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Abstract

The influence of climate change on regional-scale precipitation is becoming undeniable, and can lead to increased flood and
drought risks in some regions. The study assessed the potential effect of global warming of 1.5 °C and 2 °C on total precipi-
tation and snowfall in the Upper Yangtze River Basin (UYRB) based on General Circulation Models (GCMs). Seven total
precipitation and six snowfall indices were employed in this analysis. The results show that the annual precipitation (PA) in
the UYRB will increase by approximately 4.5-5% and 9-13% per 1.0 °C under the 1.5 °C and 2 °C warming, respectively.
Spatially, the PA is shown to increase across the northern part of the basin, but decrease in the southern part. Relative to the
baseline period (1986-2005), the frequency of trace and moderate precipitation days shows a decreasing trend, while that of
heavy and intense precipitation days will increase under both 1.5 °C and 2 °C warming scenarios. Moreover, it varies among
significance levels of trace, light, moderate, heavy and intense precipitation frequency under 1.5 °C and 2 °C warming for
different Representative Concentration Pathways (RCPs). Unlike overall total precipitation, the annual snowfall (ASF) will
decrease by approximately 2.5-8% per 1.0 °C under the 1.5 °C warming, and the 2—4% per 1.0 °C under the 2 °C warming.
The ASF exhibits a decreasing trend in most of the UYRB except for the far northern part under all global warming scenarios.
The date of first snowfall is modeled to be delayed and that of last snowfall will advance, which will lead to the decrease of
snowfall days by about 15-20 days under different warming scenarios. In a warming world, total precipitation in the UYRB
will increase and snowfall will decrease, which may increase the risk of flood in the future, and more attention should be paid.

1 Introduction

The global mean annual temperature (GMAT) increased
over the last century (IPCC 2013), and this increase could
have accelerated the evaporation of water, influenced the
precipitation patterns, and affected ecological and human
systems (Nelson et al. 2014; Su et al. 2017; Urry 2015).
The Intergovernmental Panel on Climate Change (IPCC) has
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proposed that at the end of twenty-first century, the increase
in GMAT would need to be less than 2 °C to support the
normal operation of ecological and human systems. In recent
years, however, many researchers have warned that expect-
ing global warming to be limited to 2 °C of warming is
overly optimistic (IPCC 2018; van Vliet et al. 2012), because
global emissions are currently tracking at the high end of
the plausible scenarios (Friedlingstein et al. 2014; Peters
et al. 2012), warranting stringent limits on cumulative CO,
emissions (Seneviratne et al. 2016). World leaders gathered
in Paris in December 2015 for the 21st Conference of the
Parties (COP21) of the United Nations Framework Conven-
tion on Climate Change (UNFCCC) and accepted that fur-
ther steps needed to be taken to limit the increase in GMAT
to well below 2 °C above pre-industrial levels and more
efforts are needed to be pursued to limit the temperature
increase to 1.5 °C above pre-industrial levels (Hulme 2016;
IPCC 2013). Unlike that of the 2 °C GMAT warming, the
1.5 °C GMAT warming scenario is relatively unexplored,
and studies highlighting its feasibility and impacts are only
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beginning to emerge (Aerenson et al. 2018; Karmalkar and
Bradley 2017; Mitchell et al. 2016; Seneviratne et al. 2018).

Climate change could affect regional hydrologic cycles
significantly (Dore 2005; Khoi and Suetsugi 2014). There-
fore, understanding the possible hydrological behavior under
future climate change scenarios is important for effective
water resource management (Elliott et al. 2014; Teutschbein
et al. 2015). Because precipitation is the most important
component of hydrological cycles (Harder and Pomeroy
2013), changes in precipitation are among the major con-
sequences of global warming (Dore 2005). Research has
shown that the global mean precipitation (GMP) response
to a GMAT increase of 1 °C is an increasing in the range of
1-3% (Held and Soden 2006). Precipitation intensity is pro-
jected to increase by approximately 7.0% per 1.0 °C increase
in GMAT, which is almost the same as the rate of change in
atmospheric precipitable water (Sun et al. 2007; Trenberth
et al. 2003). The precipitation change shows spatial differ-
ences throughout China, annual precipitation in the south-
east part of China will increase constantly under the 2 °C
global warming scenario, while the rate of increase in the
rest of the country will slow (Sun et al. 2018).

Precipitation denotes all forms of water that reach the
earth from the atmosphere. The usual forms of precipita-
tion are rainfall, snowfall, hail, frost and dew. Of all these,
the first two contribute significant amounts of water. Snow-
fall, as the solid precipitation, is the most important water
sources in the cold season and has a significant influence on
the hydrologic cycles, which also affects the water alloca-
tion, especially before the rainy season. In the text next, pre-
cipitation mentioned all refers to total precipitation. Moreo-
ver, snowfall is more sensitive to temperature change than
rainfall (Ning and Bradley 2015; Pepin et al. 2015). When
considering the potential for future changes in snowfall
under the global warming condition, it is important to rec-
ognize that snowfall requires the coexistence of sufficiently
cold temperatures and the occurrence of precipitation. In the
past few decades, the snowfall exhibited a decreasing trend
in the eastern China and an increasing trend in the northern
Xinjiang and the eastern Tibetan Plateau (Sun et al. 2010).
Changes in snowfall will be governed, therefore, by the
interplay between changes in temperature and precipitation
(Kunkel et al. 2007). As the main precipitation patterns in
cold regions, changes in snowfall can result in some differ-
ences in water storage, and snowmelt amount in springtime
(Kunkel et al. 2009). Hence, it is of interest to assess the
significance of precipitation changes and snowfall changes
under global warming scenarios of 1.5 °C and 2 °C, espe-
cially in the UYRB, which is the main snowfall area of the
Yangtze River Basin (YRB).

The Coupled Model Intercomparison Project Phase 5
(CMIPS) has provided multi-model simulations at global
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scales, and such models provide a useful way to study the
potential effects of future temperature and precipitation and
snowfall changes (Chaturvedi et al. 2014; Ji and Kang 2013).
General Circulation models (GCMs) can describe the magni-
tude and trends of observed global temperatures well (Wang
and Chen 2013). The Fifth Assessment Report (ARS) of the
IPCC reported that increases in the annual mean temperature
and the frequency of heavy precipitation events have been
observed in China during the past century and are very likely
to increase in the future (Gemmer et al. 2010; Trenberth et al.
2007; Yang et al. 2017). The CMIP5 has provided a series
of model and output data which provide many studies have
analyzed and assessed temperature and precipitation in China.
The results have shown that most of the models describe the
temporal and spatial characteristics of the trends well over
long-term time scales (Huang et al. 2013; Xu and Xu 2012).
In this study, we used data from six CMIP5 models with a
multi-model ensemble for three Representative Concentration
Pathways (RCPs) to compare global, and regional projections
in terms of the timing and magnitude of the changes in tem-
perature, precipitation and snowfall for different global warm-
ing thresholds.

Simulated outputs (precipitation and temperature) from
GCMs can exhibit large systematic biases relative to observa-
tional datasets (Lafon et al. 2013). The errors in GCM outputs
can be classified as being due to (1) unrealistic large-scale
variability or response to climate forcings, (2) unpredictable
internal variability that differs from observations, or (3) errors
in convective parameterizations and unresolved subgrid-scale
orography (Eden et al. 2012). Therefore, in recent years, stud-
ies have been done to assess how best to remove the bias of
GCM simulation. A range of established bias correction tech-
niques have been evaluated to determine which is the most
effective and robust method to use when correcting daily pre-
cipitation simulated by GCMs. Quantile mapping (QM) has
been proven to be one of the most effective methods for bias
correction for GCM precipitation and temperature (Lafon et al.
2013).

The objective of the study was to analyze the changes in
precipitation and snowfall patterns over the UYRB as calcu-
lated by GCMs of CMIPS5, which has been proven to be capa-
ble of reproducing the climate conditions in China with the
correction by QM method. Seven precipitation and six snow-
fall indices were employed to assess changes in the precipita-
tion pattern and snowfall pattern over the UYRB under 1.5 °C
and 2 °C global warming scenarios, relative to the baseline
period of 1986-2005. An assessment of such changes can sup-
port policy makers in the development of strategies for adapt-
ing to potential risks from climate change.
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2 Materials and methods
2.1 Study area

The UYRB is located in the west highland geographical
region of China, approximately 60% of which is covered by
seasonal snow. The UYRB’s longitude ranges from 90° E
to 105° E, its latitude from 25° N to 36° N, and its elevation
from 265 to 6492 m, and it covers an area of approximately
8.6 x 10° km? (Fig. 1). The UYRB stretches across three
climate zones: the plateau climate zone (an arid area), the
north subtropical zone (a semi-humid area) and the middle
subtropical zone (a humid area). The vertical climate zones
of the UYRB are very distinct. In the UYRB, which is influ-
enced by warm ocean airflow and west Pacific subtropical
high pressure, summer precipitation is higher than in other
areas at the same latitude. In the eastern part of the basin,
precipitation is abundant as a result of warm and humid cur-
rents from the Pacific Ocean and the Indian Ocean, and the
annual average precipitation is typically 800—-1500 mm. The
amount of precipitation decreases from east to west and from
south to north.

2.2 Data

Climate projections from GCMs were obtained from the
World Climate Research Programme’s (WCRP’s) Cou-
pled Model Intercomparison Project phase 5 (CMIP5)
multi-model dataset. The data were downloaded from the
website https://esgf-node.llnl.gov/search/cmip5/. The vari-
able of temperature and precipitation and snowfall were

simulated by the CMIP5 model over a historical time
frame (1850-2005) and a twenty-first century time frame
(2006-2100), employing three different radiative forcing
scenarios. Representative Concentration Pathways (RCPs),
which were designed to accommodate a wide range of
possibilities in social and economic development (Moss
et al. 2010). The estimated radiative forcing values by the
year 2100 were 2.6 Wm™2 in the RCP2.6 experiment, and
4.5 Wm~2 and 8.5 Wm~2 in the other two experiments,
RCP4.5 and RCP8.5 (Meehl and Bony 2011). Six models’
simulations over the historical time frame and three RCPs
experiments were chosen to identify the future horizons
corresponding to the 1.5 °C and 2 °C global warming sce-
narios: Had-GEM2-ES, GFDL-ESM2-M, IPSL-CM5A-LR,
MIROC-ESM-CHEM, MPI-ESM-LR, and Nor-ESM-1M,
respectively (Table 1). These models have been shown
to effectively simulate the climate changes in China, as a
whole, and the UYRB (Chen et al. 2017; Sun et al. 2018).
To account for the different spatial resolutions between the
individual models and observational data, this analysis inter-
polated all data to a common 1°x 1° grid, which was to
match the lowest resolution among these models used in
this study. A multi-model ensemble, defined as the average
of simulation results from multiple models, was used for the
analysis (Sun et al. 2018; Chen et al. 2017).

Meteorological data for bias correction are from the Chi-
nese Meteorological Data Sharing Network (https://data.
cma.cn/), which include daily air temperature and daily
precipitation data, were used. They were interpolated to a
spatially and temporally continuous form based on the Gra-
dient Plus Inverse Distance Squared (GIDS) method.
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Fig. 1 The location of the study area, with the digital elevation model showing in meters
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Table 1 Information about models used in this study

Model name Institute (country)

Grids in Lon X Lat

GFDL-ESM-2M Geophysical Fluid Dynamics Laboratory, (USA) 144 x90
Had-GEM2-ES Met Office Hadley Centre, (UK) 192x 145
IPSL-CM5A-LR Institute Pierre-Simon Laplace, (France) 96 X 96
MIROC-ESM-CHEN Atmosphere and Ocean Research Institute (The University of Tokyo), National 128 x 64
Institute for Environmental Studies, and Japan Agency for Marine-Earth Science
and Technology, (Japan)
MPI-ESM-LR Max Planck Institute for Meteorology, (German) 192x96
Nor-ESM1-ME Norwegian Climate Centre, (Norway) 144 %96

2.3 Methods
2.3.1 Bias correction of GCM outputs

Because of QM bias correction algorithms are effective at
removing historical biases relative to observations, it has
been proven to be artificially corrupt future model-projected
trends (Cannon et al. 2015). Therefore, the QM method is
used for bias correction for GCM precipitation and tempera-
ture. It is assumed that in this method, biases relative to
historic observations will be constant during the projections.

QM matches the cumulative distribution function (CDF)
of GCM forecasts to the CDF of observations. For ensemble
forecasts, the matching takes place at the level of individual
ensemble members. QM is formulated as follows (Gud-
mundsson et al. 2012):

X =Fy'[F,)] (1)

where x and x’ are raw and post processed forecasts, respec-
tively, and F,() and F () denote the CDFs of raw forecasts
and observations. Equation (1) can also be expressed as
follows:

Fyo(x') = F.(x) )

According to Egs. (1) (2), a new raw forecast value is
post processed in two steps. First, a quantile fraction (or
cumulative probability) is determined for the raw forecast
by its position in the CDF of (preceding) forecasts. Second,
a new post processed value of the forecast ensemble member
is generated by ‘‘looking up’’ that quantile in the CDF of the
observations (Gudmundsson et al. 2012).

QM is conceptually simple and can be implemented rela-
tively easily: F,() and F,() can be derived parametrically by
fitting a distribution to the data (Gudmundsson et al. 2012)
or non-parametrically using an empirical distribution func-
tion, ‘‘lookup table,”” or kernel density estimation.

A common approach to QM is to solve Eq. (2) using the
empirical CDF of observed and modeled values instead of
assuming parametric distributions. The empirical CDFs are
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approximated using tables of the empirical percentiles. Val-
ues in between the percentiles are approximated using lin-
ear interpolation. The core of the QM method is to employ
the relationship between the observed and simulated data
to validate future GCM data. The QM method has been
implemented in the R language and bundled in the package
“gmap” which has been made available on the Comprehen-
sive R Archive Network (https://www.cran.r-project.org/)
(Gudmundsson et al. 2012).

2.3.2 The ensemble empirical mode decomposition
(EMMD)

The ensemble empirical mode decomposition (EMMD)
method was used in this study to analyze the long-term
variation characteristics of precipitation and snowfall. The
EMMD method provides an accurate analysis of a time
series (Wu and Huang 2009) and is an adaptive method for
representing a nonlinear and non-stationary signal as the
sum of signal components with amplitude- and frequency-
modulated parameters using a noise-assisted analysis tech-
nique (Huang et al. 1998) with a wide applications (Liu et al
2018). This method decomposes a time series into intrinsic
mode functions (IMFs) and a residual (RES).

The IMFs are defined by the following conditions (Huang
et al. 1998): (1) over their entire length, the number of
extrema and the number of zero-crossings must either be
equal or differ by one at most; and (2) at any point, the mean
value of the signal defined by the local maxima and the enve-
lope defined by the local minima is zero. In general, an IMF
indicates a simple oscillatory mode, compared with a simple
harmonic function. A time series X(¢) (=1, 2,...., n) can be
decomposed through processes that can be briefly described
as follows (Huang et al. 1998):

(1) Identify all local maxima and minima points for a
given time series.

(2) Connect all local maxima points to form an upper
envelope e, (#) and all minima points to form a lower enve-
lope e,.;,(¥) using spline interpolation, respectively.

(3) Calculate the mean a(f) between two envelopes.
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a(t) = (emax(t) + emin(t))/z (3)

(4) Extract the mean from the time series and calculate
the difference h(¢) between X(¢) and a(7).

h(t) = X () — (1) @)

(5) If h(f) meets the two conditions of IMFs according to
a stopping criterion, A(t) is denoted as the first IMF [written
as IMF1(¢) with 1 is its index]; if A(¢) is not an IMF, X(¢) is
replaced with h(7) and iterate steps 1-4 are repeated itera-
tively until /(7) meets the two conditions of IMF.

(6) The residual RES1(¢) = X(r — IMF1(¥) is then treated
as new data and is subjected to the same shifting process as
described above for the next IMF from RES1(#). The shifting
procedure can be stopped when the residue RES(7) becomes
a monotonic function or has at most has one local extreme
point from which no more IMFs can be extracted (Huang
et al. 2003).

At the end of this shifting procedure, the original time
series X(7) can be expressed as the sum of multiple IMFs
and a RES:

X(t) = ) IMF(t) + RES, (1) 5)

i=1

where #n is the number of IMFs, RES,,(¢) is the final residual
and IMF (¢) are nearly orthogonal to each other, and all have
Zero means.

2.3.3 Analysis indices

Seven precipitation indices (Sun et al. 2007) and six snow-
fall indices were used to analyze the variation characteris-
tics of precipitation and snowfall in the UYRB. The thirteen
indices are listed in Table 2

Table 2 Climate indices used in this study

2.3.4 Determination of future time points for 1.5 °C
and 2 °C warming scenarios

The GMAT during the period from 1986 to 2005 was
approximately 0.61 °C higher than during the pre-industrial
for the period from 1850 to 1900 (IPCC 2013). This means
that increases of another 0.89 °C and 1.39 °C in GMAT
correspond to global warming of 1.5 °C and 2 °C, respec-
tively. To analyze the change characteristics of precipita-
tion and snowfall under different future temperature increase
scenarios, the time points at which the GMAT increases to
1.5 °C and 2 °C should be calculated (Chen et al. 2017,
Sun et al. 2018). Moreover, two 20-year periods around the
time points of different temperature thresholds warming will
be adopted as the analysis periods (Su et al. 2017). Firstly,
the value of GMAT during 1988-2100 was calculated. Sec-
ondly, the increase of GMAT during 19862005 was calcu-
lated. Finally, the time points of 1.5 °C and 2 °C warming
was found. However, one model alone has great uncertainty.
Therefore, six models and their ensemble simulation were
used to obtain the time points for 1.5 °C and 2 °C global
warming.

3 Results
3.1 Bias correction results

The GCMs’ simulated precipitation and temperature were
corrected using the QM method. Figure 2 presents scatter-
plots of QM-based bias-corrected GCM data and raw GCM
data. The corresponding standard deviations (SDs) and coef-
ficients of determination are also presented.

As Fig. 2 shows, the accuracy of the GCMs data was
improved by the QM-based bias correction. The coefficient

Index Meaning
Total Precipitation PA Annual precipitation: the sum of daily precipitation in a year (mm)
FPD Frequency of precipitation: annual number of days of when precipitation is 0 <p (d)
FTD Frequency of trace precipitation: annual number of days when precipitation is 0< p <1 mm (d)
FLD Frequency of light precipitation: annual number of days when precipitation is I mm < p <10 mm (d)
FMD Frequency of moderate precipitation: annual number of days when precipitation is 10 mm < p <25 mm (d)
FHD Frequency of heavy precipitation: annual number of days when precipitation is 25 mm < p <50 mm (d)
FID Frequency of intense precipitation: annual number of days when precipitation is p >50 mm (d)
Snowfall FDS First day of snowfall, snow year defined from September 1 to August 31 of next year
LDS Last day of snowfall
ASF The sum of daily snowfall in a year (mm)
FSD Number of snowfall days
SI Snowfall intensity, defined as the ratios of ASF to FSD
MSF Maximum of daily snowfall during the snow year
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Fig.2 Scatterplots of daily raw GCMs data (sim) and observed values (obs), and QM-based bias-corrected GCM data (cal) and observed values.

a and b Are daily precipitation plots; ¢ and d are daily temperature plots

of determination (R?) of the GCMs simulated versus
observed daily precipitation was 0.391, whereas the R? of the
calculated versus observed daily precipitation was increased
to 0.481. The R* of the GCMs simulated versus observed
daily temperature was 0.925, and that of the calculated daily
temperature was the same. However, the calculated values
were closer than GCM simulation values to the observed
values. The differences between the R? values for precipita-
tion and temperature were mainly a result of the greater ran-
domness of daily precipitation. In general, the QM method
improved the accuracy of the GCM simulations.

3.2 Comparison between threshold crossing
times for global and UYRB mean temperatures

Changes in the ensemble of multi-GCMs’ GMATSs for three
RCPs relative to the baseline period of 19862005 are
shown in Fig. 3.

Changes in the mean annual temperature (MAT) for the
period of 2006-2100 relative to pre-industrial mean level,
globally and for the UYRB, for multi-CMIP5 models under
three RCPs and the historical time frame are also shown
in Fig. 3. Although the global and UYRB MATSs exhibit
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similarly increasing trends, the rate of increase in the MAT
for the UYRB is greater than the global rate of increase for
all RCPs. The ensemble mean GMAT is projected to reach
1.5 °C by 2043 for RCP4.5 and by 2038 for RCP8.5, whereas
the 2 °C warming target is projected to be reached by 2047
for RCP 8.5 and by 2062 for RCP4.5, and the increase in
GMAT for RCP2.6 does not reach the 2 °C threshold. For
the UYRB, the MAT is predicted to reach 1.5 °C by 2029
for all RCPs, and the 2 °C target is predicted to be reached
by 2048 for RCP4.5 and by 2040 for RCP8.5.
Documented research shows that the increasing of
temperature shows an obvious spatial variability over the
UYRB, with north part’s temperature being increasing faster
than south part’s temperature (Xu et al. 2009). To reduce the
error caused by spatial variability of the time points over the
basin, two 20-year periods around the years of 2031 (the
average time point at which 1.5 °C warming is projected to
be reached under all RCPs) and 2044 (the average time point
at which 2 °C warming is projected to be reached under all
RCPs) were compared to the 1986-2005 baseline period to
assess the impacts of climate change on precipitation and
snowfall over the UYRB under the 1.5 °C and 2 °C GMAT
increase scenarios. That is, the time periods of 2025-2044
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and 2036-2055 were selected for use in assessing the impact
of global warming on precipitation and snowfall in the
UYRB.

3.3 Variation characteristics of precipitation
3.3.1 Temporal variation of precipitation

The projected variations in precipitation globally and for the
UYRB and for the three RCPs for the period of 2006-2100
are shown in Fig. 4.

As Fig. 4 shows, the predicted annual precipitation (PA)
for the UYRB exhibits an overall increasing trend over the
next 100 years for all of the RCPs. For RCP2.6, the PA
exhibits an increasing-steady-increasing trend. For RCP4.5
and RCP8.5, PA exhibits fluctuating increasing trends. These
phenomena can also be observed in the global PA predic-
tions, which increase in almost in linear fashion.

According to the moving average of the precipitation
anomaly, precipitation does not exhibit an absolutely linear
change for all RCPs over the UYRB. However, precipita-
tion on global scale for all RCPs is projected to exhibit a
linear change trend in the future. The impact of the signal
fluctuation frequency and amplitude in each scale of the
original data can be expressed as the variation contribution
rate. After decomposing the original PA series of the UYRB
over the period 2006-2100 using the EEMD method, the
variance contribution rate of four IMFs (IMF1-4) and one
trend component RES were obtained, as shown in Table 3.

2030 2040 2050 2060 2070 2080 2090 2100

As listed in Table 3, the contribution rate of the quasi-
3-year function (IMF1) reaches 29% for RCP2.6, which is
the largest among all RCPs. The contribution rate of trend
component (RES) is as much as 85.3% under the RCP8.5,
and the PA of the UYRB exhibits an approximately linear
increasing trend during the period 2006-2100. In addition,
the increasing rate exhibits an upward trend from RCP2.6
to RCP8.5. The increasing of temperature can enhance the
evaporation of water, which could raise the content of vapor
in the air, and then increase the amount of precipitation.

The change in PA over the long time period is more
strongly linear, especially for the RCP4.5 and RCPS.5 sce-
narios. The projected variations in PA over the UYRB under
the 1.5 °C global warming and 2 °C global warming sce-
narios for different RCPs are shown in Fig. 5.

Figure 5 indicates that, for all RCP scenarios, PA exhib-
its an overall increasing trend under both 1.5 °C and 2 °C
warming conditions in comparison to the baseline period,
but with different change characteristics. When global
warming reaches 1.5 °C during the period 2025-2044
(Fig. 5a), the increasing rate of PA under RCP4.5 is the
largest. The slopes are 0.98 mm/year for RCP2.6, 4.25 mm/
year for RCP4.5, and 3.14 mm/year for RCP8.5 during the
period of 2025-2044. The average change magnitudes are
on the order of 60 mm for RCP2.6, 46.8 mm for RCP4.5
and 38.3 mm for RCP8.5. Under the 2 °C global warming
scenarios (Fig. 5b), the PA shows variations similar to those
under the 1.5 °C warming condition. The slopes are 0.49,
1.18, 3.72 mm/year for RCP2.6, RCP4.5, and RCP8.5 during
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Fig.4 Variation in annual precipitation (PA) anomaly for the period
of 2006-2100 in the UYRB (left column) and globally (right column)
for the three RCP scenarios. a, ¢ and e Plots of PA variation over the

Table 3 Variance contribution rates of IMFs and trend component for
precipitation anomaly, based on EEMD method

IMF components RCP2.6 RCP4.5 RCP8.5
Period (year) IMF1 2.6 2.8 2.7
IMF2 5.5 5.9 5.9
IMF3 10.4 13.4 10.4
IMF4 36.1 29.2 34.5
RES - - -
Contribution (%) IMF1 29 14.3 9.8
IMF2 7.8 2.6 2.8
IMF3 5.6 1.8 1.6
IMF4 1.7 1.1 0.5
RES 55.9 80.2 85.3

the period of 2036-2055, only RCP8.5 passed the significant
test with a level of p <0.001. The trend of PA under differ-
ent RCPs significantly, study shows that PA increased the
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2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Year

UYRB for RCP2.6, — 4.5, and — 8.5, respectively. b, d and f are plots
of global PA variation for RCP2.6, — 4.5 and — 8.5, respectively

most under RCP4.5 compared with other two RCPs over
the UYRB (Zhang 2013), which is agreed with the results
of Fig. 5. The average of change magnitudes is on the order
of 61.3 mm for RCP2.6, 78.5 mm for RCP4.5 and 73.3 mm
for RCP8.5.

Comparison of the changes in temperature and precipita-
tion projected by the validated ensemble six GCMs from the
CMIPS for different global warming scenarios are shown
in Fig. 6.

Figure 6 shows that a warming climate with more pre-
cipitation is predicted for the UYRB for all RCP scenarios,
under both 1.5 °C and 2 °C global warming scenarios. Under
the 1.5 °C warming scenario, the PA is projected to increase
by approximately 4.47% per 1.0 °C for RCP2.6, 4.71% per
1.0 °C for RCP4.5, and 4.83% per 1.0 °C for RCP8.5. Under
the 2 °C warming scenario, the PA is projected to increase
by approximately 11.71% per 1.0 °C for RCP2.6, 9.06%
per 1.0 °C for RCP4.5, and 12.54% per 1.0 °C for RCP8.5.
Relative to the baseline period, the projected changes in
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Fig.6 Changes in MAT and precipitation of the UYRB under 1.5 °C (a) and 2 °C (b) warming scenarios for three RCP scenarios relative to the

baseline period (1986-2005)

precipitation under the 2 °C warming scenario are more
significant than those under the 1.5 °C warming scenario.

3.3.2 Spatial variation of precipitation

The spatial distributions of the projected amplitudes of
change in PA in the UYRB for the three RCP scenarios,
relative to the baseline period (1986-2005), under the 1.5 °C
and 2 °C global warming scenarios are shown in Fig. 7. The
significance level of all scenarios was also calculated.
Figure 7 indicates that the projected increases in PA
vary with the RCP scenarios considered and exhibit

obviously spatial differences, and that most area passed
p <0.1 significance test. Under both the 1.5 °C and 2.0 °C
global warming scenario, the PA shows an increase rela-
tive to the baseline period of 1986-2005 in more than
half of the UYRB (in the most of north half of the basin),
while a few parts of the UYRB (in the southern half of
the basin) show a decrease. The positive change (up to
24%) is greater than the negative change (up to 12%),
resulting in an average positive change in PA over the
whole of the area. The positive change in the PA is lower
under the 1.5 °C than under the 2.0 °C scenario for all the
RCPs. However, the negative change in the PA under the
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Fig. 7 Percentage changes in PA in the UYRB under 1.5 °C (left column) and 2 °C (right column) global warming scenarios corresponding to
RCP 2.6 (upper panel), RCP4.5 (middle panel) and RCP8.5 (lower panel), relative to the baseline period

1.5 °C scenario is higher than that under the 2.0 °C sce-
nario. Among all the RCPs, the PA is projected to exhibit
a more obviously positive change (reaching 24%) in the

north part of the UYRB for the RCP4.5 scenario than
for the other two RCPs, while a more significant nega-
tive change is (reaching 16%) in the south and east part
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of UYRB for RCP 8.5 under both the 1.5 °C and 2.0 °C
global warming scenarios. In general, the change in PA
response to the global warming shows spatial character-
istics. Precipitation increases with rising temperature, but
after the temperature has risen to a certain extent, the
rising trend begins to slow.

Figure 7 also shows that PA in most part of the UYRB
increases with the increasing of temperature. However,
over some parts of UYRB, total precipitation decrease
instead. Prominently, global warming leads to stronger
South Asian Monsoon and East Asian Monsoon, lead-
ing higher precipitation across China as a whole (Chen
et al. 2013; O’Gorman 2014). The stronger South Asian
Monsoon increased the amount of vapor transported to
the UYRB, which resulted in the increasing of precipita-
tion in the north and middle part of the UYRB (Xu and
Qian 2005). This is especially true for the north and west
area of the UYRB where the ratio of snowfall to total
precipitation is higher than other parts. For the south-
east part of UYRB, total precipitation is more compli-
cate, the response of total precipitation to the increase
of temperature is not linear. The ratio of snowfall and
total precipitation is showed as Fig. 8. Different spatial
patterns of precipitation change under different climate
scenarios were not only caused by temperature increase
but also by other climate factors, such as air pressure,
relative humidity, wind speed, etc.

3.3.3 Variation in precipitation indices

The frequencies of different precipitation types for the
three RCPs under the 1.5 °C and 2 °C global warming sce-
narios are compared with those for the baseline period of
1986-2005 in Fig. 9. The significance of changes in frequen-
cies of different precipitation types were also calculated,
which are showed in Table 4.

Table 4 shows that the change of the frequencies of dif-
ferent types of precipitation are not too significant under
different climate scenarios, this is mainly because of that the
values of frequencies of different types of precipitation show
greatly randomness. It also indicates that the changes of the
frequency of heavy precipitation for RCP4.5 and RCP8.5
and the frequency of intense precipitation for RCP8.5 under
the 1.5 warming scenario were significant at the level of 0.1.
Therefore, to overcome the randomness, shown as in Fig. 9,
only the average values of different types of precipitation
were analyzed.

For the baseline period of 1986-2005, the multi-year
average the FPD is projected to be approximately 225, based
on a multi-year average, while FTD, FLD, FMD, FHD, and
FID are projected to be approximately 77, 117, 28, 4, and 0.4
on average, respectively. Under the 1.5 °C global warming
scenario, although the FHD and FID increase by approxi-
mately 0.5 and 0.1 on average for RCP2.6, the FTD, FLD,
and FMD decrease. For RCP4.5, only the FTD decreases, by

Fig.8 The spatial distribution 90° E 95°E 100°E 105° E
of the ratio of snowfall and total
precipitation
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Fig.9 Changes in precipitation days under 1.5 °C and 2 °C global
warming scenarios for three RCPs as well as in the baseline period
(1986-2005). The cross symbols represent the maximum and mini-
mum values during the period. The upper edge represents the 75th

approximately 3; the numbers of days of other types of pre-
cipitation do not exhibit significant differences. The FTD for
RCP8.5 decreases by approximately 5, while the FLD, FMD,
FHD, and FID increase by approximately 4, 1, 0.5, and 0.1
on average, respectively, relative to the baseline period.
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percentile, the lower edge represents the 25th percentile and the mid-
dle line represents the 50th percentile. The small square represents
the mean value

Under the 2 °C global warming scenario, the FTD and
FMD decrease by 3 and 1 on average, respectively for
RCP2.6; only the FHD increases, by 1. For RCP4.5, only
the FTD exhibits a decreasing trend, with an amplitude of
4 days on average, while the FMD, FHD, and FID increase
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Table 4 The significance level of the change in precipitation

Precipitation type RCPs 1986-2005 1.5°C 2 °C warm-

warming ing scenario
scenario

Trace precipitation  — 2.6 0.248 0.82 0.253
-45 0.85 0.516

-85 0.608 0.776

Light precipitation =~ —2.6 0.558 0.989 0.194
-45 0.906 0.832

-85 0.701 0.909

Moderate precipita- —2.6 0.458 0.486 0.986
tion - 45 0.873 0.045
-85 0.255 0.651

Heavy precipitation —2.6 0.029 0.654 0.961
-45 0.042 0.137

-85 0.002 0.891

Intense precipitation —2.6 0.144 0.461 0.448
-45 0.840 0.088

-85 0.039 0.621

Precipitation day —-2.6 0.773 0.718 0.208
-45 0.982 0.465

-85 0.957 0.932

The lower of the values, the higher of the significance of the change

by 1, 0.3, and 0.1, respectively. The FPD are not projected to
change significantly relative to the baseline. For the RCP8.5
scenario, the FTD is projected to exhibit a decreasing trend
of approximately 5 days on average, although the days of
other types of precipitation are all projected to increase, by
2, 1.5, 0.5, 0.1 on average for light, moderate, heavy, and
intense precipitation, respectively. In summary, the FTD is
projected to increase for all RCPs under both the 1.5 °C and
2 °C global warming scenarios, while the frequencies of
other intensities of precipitation are projected to exhibit dif-
ferences for different climate scenarios.

3.4 Variation characteristics of snowfall
3.4.1 Temporal variation of snowfall

Annual snowfall (ASF) anomalies for the UYRB and glob-
ally for three RCPs for the period of 2006-2100 are shown
in Fig. 10.

As Fig. 10 shows, ASF is projected to exhibit an over-
all decreasing trend over the period of 2006-2100 for the
three RCP scenarios, both globally and for the UYRB. The
global projection in particular is for more significantly
decreasing trends in ASF, with the most rapidly decreasing
rate in ASF projected to occur under the RCP8.5 scenario.
For the UYRB, ASF is projected to exhibit a decreasing-
steady-increasing trend under RCP2.6 and a relatively

stronger nonlinear trend than for the other scenarios. ASF
is projected to decline throughout the whole period for the
RCP4.5 scenario, with the rate of decrease after 2042 being
projected to be lower than that before. The rate of decrease
for the RCP8.5 scenario is projected to be larger than that for
the other RCPs. The variation characteristics in the global
ASF are projected to be similar to that for the UYRB but
to decrease more significantly. The decreasing trend in the
change in global snowfall for RCP8.5 is projected to be close
to linear. The projected trend in ASF change is the opposite
of that of precipitation on both the global and UYRB scales,
mainly because of the projected increases in temperature.
As GMAT increases, more surface water is evaporated into
the atmosphere and more precipitation occurs, but this is
not true for snowfall; increasing temperatures cause more
liquid precipitation, which reduces the amount of solid
precipitation.

The EEMD method was used to study the variation
characteristics in ASF over a long period of time. After
decomposing the original ASF series of the UYRB over the
period of 2006-2100 using the EEMD method, four IMFs
(IMF1-4) and one trend component RES were obtained, as
shown in Table 5.

The results obtained for the contribution rates for the
IMFs and the trend component of ASF for the UYRB exhibit
characteristics similar to those for precipitation. The con-
tribution rate of the quasi-3-year function (IMF1) is 44%
for the RCP2.6 scenario, which is the largest of these rates.
The contribution rate of the trend component reaches 95.4%
under RCP8.5, which means that the ASF is projected to
exhibit a linearly decreasing trend during the period of
2006-2100. As the RCP value increases, the decreasing
trend becomes more strongly linear. This also indicates that
increasing temperatures will have a significant influence in
decreasing precipitation and that the rate of decrease rate
will exhibit an upward trend from RCP2.6 to RCP8.5.

The projected variations in ASF in the UYRB under the
1.5 °C and 2 °C global warming scenarios for the different
RCPs considered are shown in Fig. 11.

The results suggest that in the UYRB, ASF for all RCPs
will exhibit a significant overall decreasing trend, especially
under the 1.5 °C warming scenario. ASF is projected to
decrease under the 1.5 °C global warming scenario, relative
to the baseline period, for all of the RCP scenarios consid-
ered. The rates of decrease are 0.6 mm/year for RCP2.6,
1.23 mm/year for RCP4.5, and 1.35 mm/year for RCP8.5.
All RCPs passed the p <0.05 significance test. The multi-
year average decrease is 28.3 mm for RCP2.6, 33.2 mm
for RCP4.5, and 44 mm for RCP8.5 over the period of
2025-2044. The ASF in the UYRB under the 2 °C global
warming scenario is projected to decrease less significantly
than under the 1.5 °C global warming scenario, relative to
the 1.5 °C global warming scenario. The rates of decrease
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Fig. 10 Variation in annual snowfall (ASF) anomaly for the period of 2006-2100 in the UYRB (left column) and globally (right column) for
scenario RCP2.6 (Top panel), RCP4.5 (middle panel) and RCP8.5 (lower panel), respectively

Table 5 Variance contribution rates of IMFs and trend component for
snowfall anomaly based on EEMD method

IMF components RCP2.6 RCP4.5 RCP8.5
Period (year) IMF1 2.8 2.8 2.6
IMF2 5.9 5.9 6.3
IMF3 10.4 13.4 13.4
IMF4 30 29.2 46.8
RES - - -
Contribution (%) IMF1 44 24.4 2.1
IMF2 154 5.9 0.6
IMF3 3.6 37 0.4
IMF4 5.6 1.2 1.5
RES 314 64.8 95.4

are 0.13 mm/year for RCP2.6, 0.31 mm/year for RCP4.5,
and 0.79 mm/year for RCP8.5, and only RCP8.5 passed the
p <0.05 significance test. The multi-year average decreases
are 33.7 mm for RCP2.6, 39.8 mm for RCP4.5, and 55.2 mm

@ Springer

for RCP8.5. The projected ASF decreased the most under
RCP8.5, which is mainly because of the increasing of tem-
perature promotes the snowfall temperature threshold and
leads to more liquid precipitation.

Comparisons of the changes in temperature and snowfall
projected by the ensemble of six GCMs from the CMIP5
for different levels of global warming are shown in Fig. 12.

Figure 12 shows that a warming climate with less snow-
fall is predicted for the UYRB for all RCP scenarios under
both 1.5 °C and 2 °C global warming scenario. Under the
1.5 °C warming scenario, the ASF is projected to decrease
by approximately 2.6% per 1.0 °C for RCP2.6, 6.05% per
1.0 °C for RCP4.5, and 8.15% per 1.0 °C for RCP8.5. Under
the 2 °C warming scenario, the ASF is projected to decrease
by approximately 2.15% per 1.0 °C for RCP2.6, 2.64% per
1.0 °C for RCP4.5, and 4.36% per 1.0 °C for RCP8.5. Rela-
tive to the baseline period, the projected changes in snowfall
under the 1.5 °C warming scenario are more obvious than
those in the 2 °C warming scenario, which is the opposite
of the changes in PA.
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Fig. 12 Changes in MAT and snowfall in the UYRB under 1.5 °C (a) and 2 °C (b) warming scenarios for three RCP scenarios relative to the

baseline period (1986-2005)

3.4.2 Spatial variation in snowfall

Spatial distributions of changes in ASF in the UYRB for
the three RCP scenarios relative to the baseline period
(1986-2005) under 1.5 °C and 2 °C warming scenarios are
shown in Fig. 13, the significance level of every scenario
was also calculated.

Figure 13 indicates that the projected decreases in ASF
vary with the RCP scenario considered and exhibit spatial
variation, which more than half of the UYRB passed the

p <0.1 significance test, especially in the middle mountain-
ous regions. Under both the 1.5 °C and 2 °C global warm-
ing scenario the ASF, relative to the baseline period of
19862005, in the most of the UYRB shows the trend of the
decrease, and only few parts of the UYRB (in the north end
of the basin) shows the trend of the increase. The positive
change (up to 12%) is lower than the negative change (up to
60%), resulting the average change of ASF over the whole
of the area is negative. The negative change of ASF under
1.5 °C global warming scenario is lower than that of under
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Fig. 13 Projected percentage change in ASF under 1.5 °C (left column) and 2 °C (right column) global warming scenarios in the UYRB. a, c, e
are RCP2.6, 4.5 and 8.5, respectively. b, d, f are RCP2.6, 4.5 and 8.5, respectively

2 °C global warming scenario. But the positive change of =~ negative change for the RCP8.5 scenario, than that for the
ASF is higher under 1.5 °C than under 2 °C. Among all the  other two RCPs for both 1.5 °C and 2.0 °C global warming
RCPs, it is seen that the ASF is projected to exhibit a more  scenarios.
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Snowfall mainly occurs in the northern and middle part of
the UYRB with low temperature and high elevation. There
is a little snowfall in the southern and eastern parts of the
UYRB because of the high temperature and low elevation.
Previous research found that snowfall decreased with the
increase of temperature in the east of Tibetan Plateau, and
that it will continue to decrease with the raising of tempera-
ture (Deng et al. 2017). Raising temperature increases the
amount of available moisture in the air, but in general, also
leads to a higher change of precipitation falling as rain and
not snow. Thus, the snowfall will decrease in the mainly
snow zone in the north and middle of the UYRB.

It is seen that the ASF is projected to exhibit a more nega-
tive change for the RCP8.5 scenario, than that for the other
two RCPs for both 1.5 °C and 2.0 °C global warming sce-
narios. The most decrease for RCP4.5 and RCPS.5 is in the
south part of the UYRB, which is almost no snowfall all
the year round, and the values of the change amplitude in
these areas have no significance. While, in the middle and
north part of the UYRB, the decrease trend under RCP8.5 is
higher than that for RCP4.5. The no-snow-area was showed
in the Fig. 13. The multi-year snow area was simulated by a
hydrological process-based now depth mode (Ren and Liu
2019)

3.4.3 Variation in snowfall indices

The six snowfall indices for the three RCPs under the 1.5 °C
and 2 °C global warming scenarios are compared with the
baseline period of 1986-2005 in Fig. 14. The significance of
changes in snowfall indices are showed in Table 6.

Table 6 indicates that the first day of snowfall under
2 °C warming scenario for RCP 8.5, days of snowfall for
RCP8.5 under 1.5 °C warming scenario and snowfall inten-
sity for RCP8.5 under 1.5 °C warming scenario are signifi-
cant at the level of 0.1. The annual snowfall for RCP8.5
under 2 °C warming scenario is significant at the level of
0.01. The change of most indices of snowfall are not too
significant under different climate scenarios, this is mainly
because of the randomness of different indices of snowfall.
To overcome the randomness, only the average values of
different indices of snowfall were analyzed. For the period
of 1986-2005, the first snowfall in the UYRB occurred on
October 17, on average, and the last snowfall occurred on
July 16. ASF was approximately 240 mm per year, on aver-
age, and FSD, SI, and MSF are 102 days, 2.35 mm per day,
and 36 mm, respectively. Under the 1.5 °C warming sce-
nario, the FDS is projected to be slightly earlier than for the
baseline period for RCP2.6, and delays of approximately
3 and 2 days are projected for RCP4.5 and RCP8.5, while
the LDS is projected to be later for all of the RCPs, with
the largest value being 11 days for RCP4.5. The ASF for

all RCPs is projected to decrease by the same amount of
approximately 215 mm on average. The decrease in the FSD
is not projected to exhibit obvious differences between the
different RCPs, relative to the baseline period. The change
in SI is projected to be larger for RCP2.6 than for the other
scenarios, with an average value of approximately 2.25 mm
per day. The MSF is projected to exhibit a decreasing trend,
relative to the baseline period, with the largest decrease of
5 mm occurring under the RCP8.5 scenario.

Under the 2 °C warming scenario, the FDS is projected
to be delayed for approximately 2, 2, and 5 days for RCPs
2.6, 4.5, and 8.5, respectively, and the LDS is projected to
advance more obviously, relative to the baseline period, with
the largest advance being 14 days for RCP8.5. The multi-
year average of ASF for RCP8.5 is projected to decrease the
most, by approximately 35 mm. The FSD is not projected to
exhibit differences from that projected for the 1.5 °C warm-
ing scenario for RCP2.6, whereas for RCP8.5, the FSD is
projected to decrease by approximately 17 days in compari-
son with the baseline period of 1986-2005. However, the SI
is projected to change little, relative to the baseline period,
for all of the RCPs. The MSF is not predicted to exhibit
obviously change but is predicted to vary with the range of
this value. For all of the scenarios, the ASF and FSD are the
two indices that are projected to be most easily influenced by
the warming climate, because they vary more than the other
indices. Snowfall can be influenced by climate change, but
this influence will be reduced when climate change reaches
a threshold.

4 Summary and conclusions

Global warming has influenced the hydrological cycles
in the UYRB during the twentieth century, and continued
warming may have further impacts on precipitation and
snowfall patterns in this region. The CMIP5 provides multi-
model simulations on global scales, and such models pro-
vide a useful way to study predicted future precipitation and
snowfall changes (Chaturvedi et al. 2014; Ji and Kang 2013;
Mankin and Diffenbaugh 2015). However, the bias in GCMs
can be the primary source of uncertainty in the assessment
of climate change (Gao et al. 2019). Therefore, the QM cor-
rection method was employed to remove the bias in GCMs
in this study. The change characteristics in precipitation and
snowfall patterns in the UYRB under the 1.5 °C and 2 °C
global warming scenarios were then evaluated.

The MAT in the UYRB is increasing more rapidly than
the GMAT, and this analysis shows that the GMAT will
increase 1.5 °C relative to the baseline period (1986-2005)
by the year of 2034, and 2 °C by the year of 2046.
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The PA of the UYRB exhibits an overall increase trend
with the increase of temperature (Held and Soden 2006; Sun
et al. 2007; Trenberth et al. 2003). The rates of increase are
0.98 mm/year for RCP2.6, 4.25 mm/year for RCP4.5, and
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percentile, the lower edge represents the 25th percentile and the mid-
dle line represents the 50th percentile. The small square represents
the mean value

3.14 mm/year for RCP8.5 under the 1.5 °C global warm-
ing scenario, which changes to 0.49, 1.18 and 3.72 mm/
year under the 2 °C global warming scenario. The PA will
increase by approximately 4.47%, 4.71% and 4.83% per
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Table 6 The significance level

. Precipitation type RCPs 1986-2005 1.5 °C warming 2 °C warm-
of the change in snowfall scenario ing scenario
The first day of snowfall —-2.6 0.109 0.36 0.516
—-4.5 0.628 0.252
-85 0.124 0.073
The last day of snowfall —-2.6 0.05 0.836 0.275
—-45 0.202 0.941
-85 0.231 0.202
Annual snowfall —-2.6 0.054 0.867 0.677
—-45 0.544 0.847
-85 0.005 0.934
Days of snowfall —-2.6 0.303 0.295 0.351
—-45 0.17 0.469
-85 0.044 0.292
Snowfall intensity —-2.6 0.072 0.702 0.734
—-45 0.717 0.747
-85 0.087 0.208
Maximum of daily snowfall —-26 0.005 0.866 0.824
—-45 0.871 0.344
-85 0.28 0.921

1.0 °C for RCP2.6, — 4.5 and — 8.5 under the 1.5 °C warm-
ing, and it will increase by approximately 11.71%, 9.06%,
12.54% per 1.0 °C for RCP2.6, — 4.5 and — 8.5 under an
additional 0.5 °C global warming. The predicted increases in
PA vary between the RCP scenarios considered and exhibit
obvious spatial difference, showing an increase in all areas
except part of southern UYRB. Relative to the baseline
period, the frequency of trace, light and moderate precipita-
tion days will decrease, however, that of heavy and intense
precipitation days will increase for RCP2.6 under the 1.5 °C
warming scenario. For RCP4.5, only the frequency of trace
precipitation days will decrease by approximately 3 days,
which is similar to that of RCP8.5. Under the 2 °C warming
scenario, the frequency of trace precipitation will decrease
by 3 days, 4 days and 5 days for RCP2.6, — 4.5 and — 8.5
relative to the baseline period, while the frequency of other
precipitation days shows a slight increase for all RCPs. In
general, the frequency of trace and light precipitation days
was projected to decrease and the frequency of moderate
and heavy days was projected to increase under both the
1.5 °C and 2 °C global warming scenarios, which means
that the occurrence of trace and light precipitation events
depends more heavily on global warming than the occur-
rence of other types of precipitation events (Ma et al. 2015;
Zhang et al. 2013).

The ASF is projected to exhibit an overall decreasing
trend in the UYRB under both 1.5 °C and 2 °C global
warming scenarios. The rates of decrease are 0.6 mm/year
for RCP2.6, 1.23 mm/year for RCP4.5, and 1.35 mm/year
for RCP8.5 under the 1.5 °C global warming scenario,

which changes to 0.13, 0.31 and 0.79 mm/year under the
2 °C global warming scenario. The ASF will decrease
by approximately 2.6%, 6.05% and 8.15% per 1.0 °C for
RCP2.6, — 4.5 and — 8.5 under the 1.5 °C warming, and
by 2.15%, 2.64% and 4.36% per 1.0 °C for RCP2.6, — 4.5
and — 8.5 under the 2 °C warming. Under all global warm-
ing scenarios, the ASF exhibits large and usually signifi-
cant decreasing trend in most of the UYRB except for the
northern end of the study area. For all scenarios, the ASF
is predicted to exhibit a significant decreasing trend in
most of the UYRB, with the largest variation occurring
under the RCP4.5 scenario. The date of the first snowfall
will delay with increasing temperature, while that of the
last snowfall will advance. Under the 1.5 °C global warm-
ing scenario, the first snowfall is projected to occur a little
earlier for RCP2.6 and to be delayed for the other RCPs,
while the last snowfall is projected to occur a little earlier
for all RCPs, with the largest advancement of 11 days for
RCPA4.5. Under the 2 °C global warming scenario, the first
snowfall will delay by approximately 2, 2, and 5 days for
RCP2.6, — 4.5 and — 8.5, and last snowfall will advance
by approximately 14 days for RCP8.5, which is the larg-
est, relative to the baseline period. Other types of snowfall
indices show slight changes.

Overall, the increase of temperatures is projected to be
associated with the increase of precipitation and the decrease
of snowfall in the UYRB, which differ somewhat for the
different RCPs considered. This study suggests that the pre-
cipitation in the UYRB will continue to increase and the
snowfall will continue to decrease with increasing GMAT,
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thereby increasing the probability of flooding in the study
area.
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