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Abstract

Global warming has considerably challenged the natural environment and livelihood conditions. Understanding potential future
changes in critical climatic variables, such as temperature and precipitation, is important for regional agricultural and water
resource management. This study proposes a new approach to the application of the Long Ashton Research Station Weather
Generator (LARS-WG) in Coupled Model Intercomparison Project Phase 5 (CMIP5) emission scenarios and aims to test its
applicability in cold areas and to evaluate the response of temperature and precipitation, in amount and form, under future warmer
climate trends. Three stations in northeastern China are set as case sites, and 50 years of daily weather observations are used for
model calibration and validation. Future synthetic time-series of daily precipitation and daily maximum and minimum temper-
atures is generated by the calibrated LARS-WG based on three Representative Concentration Pathway (RCP) scenarios with
various radiative forcing levels of 14 general circulation models (GCMs) outputs for the periods 2041-2060 (2050s) and 2061—
2080 (2070s). The results show that the CMIP5 scenarios can be successfully used in a LARS-WG model and that the model
performs well in cold weather conditions to repeat the current status of the case sites; the model is able to provide downscaling
analysis for future daily weather generation via updating calibrated model parameters based on various GCM outputs. A
generally warming and wetting conversion would last into the future for the study sites, but there is great inconsistency among
different GCMs. An ensemble approach is adopted with mean values of multi-GCMs to avoid the uncertainty associated with
using a single GCM, based on which the changes in the form of precipitation are further estimated. As a result of the decrease in
freezing conditions, although annual precipitation will continue to increase in the future, there will be relatively less annual
snowfall, which will be primarily focused in deep winter. Such changes in snow cover conditions will potentially disturb the
original rules of local overwintering agriculture. In addition, more intense and earlier snowmelt discharge and more rainfall in
summer will latently impact the watershed hydrologic process. The influences of climate change are significant, and related
projects for agricultural and water resource management should be of great concern in local decision-making.

1 Introduction

Global climate change has placed great pressure on the world,
and a consensus is building that global climate change will be
a common challenge of humanity in the twenty-first century
(McNutt 2013; Solow 2015). Climate change can alter the
trends and timing of precipitation, temperature, and other
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critical weather drivers; climate change can lead to a series
of impacts on the environment and livelihood conditions, such
as water resources, agriculture, and energy (Conway et al.
2015; Fezzi et al. 2015; Grafton et al. 2013). Many general
circulation models (GCMs) have been created to address this
issue (Sanchez et al. 2004; Stevens et al. 2013). Previous
studies have estimated how the climate status might change
in different areas and at different times under various possible
emission scenarios (Gao et al. 2011; Giorgi and Lionello
2008). The results from GCMs, however, have insufficient
spatial and temporal resolution and cannot be directly used
in impact models to support specific local projects. Thus, it
is desirable to explore a downscaling approach for GCM out-
puts, and many tools and methods have been proposed
(Pervez and Henebry 2014; Tripathi et al. 2006). Stochastic
weather generators, as one of the most typical and popular
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downscaling methods, have been widely applied for local
scale weather simulation based on low-resolution GCM out-
puts (Vallam and Qin 2018; Wilby et al. 2002; Zhang 2005).
At low cost and with less computationally demanding frame-
works, it is simple to use weather generator models to quickly
model future multiple-year weather data series at the daily
time scale at a particular station. The Long Ashton Research
Station Weather Generator (LARS-WG) is one of the most
widely used weather generator models for climate change im-
pact studies.

LARS-WG is a stochastic weather generator that was de-
veloped in 1997 for site synthetic weather time-series simula-
tion (Semenov and Barrow 1997). LARS-WG uses a series of
semi-empirical distributions to describe weather factors and
calibrates and validates model parameters with long-time ob-
served weather data records. LARS-WG has a great capability
for maintaining consistency among the key statistical proper-
ties in synthetic and observed series and is able to repeat a site
weather condition in the form of daily time-series for a suite of
climate variables. By updating the model parameters based on
the outputs of GCMs, LARS-WG can present the future
weather characteristics in a site and generate a suite of syn-
thetic daily climate variables, such as precipitation, maximum
and minimum temperatures, and solar radiation. LARS-WG
has been widely used to model weather events and estimate
local climate change around the world. Chen et al. (2013)
validated the applicability of the LARS-WG model in
downscaling and predicting daily precipitation and daily
maximum and daily minimum temperatures in Sudan and
South Sudan to provide valuable information for the future
planning and management of local water resources. Reddy
et al. (2014) used a LARS-WG model to evaluate the change
in climate over long periods in three semiarid areas in the
southern Telangana region in India. Kumar et al. (2014) ap-
plied LARS-WG to estimate the impact of climate change on
rainfall in Northwestern Bangladesh with multi-GCM ensem-
bles. Sarkar et al. (2015) estimated further climate change in
three arid locations of India by contrasting the baseline value
with the downscaled output of LARS-WG based on seven
GCMs. Ma et al. (2016) used LARS-WG to analyze
precipitation and temperature changes in the historic period
and future period in the Xiangjiang River Basin, China.
Hassan et al. (2014) used LARS-WG to simulate and down-
scale rainfall and temperature and contrasted the model results
with those of a Markov chain-based statistical downscaling
model (SDSM). LARS-WG has been broadly applied, partic-
ularly in tropical and subtropical areas with few freezing con-
ditions, for site and daily scale weather data generation and
relevant analysis of the future climate status.

Furthermore, LARS-WG has also been widely used to es-
timate the impacts of climate change on agriculture and water
resources through a model combination approach. Kim et al.
(2013) used a combined LARS-WG and Soil and Water
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Assessment Tool (SWAT) approach to assess the influence
of climate change on crops and hydrological processes in the
Yazoo River basin, Mississippi, USA. Bannayan et al. (2016)
used LARS-WG to simulate future climate change and its
impacts on maize production in northeastern Iran. Dumont
et al. (2016) applied the LARS-WG model for a climatic un-
certainty analysis in their work to assess and model the
economic and environmental impacts of wheat nitrogen
management in Belgium. Zarghami et al. (2011) applied
LARS-WG to downscale precipitation and temperature and
estimated the effects of climate change on runoffs using the
artificial neural network (ANN) method in Iran. Mahat and
Anderson (2013) used a combination of LARS-WG and a
conceptual hydrological model, HBV-EC, to evaluate the im-
pacts of climate and forest changes on streamflow together
with GLUE uncertainty analysis in Southern Alberta,
Canada. Qin and Lu (2014) used a linkage of the LARS-
WG model and a hydrological model to estimate the flood
risk of the Heshui watershed in southern China. Previous ap-
plications have shown the great ability of LARS-WG to ana-
lyze and predict the changes in critical climatic variables and
provide valuable reference results for the future planning and
management of agricultural and/or water resources
worldwide.

However, the scenario analysis module in the latest version
of LARS-WG was developed based on the old SRES emis-
sions scenario from the IPCC Fourth Assessment Report
(AR4), which limited its scope and value for application.
The new Coupled Model Intercomparison Project Phase 5
(CMIP5) emission scenarios in IPCC ARS have been widely
used for future climate status estimations, and the integrated
application of LARS-WG with ARS scenarios was a great
concern in recent studies (Ahmadzadeh Araji et al. 2018;
Fenta Mekonnen and Disse 2018; Semenov and
Stratonovitch 2015). Previous studies have indicated that it
is critical to perform valid LARS-WG applications using a
suitable approach to update the LARS-WG parameters based
on the outputs of GCMs under ARS scenarios; there is a great
demand to bridge this gap between LARS-WG and GCMs for
developing various approaches, which are still insufficient and
must be complemented. In this study, we proposed a relatively
convenient approach based on the public climate data of
gridded GCM outputs in WorldClim (Hijmans et al. 2005)
and a batch command of ArcGIS 10.2 in Python, which was
able to achieve site-scale climate change estimations available
for LARS-WG application. In addition, while it has mainly
been used in tropical and subtropical areas, the LARS-WG
was applied to three weather stations in northeastern China
to test the model’s applicability in temperate areas with cold
weather conditions in winter. The changes in air temperature
and precipitation behavior were estimated for two future pe-
riods of 2041-2060 (2050s) and 20612080 (2070s). The in-
tegrated effects on snow, snowmelt, and rain due to a rise in
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temperature and changes of precipitation (in amount and in-
tensity) are of great concern. Detailed model applications and
a discussion of the results are described below.

2 Materials and methods
2.1 Study area and data description

The northern-most three weather stations, namely Huma,
Nenjiang, and Sunwu, in northeastern China, were selected
as case sites for the study (Fig. 1). These sites are located in
the Heilongjiang watershed and were characterized under cold
weather conditions. The latitude, longitude, and altitude of
Huma, Nenjiang, and Sunwu are 51.72° N, 126.65° E,
177.40 m; 49.17° N, 125.23° E, 242.20 m; and 49.43° N,
127.35° E, 234.50 m, respectively. The mean temperatures
of the base period (1961-2010) at Huma, Nenjiang, and
Sunwu were —0.56 °C, 0.62 °C, and — 0.21 °C, respectively,
and were only —22.96 °C, —21.30 °C, and —21.26 °C in
winter (December, January, and February). The average annu-
al rainfall of the base period at these three sites was 465 mm,
476 mm, and 540 mm, respectively.

A historical baseline of weather data from 1961 to 2010
(50 years) was used for LARS-WG calibration to determine
the model parameters. The weather data indexes included the
daily minimum temperature, daily maximum temperature,
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daily precipitation, and sunshine hours. All data for the ob-
served weather records were downloaded from the China
Meteorological Data Service Center (CMDC).

2.2 LARS-WG model approach

The newest version of LARS-WG 5 was used in this study. As
a stochastic weather generator, LARS-WG 5 can simulate the
daily weather factors for any length of time based on a series
of semi-empirical distribution frameworks. LARS-WG uti-
lizes histograms with 23 intervals to describe the distribution
of the lengths of wet and dry day series, daily precipitation,
and daily maximum (Tmax) and minimum temperatures
(Tmin). Synthetic weather data are generated as random
values from relevant semi-empirical distributions, which were
chosen by first selecting one interval and then selecting a
value within that interval from the uniform distribution. The
interval bounds and proportion of events in each interval are
the model parameters that must be calibrated based on histor-
ical data. In this study, we first used 50 years of observed daily
weather data for model calibration to determine the model
parameters, based on which 50 years of synthetic daily weath-
er data were generated for model validation. Independent pa-
rameter sets were calibrated for each site, and the groups of
observed and synthetic daily weather data were compared
using statistical tests and graphical comparisons to test the
validity of the model. Then, using the calibrated LARS-WG
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Fig. 1 Location of the weather stations in this study
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model, future weather data series were generated by updating
the model parameters based on different climate scenarios
from different GCMs outputs.

The GCM outputs used for updating the LARS-WG pa-
rameter were estimated based on the global gridded maps
from the WorldClim version 1.4 dataset, which provided av-
erage monthly climate data layers for minimum and maximum
temperatures and precipitation for current conditions and fu-
ture conditions from downscaled GCMs data based on CMIP5
scenarios. Three Representative Concentration Pathway
(RCP) scenarios that represented different radiative forcing
levels were used in this paper, including RCP 2.6, RCP4.5,
and RCPS8.5. Fourteen different GCM outputs for each RCP
scenarios in two future periods, 2046 to 2065 (2050s) and
2060 to 2079 (2070s), were considered, including BCC-
CSM1-1, CCSM4, CNRM-CMS5, GFDL-CM3, GISS-E2-R,
HadGEM2-AO, HadGEM2-ES, IPSL-CM5A-LR, MIROC-
ESM-CHEM, MIROC-ESM, MIROCS5, MPI-ESM-LR,
MRI-CGCM3, and NorESM1-M. For each GCM, there is a
series of gridded maps that represent the global average
monthly values for one weather factor in one future period
under one RCP scenario. The “Extract Value to Points” func-
tion in Spatial Analyst Tools in ArcGIS 10.2 was used to
obtain the grid values for the three points of the case sites in
this study, and a Python batch command was developed
(provided in the Supplemental Material) to collect and sum-
marize monthly weather data for all GCM result maps. Then,
changes in the monthly Tmax, Tmin, and precipitation were
calculated and used to update the LARS-WG parameters for
each scenario and period, based on which groups of 50-year
synthetic daily weather data were generated for further discus-
sions of climate change properties.

3 Results and discussion
3.1 Modeling performance

Three general statistical tests were performed on various
weather items to assess the performance of the LARS-WG
model. First, the Kolmogorov—Smirnov (K-S) test was per-
formed to compare the consistency of the observed series and
synthetic series on four items, including seasonal wet/dry se-
ries distributions (WDSeries), daily precipitation distributions
(PrecD), daily minimum temperature distributions (TminD),
and daily maximum temperature distributions (TmaxD).
Second, the ¢ test was performed to determine whether the
observed and synthetic series significantly differed from each
other on three items, namely the monthly mean of precipita-
tion (PMM), monthly mean of daily maximum temperature
(TmaxM), and monthly mean of daily minimum temperature
(TminM). Additionally, the monthly variances of precipitation
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(PMV) of the observed and synthetic series were estimated via
the F-test. A summary of test results is provided in Table 1
with a series of numerals that indicate the numbers of tests,
revealing significantly different results at the 5% significance
level out of the total number of tests. The larger the number is,
the poorer the model performance is. Otherwise, with a small
number of significantly different results, the model perfor-
mance could be classified as excellent with reliable outputs,
which occurred in this instance. None of the WDSeries,
PrecD, TminD, TminM, and TmaxD at all three sites had
significantly different results; for PMM, PMV, and TmaxM,
the average numbers with significant results were 0.67, 1.33,
and 0.33, respectively, out of 12 tests for each site. These
results indicated excellent modeling precision for LARS-
WG used in northeast China, and the LARS-WG model can
better simulate the daily temperature and rainfall distributions
in comparison to the monthly means and variance, but all of
the results were acceptable (Amin et al. 2014; Naderi and
Raeisi 2016).

Additionally, the simulated and observed mean monthly
precipitation and standard deviation, as well as the monthly
mean of the daily maximum and minimum temperatures, were
compared and visualized with a series of graphical compari-
sons in Figs. 2 and 3. On the one hand, the mean monthly
precipitation between the simulated and observed series show
great consistency, and the errors mainly occur in the summer
months with high precipitation (Fig. 2al-a3). Similarly, the
discrepancies in the standard deviation of monthly precipita-
tion focus on high precipitation months, while the overall
performance is also poorer than that of the mean estimation
(Fig. 2b1-b3). Finding a perfect simulation for the standard
deviation is a common issue among statistical downscaling
models. For the precipitation simulation, it requires a combi-
nation of several estimations. We must estimate whether a day
is a wet day (with precipitation > 0), and if so, we must esti-
mate how much precipitation occurs. Furthermore, because
this study uses a semi-empirical interval approach for estimat-
ing the precipitation yield in LARS-WG instead of a proba-
bility distribution directly based on observed means and stan-
dard deviations in other weather generators, there is more
potential uncertainty in the variability of monthly precipita-
tion. Furthermore, due to the use of the wet/dry series ap-
proach rather than of Markov chains in LARS-WG, there is
some additional uncertainty at the beginning and end of
months when we compile the results based on individual
months. The linkage of various uncertainties will ultimately
be reflected in the monthly precipitation estimations so that
the simulated results will have discrepancies in mean and
standard deviation, particularly in summer months due to
abundant rain. The test statistics, however, show that no sig-
nificant difference for most months between the simulated and
observed series, and the model results for the precipitation
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Table 1 Results of the statistical . -

tests comparing the observed data  Sites WDSeries*  PrecD®  PMM®  PMVY  TminD° TminM’ TmaxD®  TmaxM

and synthetic data generated by

LARS-WG with the numbers of ~ Huma 0 0 1 0 0 0 0 1

tests revealing significant differ- Nenjiang 0 0 1 2 0 0 0 0

ent results at the 5% significance Sunwu 0 0 0 2 0 0 0 0

level Average 0 0 0.67 1.33 0 0 0 0.33
Total tests 8 12 12 12 12 12 12 12

#Seasonal wet/dry series distributions tested by the Kolmogorov—Smirnov (K-S) test

® Daily precipitation distributions tested by the Kolmogorov—Smirnov (K-S) test

“Monthly mean of precipitation tested by the t-te:
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9Monthly variances of precipitation tested by the F-test

¢ Daily minimum temperature distributions tested
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Fig. 2 Comparison of observed precipitation to simulated values from LARS-WG. Row a (al-a3) represents the monthly mean, and row b (b1-b3)
represents the standard deviation for each of three sites for the period of 1961 to 2010
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Fig. 3 Comparison of observed monthly temperatures to simulated values from LARS-WG. Row a (al—a3) represents the daily maximum temperature,
and row b (b1-b3) represents the daily minimum temperature, for each of three sites for the period of 1961 to 2010

estimation are reasonable. On the other hand, the simulated
monthly mean of the daily maximum and minimum tempera-
tures matches well with the observed values for all of the study
sites in all months (Fig. 3). These model results indicate that
the calibrated and validated LARS-WG model has great ca-
pacity for simulating weather data in northeastern China for all
three stations as case sites in this study, based on which further
estimations for future climates scenarios are possible.

3.2 Analysis of future climates scenarios

The changes in the monthly precipitation and mean daily Tmax
and Tmin of the three studied stations for the periods 2046 to
2065 (2050s) and 2060 to 2079 (2070s) under three different
RCP scenarios were estimated by the Python batch command
based on 14 GCM outputs, the results of which are illustrated in
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Fig. 4, 5, and 6. Common increasing trends in future precipita-
tion and air temperature for all GCMs were observed, but there
was no coherent variation among various GCMs, in accordance
with other studies (Fenta Mekonnen and Disse 2018; Hussain
et al. 2018). There will generally be more precipitation in the
2070s than 2050s. Scenarios with a higher radiative forcing
level will lead to more precipitation in the 2070s. The relative
increase in precipitation is mainly focused on winter months,
while the absolute increase is mainly focused on summer
months. For future air temperature analysis, both Tmax and
Tmin will rise in the 2050s for all three scenarios. A higher
air temperature could be expected under scenarios with higher
radiative forcing level. For the RCP 8.5 scenario, an increasing
trend is found in the 2070s, while the Tmax and Tmin will
generally stay at the same level as the 2050s for RCP 2.6 and
RCP 4.5. As seen in the monthly changing analysis, there will
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be relatively intense increases in air temperature in winter
months. These results can be used to update the model param-
eters of LARS-WG to generate synthetic daily weather data that
represent different future periods under different RCP scenarios

Month

HadGEM2-AO, he HadGEM2-ES, ip IPSL-CM5A-LR, m¢ MIROC-
ESM-CHEM, mg MIROC-ESM, mi MIROCS5, mp MPI-ESM-LR, mr
MRI-CGCM3, no NorESM1-M

from different GCMs. However, due to the great differences
among the different outputs of GCMs, there is significant un-
certainty in modeling future weather data based on one single
GCM. To address this issue, ensemble means was achieved.
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Fig. 5 Monthly changes in the maximum temperature for each site in GISS-E2-R, hd HadGEM2-AO, he HadGEM2-ES, ip IPSL-CM5A-LR,
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be BCC-CSM1-1, cc CCSM4, cn CNRM-CMS5, gf GFDL-CM3, gs ESM-LR, mr MRI-CGCM3, no NorESM1-M

The average of all 14 GCM outputs was calculated and  represented relative changes in the monthly mean precip-
used together with the baseline values as the ensemble  itation and absolute changes in the monthly Tmax and
means to update the LARS-WG model parameters. For ~ Tmin under three RCP scenarios and two future periods,
each site in this study, six scenario files were created that  respectively. These six scenario files were used in a
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Fig. 6 Monthly changes of the minimum temperature for each site in
different RCP scenarios and future periods from various GCMs’
outputs. bc BCC-CSM1-1, cc CCSM4, cn CNRM-CMS5, gf GFDL-

LARS-WG model to generate synthetic daily weather data
for various predicted future statuses. Each group of
LARS-WG implements was run for a long period of
50 years to consider extreme conditions (avoiding

Month

CM3, gs GISS-E2-R, hd HadGEM2-AO, he HadGEM2-ES, ip IPSL-
CMSA-LR, mc MIROC-ESM-CHEM, mg MIROC-ESM, mi
MIROCS, mp MPI-ESM-LR, mr MRI-CGCM3, no NorESM1-M

uncertainty by neither missing nor magnifying the unusual
weather influence), the results of which are plotted in
Fig. 7. The length of the box represents the distance be-
tween the first quartile (25th percentiles) and third quartile
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Fig. 7 Comparisons of the annual precipitation and maximum and
minimum temperatures for each station under various RCP scenarios in
different future periods compared with the baseline values. The upper and
lower borders of the box represent the 25th percentiles and 75th

(75th percentiles), and the line and cross in the box inte-
rior represent the median and mean values in the group,
respectively. The ends of the “whiskers” are the lower and
upper limits, beyond which the values are considered
anomalous. The minimum and maximum values of the
group are shown into two solid points.

It is shown that there are common increases in air tem-
perature and precipitation for most RCP scenarios in the
future. In one hand, for Tmin and Tmax, a higher radia-
tive forcing level would lead to a higher potential future
air temperature. In the same future periods, RCP scenarios
with higher radiative forcing levels would lead to greater
increases in Tmin and Tmax. However, with the same
radiative forcing level, the changes of Tmin and Tmax
in different future periods would vary for different RCP
scenarios; for RCP 2.6 scenarios, the Tmin and Tmax
would increase in 2050s and then remain steady in the
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percentiles, respectively, and line and cross in the box interior represent
the median and mean values. The minimum and maximum values are
shown as two solid points, while “whiskers” are lower and upper limits
beyond which values are considered to be anomalous

2070s, while a similar continuous increasing trend can
be found in all future periods for both RCP 4.5 and
RCP 8.5 scenarios. For different weather sites, the
Nenjiang station represented the greatest increases in
Tmin and the changes in Sunwu station would be the
mildest. The changes in Tmax in Nenjiang and Sunwu
would be similar and both greater than that in Huma,
which has the highest latitude of the three studied sites.
In the other hand, we could learn that all the results indi-
cated positive changes in precipitation in the future, but
no significant correlation was found between the increases
and radiative forcing levels. The changing trends under
various RCP scenarios would differ for different sites in
different future periods. For Huma and Nenjiang, there
would be continuous increasing trends for precipitation
under RCP 4.5 and RCP 8.5, but a decrease in precipita-
tion in 2070s than 2050s under RCP 2.6. In addition, the
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Fig. 8 Changes in the monthly precipitation and maximum and minimum temperatures in different months under various RCP scenarios in different
future periods in three studied sites

highest increasing rates of precipitation would be ob- In another view, the changes in monthly precipitation,
served in the 2070s under RCP 8.0 for both sites. For = Tmax and Tmin, are illustrated in Fig. 8. All three sites had
Sunwu, the highest increasing rate of precipitation would  similar changes in monthly precipitation, Tmax and Tmin.
occur in the 2050s under RCP 4.5, but a decreasing trend  The precipitation showed increasing trends in most months,
could be found from 2050s to 2070s for this scenario.  with several exceptions that occurred in Sunwu in August and
Continuous increasing trends were observed throughout  September of 2050s. The increasing precipitation is mainly
the study periods under RCP 2.6 and RCP 8.5 in Sunwu.  focused on hot summer months, with the greatest increases
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Fig.9 Comparison of the changes of annual precipitation, annual rainfall, and annual snowfall, as well as the proportion of snowfall of total precipitation
in early and late winter months, under various RCP scenarios in different future periods in three studied sites
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in July. The increases of Tmax and Tmin in the future were
coherent, and all months for the three sites in future periods
will experience warmer weather based on model predictions.
In addition, greater ratios of temperature increases are found in
cold winter months. These results are consistent with [PCC
reports and GCM outputs. From the above analysis, it was
certain that warming and wetting would last in the future for
the three sites, which could potentially disturb the regional
environment. Warmer weather and a higher precipitation yield
will have a significant influence on the form of precipitation,
as discussed in Sect. 3.3.

3.3 Analysis of changes of future precipitation forms

On a mean annual scale, all three sites show increasing trends
of annual rainfall and precipitation, while their snowfall gen-
erally decreases, as shown in Fig. 9. All three sites’ snowfall
will decrease relative to the baseline level, except Sunwu sta-
tion under RCP 4.5 scenarios in the 2070s. There are similar
trends for changes in annual precipitation and rainfall for the
same site, which represent positive correlations with the radi-
ative forcing level. In addition, the increasing rates of rainfall
are higher than those of precipitation, possibly due to hotter
weather conditions in the future.

Changes in snowfall could be considered to be the
common effect of the changes of precipitation and tem-
perature in the future. More precipitation is positive for an
increase in snowfall, while higher temperatures are nega-
tive for future snowfall due to fewer snow events. The
critical precipitation increases are focused in summer
months from June to September (Fig. 8), indicating that
more rain will occur in summer in the future, primarily
resulting in an increasing trend in annual rainfall in the
study area. More precipitation occurring in winter will
bring more potential snowfall, but will be offset by pre-
cipitation form changes in early and late winter, consider-
ing future higher temperatures. In early winter, the num-
ber of days with Tmin in October and/or Tmax in
November below the freezing point will be reduced,
which means less snow but more rain in this period in
the future. Similarly, there will be fewer freezing cold
days for snow in late winter (March and April). These
warmer weather conditions will result in smaller propor-
tions of snowfall in monthly precipitation in these months
(Fig. 9). However, benefiting from increases in total pre-
cipitation, particularly in the period from December to
February when snow events are predominant, the snow
cover in deep winter will increase and the annual snowfall
will remain at a relatively steady level.

This snow-dominant situation should be of great concern.
Less winter precipitation falling as snow and an earlier spring
thaw will greatly impact the area surface conditions, with po-
tential to cause severe impacts on agriculture and other related
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aspects. Furthermore, with positive changes in snow cover
accumulation due to the increasing precipitation in deep win-
ter months, more and earlier snowmelt discharge will lead to a
shift in the peak river runoff in early spring, which is critical
for water resource management. In summary, the effects of
further climate change in the cold area in northeastern China
are significant and should be a subject of concern for local
managers in decision-making.

4 Conclusions

The LARS-WG model was successfully applied in the north-
eastern China for modeling the daily precipitation, Tmin, and
Tmax in a cold climate area. The long-term observed weather
records from three case sites were well replicated by the cal-
ibrated model, based on which the future climate status from
an ensemble of 14 GCMs’ outputs in three CMIP5 scenario
was downscaled to a series of daily precipitation, Tmin, and
Tmax for the periods of 2050s and 2070s. The model results
were compared and estimated, and the future weather features
were discussed. The following three main conclusions can be
drawn from the results of the present study:

1. The approach for using new outputs of GCMs under
CMIP5 scenarios in LARS-WG model is valid, and the
LARS-WG model can be used in cold areas to downscale
daily precipitation, Tmax, and Tmin.

2. The downscaled model outputs based on different GCM
predictions represent incoherent change trends that indi-
cate significant uncertainties, and the ensemble approach
based on multiple GCMs rather than a single GCM is
recommended for future climate estimation.

3. There will be warmer and wetter conditions in the study
area, with more rainfall but less snowfall, in the future.
The increasing rainy events in the summer and earlier and
heavier snowmelt in spring should be of great concern for
local agricultural and water resource management.
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