and CON for JJA
season, normalised by the CON values. Other seasons shown are SON (e-h), DJF (i-1) and MAM
(m—p). The grey horizontal dotted line demarcates zero.
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Figure 11. Seasonal mean differences in precipitation (shaded; mm day~!) for each season, with the
respective major changes in contributions to the mean precipitation over each region written as text.
The contributions to the precipitation from moisture influx («) are divided into those from the western
(W), eastern (E), southern (S) and northern (N) boundaries of each region’s borders demarcated in
Figure 1 and from precipitation recycling, R (o). The contributions to the precipitation are positive if
the contribution’s letter is written in uppercase, and negative if it is written in lowercase. Only the
contributions which are significant (with 70% ensemble member agreement on the sign of change)
are shown here. Panels show seasons (a) JJA, (b) SON, (c) DJF, and (d) MAM.
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3.3.1. Summer

For the summer season (JJA), warming leads to a linear increase in precipitation,
evaporation and the contribution to precipitation from moisture influx over Regions 2
and 3 and to a nonlinear increase in these terms over Regions 1, 4 and 5 (Figure 10a—d).
Precipitation from local recycling decreases linearly for Region 1 and nonlinearly in Region
4 and 5, whereas Regions 2 and 3 show no change with warming (Figure 10d). This
suggests that, over all regions, the increase in the monsoon moisture convergence plays a
dominant role in enhancing precipitation rather than local recycling. Other studies using
CMIP5 simulations have shown similar increase in evaporation linked to increased EASM
precipitation [20,72].

For Regions 1, 3 and 5 (eastern regions of EA), the contribution from the south increases
significantly (Figure 11a), linked to both enhanced moisture and enhanced circulation for
Region 1, but is only linked to enhanced circulation for Regions 3 and 5 (Figure 12e). This
result for southern EA is also shown by Xu and Fan [37]. In warmer scenarios, large-scale
moisture transport increases from the Indian Ocean to EA, as an enhanced southwesterly
flow from south (Region 1) to north (Region 5) (Figure 6a—c). Enhanced moisture influx
across the southern boundary converges over Region 1, thus reducing the proportion of
moisture influx for Regions 3 and 5 from the south.
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Figure 12. Decomposition of seasonal-mean differences in vertically integrated moisture influx
(kg m~! s71) across a boundary of each region into components due to changes in moisture (circle),
advection (square) and the product term (star) with P15 minus CON in cyan, P20 minus CON in blue
and P30 minus CON in magenta for each season (a) JJA, (b) SON, (c) DJF, and (d) MAM. (a-d) are for
changes across the western boundary, (e-h) are for changes across the southern boundary and (i-1)
are for changes across the northern boundary. The eastern boundary of all regions has low vertically

integrated horizontal moisture flux and thus is not shown.

On the other hand, for moisture contributions from the west in all regions, dur-
ing JJA, changes arise due to increasing moisture despite reduced circulation (Figure 12e),
as also mentioned in Section 3.2. Similarly, enhanced moisture transport from the south-
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west over southern EA, and from the west over northern EA, is projected with CMIP5
models [18,37,72]. For Regions 2 and 4 (western regions of EA), significant contribution
changes are from the north (Figure 11a) and mainly due to the changes in circulation
(Figure 121). The changes to moisture influx from each boundary are linear, except for
contributions to Region 1 from the western boundary (Figure 12a) and Region 4 from the
northern boundary (Figure 121), which are nonlinear (sign of change between P15 and P20
is opposite to the sign of change between P20 and P30).

3.3.2. Autumn

During autumn (SON), the changes to the hydrological cycle over all regions of EA
with warming are nonlinear (Figure 10e-h), with a larger change between P15 and P20
than between P20 and P30, despite the larger change in forcing. Precipitation, evaporation
and moisture influx strengthen with warming, whereas precipitation from local recycling
reduces with warming, except for reduced precipitation and contribution from moisture
influx over Region 1 and increased contribution from moisture recycling over Region 2.

Precipitation decreases over southeastern EA (Region 1) with decreased contribu-
tions from moisture influx (Figure 10e-h), which is consistent with the current decreas-
ing trends of autumn rainfall in eastern EA [73]. This drying is associated with anoma-
lous increase of dry air advection from the north and reduced moisture from the west
(Figures 11b and 12b,j). As discussed before (Figure 5d—f), this anomalous northeasterly
flow suppresses the climatological moisture transport from the tropical oceans. This strong
anomalous advection from the north is a response similar to the drought conditions caused
by El Nifio events [57,58].

For all regions, the changes to moisture influx are enhanced due to increases in
moisture across the western boundaries (Figure 12b) and due to changes in advection
or the product term from the northern boundaries (Figure 12j). For the TP (Region 2),
local moisture recycling increases with warming in all seasons except JJA. This is because,
during these seasons, evaporation dominates precipitation variability [43] and the local
evaporation is confined by the high topography [74].

3.3.3. Winter

For winter (DJF) precipitation, evaporation and the contribution from moisture influx
increase nonlinearly over all regions (Figure 10i-1). These nonlinear changes occur as
the change between P15 and P20 is larger than the change between P20 and P30. The
contributions from local evaporation reduce for Region 5 and increase for Regions 2, 3
and 4. For Region 1, the reduced precipitation over Region 1 from P20 to P30 is linked
to reduced contributions from both moisture influx and local recycling. The percentage
changes are relatively higher for DJF than in other seasons because in the drier seasons of
DJF, precipitation for CON is relatively lower.

During the EAWM (DJF), there is climatological advection of relatively moist air
from the northwest associated with precipitation in northern EA [43]. Warming enhances
westerly moisture transport across northeastern EA (Region 5) and southerly transport
along eastern EA (Region 1 and 3) (Figure 11c), which is associated with the strengthening
of the EAWM precipitation. Xu et al. [22] showed that this response is possibly driven by
the reductions in sea-ice in a warmer North Pacific, leading to the intensification of the
Aleutian Low, which in turn enhances the EAWM circulation. GOML2.0 projections also
show a significant reduction in sea-ice over North Pacific in warmer scenarios (not shown).
Anomalous moisture transport from the west over all regions, during DJF, is associated
with a linear increase in moisture (Figure 12c). The anomalous transport from the south
to Region 1 stems from a linear increase in moisture changes and nonlinear changes to
circulation (Figure 12g). The projected increase in the contribution to moisture influx across
the eastern boundary of Region 1 arises from the increase in moisture availability and
advection (figure not shown). Anomalous northerly moisture transport to Region 4 shows
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a linear decrease in moisture but a linear increase in circulation and the product term
(Figure 12Kk).

3.3.4. Spring

Similar to DJE the spring (MAM) precipitation, evaporation and moisture influx
contribution increase and the contribution from local recycling reduces nonlinearly over
all regions, except for Region 2, where the contribution from local recycling increases
(Figures 10m—p and 11d). Increase in precipitation over Region 1 is associated with in-
creased moisture from the west (Figure 11d). This increase is associated with the north-
eastward shift in the seasonal-mean transport due to warming (Figure 6j-1). Precipitation
increase over Region 3 is mostly from the south due to the increase in all three influx terms
(Figure 12h). For Regions 2, 4 and 5 the increased precipitation are mostly from the northern
direction and are linked to increases in circulation or the product term.

4. Discussion

Our results highlight that warming, even at levels separated by small thresholds
(1.5°C, 2.0 °C and 3.0 °C), intensifies the hydrological cycle over EA, as also in studies such
as Li et al. [41] which showed increased precipitable water over EA due to an enhanced
EASM meridional circulation with higher temperatures. GOML projects an increase in
precipitation over EA with warming over all seasons and regions, except for southeastern
EA in the spring and autumn. Similar trends are already observed in current decades,
e.g., [60,73] and also projected for future scenarios, e.g., [35]. Such warming-induced shifts
in spatio-temporal patterns of precipitation already pose challenges for water resource
availability, agriculture production and natural hazard mitigation [75], and will have severe
impacts on future water supply and food security [76].

The projected annual precipitation increase with warming is linear over most of EA.
However, the projected seasonal changes for the hydrological cycle are mostly nonlinear,
with the rate of change between 1.5 °C and 2.0 °C larger than the rate of change between
2.0 °C and 3.0 °C. The nonlinear changes over southeastern and northwestern EA dur-
ing the summer monsoon and TP during spring have opposite signed change between
1.5°C-2.0 °C and 2.0 °C-3.0 °C of warming. Li et al. [41] and Xin et al. [39] also show
nonlinear changes for EASM precipitation due to warming, with the rate of increase larger
up to 2.0 °C of warming than beyond. These changes were shown to be driven by lin-
ear enhancement of continental-scale land-sea thermal contrast, which in turn leads to a
nonlinear increase in the EASM circulation [41].

A significant increase in the contribution to EASM precipitation in the GOML2.0 simu-
lations is due to enhanced circulation from the south for eastern EA and due to enhanced
circulation and moisture from the south for southeastern EA. Li et al. [41] have ascribed
increased circulation and moisture as dominant factor of precipitation change below 2.0 °C
of warming for EASM region, and, for warming increases beyond 2.0, °C circulation starts
to play a more dominant effect. Lee et al. [30] show that EASM precipitation increase is
associated with enhanced moisture, whereas circulation changes shows larger uncertainties
for warming up to 2.0 °C. The EASM precipitation increase between 1.5 °C and 2.0 °C over
northern EA is projected to intensify due only to moisture increase, whereas, over southern
EA, it is due to moisture increase and intensified circulation [37]. It should be noted that
the differing results between all of these studies and the current work can be ascribed to
the different extents of the EA regions analysed.

Despite the strengths of GOML2.0 simulations discussed in Section 2.1, it should be
noted that our results are likely sensitive to the choice of model, as the CON simulations
have biases over EA (see Section 3.1). These biases are exasperated by the relatively low
horizontal resolution of the simulations, as higher resolutions of GA6.0 are known to have
smaller precipitation biases than N96 [77]. Another reason for these biases may be the
limited westward extension of the WNPSH in GOML2.0, as in GA6.0 [65,77]. These biases
also limit the extent of the monsoon onset to only southern and eastern EA, as we use a
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monsoon onset index based on a rainfall threshold. It is also important to note that a much
larger ensemble is required to reduce uncertainty in our projections associated with smaller
amounts of warming (between 1.5 °C and 2.0 °C) due to a smaller signal-to-noise ratio.
As mentioned in Section 2.1, GOML2.0 simulations lack natural variability from sources
like ENSO, which avoids biased sampling of variability. However, this is at the expense of
the simulations influenced by the regime of the multi-decadal forcing of the sample chosen.
Furthermore, this also leads to the GOML2.0 simulations lacking any nonlinear feedback
from the large-scale variability like ENSO onto the regional precipitation.

Further analysis with more detailed moisture-tracking methods, as used in
Guo et al. [78], for the quantification of sources of precipitation change with global warm-
ing, will be significant for future water security. As EA climate is also significantly in-
fluenced by Asian aerosols [79], inclusion of the effect of changing aerosols and trace
greenhouse gas emissions along with CO, emissions is important for climate studies over
EA. Future studies will also benefit from analysing regional impacts of warming at different
thresholds ranging from 1.5 °C to beyond 3.0 °C of global warming.

5. Summary and Conclusions

Precipitation over EA has changed significantly in recent decades due to anthropogenic
warming, e.g., [14] and is projected to change further in the future, e.g., [36]. This study
evaluates the projected seasonal changes in EA hydrological cycle in MetUM-GOML2.0
simulations that are 1.5 °C, 2.0 °C and 3.0 °C warmer than pre-industrial compared against
the present-day scenario. The large number of model years (220 per scenario) and the
use of constant forcing, and thus a constant global-mean temperature, helps us robustly
identify the regional effects of each particular threshold of global warming. This study
comprehensively diagnoses distinctive seasonal differences in the sources of projected
precipitation changes, over hydrologically unique regions within EA, which we summarize
as a schematic in Figure 13.
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Figure 13. Summary schematic showing the major contributions (coloured arrows) to the seasonal-
mean ensemble-mean precipitation changes (mm day~!; shaded) between P30 and CON for (a) Sum-
mer (JJA), (b) Autumn (SON), (c¢) Winter (DJF) and (d) Spring (MAM).

During the summer season, the significant increase in the contribution to EASM
precipitation over most of EA, except southeastern EA, is due to enhanced circulation from
the south for eastern EA and from the north for western EA (Figure 13a). Contributions
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across western and southern boundaries over most of EA increase due to a linear increase
in moisture. The exceptions for these are southeastern and eastern EA where there is
nonlinear increase (decrease) in horizontal advection from the south (west). These projected
changes, during summer, are associated with the intensification of the EASM circulation
and westward extension of the WNPSH.

During autumn, the anomalous intensification of the northerly dry air advection with
warming is associated with the suppression of moisture influx from tropical oceans, reduc-
ing precipitation relative to the present-day over southeastern EA in warmer scenarios,
which may lead to more frequent droughts. The projected changes to precipitation contri-
butions from the east are confined to the autumn and winter, which are typhoon seasons,
over southeastern EA (Figure 13b). The projected precipitation changes for eastern EA are
linked to a linear increase in the product term from the north, for northwestern EA to a
linear increase in moisture from the west, and for southeastern EA to a nonlinear reduction
in moisture from the west.

During winter, warming induces enhanced EAWM circulation which strengthens
westerly moisture transport across northeastern EA and enhanced southerly transport
along the eastern and southeastern EA, thus increasing convergence and intensifying
EAWM precipitation over eastern EA (Figure 13c). Enhanced contributions from the west
are associated with increased moisture, whereas enhanced contributions from the south are
linked to increased horizontal advection and moisture. Contributions from northerly flow
reduce precipitation contributions over northwestern EA during winter due to reduced
moisture influx.

For spring, a northeastward shift in the seasonal-mean transport due to warming is as-
sociated with enhanced precipitation over most of the EA, except over the southern part of
southeastern EA. The northward shift in the Meiyu rain belt with global warming may cre-
ate the dry-wet dipole over southeastern EA during spring along with an earlier monsoon
onset. The precipitation increases during spring are linked to moisture increases from the
west for southern EA, to enhanced advection from the north for eastern and northeastern
EA, and to moisture increase from the south over northwestern EA (Figure 13d).

Overall, our findings show that the precipitation over EA increases with warming over
all seasons and regions, except for southeastern EA in the spring and autumn (Figure 13).
These projected seasonal changes in the hydrological cycle are usually nonlinear, with the
rate of change between 1.5 °C and 2.0 °C larger than the rate of change between 2.0 °C and
3.0 °C of warming. In warmer scenarios, the dominant contribution to precipitation changes
comes from remote moisture sources rather than local evaporation. The contribution to
precipitation from local precipitation recycling decreases despite an increased evaporation
over most of the EA (Figure 13). The exception is the TP, in all seasons except JJA, shows an
increase in the contributions to precipitation from remote moisture and local evaporation,
as the high orography confines evaporated moisture and prevent its advection. Current
warming trends also show similar reinforcement of the local hydrological cycle over the TP,
along with reduced contribution from remote sources [80].

Our results highlight the regionally and seasonally diverse projected changes to
the EA hydrological cycle due to global warming, with the severity of change generally
intensifying with additional warming but not the rate of increase. Studies have shown
that warming-induced recent changes in the precipitation over EA already have severe
implications on sectors like agriculture [75]. Thus, our results can benefit the development
of region-specific climate mitigation policies and the implementation of seasonally varying
adaptation methods.
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