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Abstract: During the second half of the 20th century, eastern Northwest China experienced a warming
and drying climate change. To determine whether this trend has continued or changed during the
present century, this study systematically analyzes the characteristics of warming and dry-wet
changes in eastern Northwest China based on the latest observational data and World Climate
Research Programme (WCRP) Coupled Model Intercomparison Project Phase 6 (CMIP6) collection
data. The results show that eastern Northwest China has warmed continuously during the past
60 years with a sudden temperature change occurring in the late 1990s. However, the temperature
in the 2000s decreased slowly, and that in the 2010s showed a warming trend. The amount of
precipitation began to increase in the late 1990s, which indicates a contemporary climate transition
from warm-dry to warm-wet in eastern Northwest China. The contribution of precipitation to
humidity is significantly more than that of temperature. Long-term and interannual variations
dominate the temperature change, with the contribution of the former much stronger than that of the
latter. However, interannual variation dominates the precipitation change. The warming accelerates
from period to period, and the temperature spatial consistently increased during the three most
recent climatic periods. The precipitation decreased from 1961-1990 to 1981-2010, whereas its spatial
consistency increased from 1981-2010 to 1991-2019. The significant warming and humidification
which began in the late 1990s and is expected to continue until the end of the 21st century in the
medium emission scenario. However, the current sub-humid climate will not easily be changed. The
warming could cause a climate transition from warm temperate to subtropical by 2040. The dry-to-
wet climate transition in eastern Northwest China could be related to a synergistic enhancement of
the East Asian summer monsoon and the westerly circulation. This research provides a scientific
decision-making basis for implementing western development strategies, ecological protection, and
high-quality development of the Yellow River Basin Area as well as that for ecological construction
planning and water resource management of eastern Northwest China.

Keywords: eastern Northwest China; warming; dry-wet; transition

1. Introduction

The eastern region of Northwest China, located on the Qinghai-Tibet Plateau slope,
has a complex topography and diverse landforms. This area is also located at the northern
edge of summer monsoon activity and experiences the most sensitive and prominent
summer monsoon effects. The obvious characteristics of the summer monsoon edge line
and its large swing range result in annual climate differences based on the strength of the
summer monsoon and are prominent in the typical summer monsoon impact transition
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area [1]. The sensitive climate and fragile ecological environment of this region are crucial
in the global environmental system [2]. As the confluence area of the Yellow River Basin’s
upper reaches, this region has a climate that affects the ecological construction and high-
quality development of the Yellow River Basin area. Therefore, climate change in this
region has long been a vital issue that has been studied extensively by researchers and the
Chinese government [3,4].

Many studies suggest that an aridification trend has occurred in the 20th century in the
eastern region of Northwest China under the background of global warming, particularly
since the 1970s [5,6]; some researchers [7,8] have found that warming is a critical factor in
this trend. The increasing temperature has enhanced the intensity and scope of aridification
by 4% to 7%. Therefore, a warming and drying trend in this region has been identified by
many scholars, as manifested by a recent, rapid glacier recession, significant vegetation
deterioration, increased disappearance of wetlands, and other changes in the natural
environment during the same period [9]. However, recent studies [10-12] have reported
that precipitation in Northwest China has shown an increasing trend from 2001 to 2016 yet
a long-term decreasing trend from 1951 to 2001. This phenomenon forms the basis of our
theory such that the North China climate changed from dry to wet in 2001.

In fact, more than 10 years ago, Shi et al. [13,14] proposed a hypothesis of warm-dry
to warm-wet transition in Northwest China. They found that although the western re-
gion of Northwest China has undergone such a transition, eastern Northwest China is
still showing a warming and drying trend, which could change in the future. Although
their view was of high concern to the community, the observation data coupled with the
small increase in precipitation within a short period does not indicate a climate transi-
tion trend [15]. Moreover, the water balance between the increased evapotranspiration
caused by the increases in temperature and precipitation indicates that not all locations
are wet; instead, many locations are still showing a drying trend [2]. Therefore, a lack
of academic consensus remains on whether the climate has transitioned to warm and
humid in Northwest China [16]. However, the international perspective of the interaction
land-atmosphere is such that the global arid region will be drier and the wetter region
will be wetter under global warming [17]. Moreover, historical data show that the global
arid zones have become increasingly dryer during the past 100 years [18]; the arid areas
have continued to expand [19,20]; and major drought events are occurring with greater
frequency in arid areas [21]. This opposite trend in Northwest China’s arid regions from
those in other locations worldwide remains poorly understood.

In addition, although increased global warming has long been the consensus of the
international community, more research attention has been paid to its hiatus in recent
years [22-24]. Many Chinese scholars [25-28] have offered profound discussions on this
topic. Such research suggests that several regions in China have also experienced the
phenomenon of warming mitigation since the end of the 1990s under the background of a
global warming hiatus. However, it has not been established whether this transformation
from dry to wet is attributed to the increases in temperature and precipitation in eastern
Northwest China since the beginning of this century. Moreover, abundant observation
data have been collected during the nearly 20 years since Shi et al. proposed the dry-wet
transition. Therefore, it is necessary to comprehensively and objectively understand the
evolution of precipitation and temperature in the eastern part of Northwest China and to
further explore the climate transformation.

The present study uses extended comprehensive observational data to systematically
analyze the temporal and spatial evolution of precipitation and temperature in eastern
Northwest China and to study its climate transition. In addition, the future temperature
and humidity changes are examined, and the leading causes of such dry-to-wet changes
are discussed. Furthermore, a scientific guarantee is provided for implementing western
development strategies and the ecological construction and high-quality development of
the Yellow River Basin area. The results of this study provide a decision-making basis for
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the formulation of ecological construction planning, water resource management policies,
and socio-economic development goals in this region.

2. Materials and Methods
2.1. Study Area

The eastern region of Northwest China includes Shaanxi, Ningxia, and part of Gansu
east of the Yellow River (Figure 1) and is located in the East Asian summer monsoon
zone [29]. With an average annual rainfall of 400-800 mm, the precipitation in this area
is scarce, and the climate is dry. The diurnal and annual temperature ranges are very
large, and the average annual temperature is 2-16 °C. This area also includes the Qinling
Mountains, Gannan Plateau, Loess Plateau, Guanzhong Plain, and Hanshui Valley, all
of which have complex terrain and fragile ecological environments (Figure 1a) of mid-
temperate, warm-temperate, and subtropical zones (Figure 1b) from the northwest to the
southeast [30]. Although the climate in this area also changes from semi-arid to dry-wet
to wet (Figure 1c) from the northwest to southeast [31], it is generally temperate and
semi-humid.
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Figure 1. Overview of the study area: (a) digital elevation model and representative stations; (b) temperature zone division;

(c) precipitation zone division.
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Observations (C)

2.2. Data

Meteorological observation, circulation, and forecast data were analyzed in this study.
The meteorological data of 124 stations in eastern Northwest China were obtained by
the National Meteorological Information Center of China Meteorological Administration
(Figure 1a), including average temperature, maximum temperature, minimum daily tem-
perature, precipitation, wind speed, relative humidity, and sunshine hours from 1961
to 2019.

To ensure the representativeness of the observation data and to maintain consistency
in the research time series, homogenization correction and quality control were performed
on the site data [32,33]. The circulation data were obtained from the reanalyzed altitude and
wind fields from 1961 to 2019 jointly produced by the National Center for Environmental
Prediction (NCEP) and the National Center for Atmospheric Research (NCAR).

The projected data adopt the multi-model ensemble data from 2015 to 2099 [34,35] un-
der the medium-emission scenario climate models Shared Socio-Economic Pathway 2 and
Representative Concentration Pathway 4.5 (SSP2-RCP4.5) of the World Climate Research
Programme (WCRP) Coupled Model Intercomparison Project (CMIP6). The ensemble
grid data (https://esgf-node.llnl.gov/projects/cmip6/, accessed on 11 October2020) were
interpolated to 124 meteorological stations using two linear interpolation methods. The ob-
served and estimated data from 2015 to 2019 showed good agreement (Figure 2), although
the estimated temperature (precipitation) data were lower (higher) than the observed
data. Therefore, we established a linear relationship between the observed and estimated
monthly precipitation and temperature from 2015 to 2019 and used the results to correct
the forecast temperature and precipitation from 2020 to 2099. Thus, the revised forecast
data had relatively good continuity with the observational data of 1961 to 2019.
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Figure 2. Observed versus estimated monthly (a) temperature and (b) precipitation from 2015 to 2019.

The linear fitting formulas for temperature and precipitation are
T=2.65+0.90 x ty, 1)

P =—597+0.72 x py, @)

where T and P are the corrected temperature and precipitation, respectively; and ty and py
are the estimated temperature and precipitation, respectively.
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2.3. Method
The dryness index (I47) was applied the following index defined by Zhang et al. [36]

Eto — Pre 3)

Iar =
Eto

where Etp is the potential evapotranspiration calculated using the Penman-Monteith
model [37], and Pgr is the precipitation. In this relationship, a larger aridity index relates
to a drier climate.

Although many indices are currently used to express East Asian summer monsoon
activity [38], those of Zhang et al. [39], Li and Zeng [40], and Zhao and Zhou [41] show
different perspectives, and no strong correlation exists among them. In the present study,
the East Asian summer monsoon index established by Wang and Fan [42] was used

MI = Ugsg [5°-15° N,90°-130° E] — Ugs [22.5°-32.5° N,110°-140° E], 4)

where Ml is the index of the East Asian summer monsoon, and U is the average zonal wind
at 850 hPa (m s~!). The index MI uses the difference of regional average zonal wind at
850 hPa between (5°-15° N, 90°-130° E) and (22.5°-32.5° N, 110°-140° E) to express the
intensity of East Asian summer monsoon. Hence, this index is a good indicator of climate
anomalies in the eastern part of Northwest China [43].

The Westerly Index, also known as the Rossby Index, can be expressed in many
ways [44,45]. In the present study, the regional Westerly Index given by [46] was used

1 17 . 17 .
I=+ /\ng(/\/35 N) —);H(A,SO N) (5)

where W1 is the regional westerly index; H is the 500 hPa height field (gpm) averaged along
the 35° N and 50° N latitudes, respectively; and A is the longitude taken along the latitude
at an interval of 2.5°. This index uses the difference in zonal average 500 hPa height field
between 35° N and 50° N in the longitude range of 70°-110° E to characterize the strength
of the westerly circulation.

The ensemble empirical mode decomposition (EEMD) method averages the measured
values of multiple decompositions and adds appropriate white noise to the original data to
simulate multiple observations. The results are then averaged after multiple calculations.
This model shows improvement over the empirical mode decomposition method (EMD),
which is suitable for processing nonstationary data series and decomposing the fluctuations
and trends of various scales in the signal to obtain the intrinsic mode function (IMF)
component, i.e., a data series with different characteristic time scales. The EMD method
can be used to decompose complex signal functions into finite sums of intrinsic mode
functions. Although the EMD method has obvious advantages in signal analysis, it also
has defects such as edge effects and scale mixing.

New noise-assisted data analysis adopted in the EEMD method can solve the scale-
mixing problem of the EMD method. The widely used EEMD method [47-49] is charac-
terized by introducing Gaussian white noise and averaging the data set; this effectively
avoids the scale-mixing problem and makes the obtained IMF components physically
unique. The most important feature is that each IMF component needs to comply with
two prerequisites: (1) the number of local extreme points and that of zero-crossing points
during the entire perspective of the analysis period must be equal or at most different by
one and (2) the envelope average determined by the local extrema must be zero.

3. Temporal and Spatial Characteristics of Temperature and Precipitation
3.1. Temporal Evolution of Temperature and Precipitation

The regional average temperature and precipitation variations in eastern Northwest
China from 1961 to 2019 are plotted in Figure 3a,b, respectively. Overall, the warming
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characteristics in this region are the same as those reported throughout the country. In
particular, the temperature has increased at a rate of 0.27 °C/10 years since the early
1960s, with the main temperature increase beginning in the 1980s, and the mutation of
the average occurring in the late 1990s (figure not shown). However, the temperatures of
the 2000s decreased slowly during the warming process, which might be a response to
global warming stagnation [22-24], and another warming trend occurred during the 2010s.
Precipitation decreases of 26.2 mm /10 years before 1997 and 32.9 mm/10 years after 1997
were noted. Eastern Northwest China showed significant warming and drying before 1997,
and significant warming and humidification afterward, which implies a transition from
warm-dry to warm-wet around 1997.
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Figure 3. Variation curve of (a) temperature, (b) precipitation, and (c) aridity index from 1961 to 2019.

Precipitation increases enhance humid climates, and temperature increases often cause
dry climates by accelerating potential evaporation. An aridity index change curve was
plotted in Figure 3c to clarify the dry—wet changes under the combined effects of precipita-
tion and temperature. The fitting curve of precipitation and dryness was symmetrical near
the horizontal axis. The dry-to-wet climate transition occurring around 1997 indicates that
the climate change in eastern Northwest China was dominated by precipitation, which
might be related to the impact of the temperate climate zone.

However, the sudden change in mean temperature is consistent with the sudden
dry-to-wet transition. Thus, we speculate that the transition is related to the dominant
effects of precipitation and temperature. Precipitation can cool the atmosphere through
the land surface evaporation process, and the increased cloud cover decreases the solar
radiation; of these, the latter has a more notable effect. Temperature affects atmospheric
saturated water vapor pressure and large-scale circulation through atmospheric thermal
processes and influences the local water cycle through land surface processes to significantly
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affect precipitation. Eastern Northwest China has a semi-humid climate with relatively
high precipitation. Before 1997, the leading role of precipitation was prominent, causing
an opposite relationship between temperature and precipitation. Temperature increase
accompanied the precipitation decrease, producing warm and dry conditions. After 1997,
the temperature increased owing to the continuous heating in the previous period, making
the temperature more dominant. The precipitation increase accompanied the increased
temperature, creating warm and humid conditions.

3.2. Multiple Time Scales of Temperature and Precipitation

The evolution curves of temperature and precipitation indicate both prominent inter-
annual and interdecadal variations. The widely used EEMD method [48,50] was applied
to clarify the multiple time scales of the regional average temperature and precipitation.
We decomposed the precipitation and temperature sequence on multiple time scales and
extracted different periodic oscillation components/IMF and long-term trend signals,
recorded as IMF1, IMF2, IMF3, IMF4, and ST. These IMF values refer to interannual to
multi-decadal scales. These components further explain the multiple time-scale character-
istics of temperature and precipitation occurring in eastern Northwest China since 1961.

Long-term variation dominated the temperature change (Table 1), with a contribution
rate of 45.8%. The interannual variation was also notable, with a contribution of 28.0%.
The quasi-decadal (9.1 years)-scale contribution rate was 13.1%, whereas that at the multi-
decadal scale was only 13.1%. The contribution of the IMF4, at 39.3 years, was slightly
larger than that of the IMF3, at 19.7 years. For precipitation (Table 2), the interannual
scale contribution rate reached 89.5%, of which the contribution rates of the IMF1, at 3.0
years, and IMF2, at 5.9 years, were 62.7% and 26.8%, respectively. The contribution of
the long-term trend was only 3.0%; the decadal and multi-decadal scales were also not
prominent, with a total contribution rate of only 7.5%.

Table 1. Contribution and period of temperature components after EEMD.

IMF1 IMF2 IMEF3 IMF4 Trend
Period (years) 3.3 9.1 19.7 39.3 /
Contribution (%) 28.0 13.1 44 8.7 458

Table 2. Contribution and period of precipitation components after EEMD.

IMF1 IMF2 IMF3 IMF4 Trend
Period (years) 3.0 5.9 10.7 29.5 /
Contribution (%) 62.7 26.8 2.6 49 3.0

The multiple time-scale variations shown in Figure 4 indicate that the continuous
warming since 1961 is attributed to long-term increases in temperature and precipitation.
The significant increase in precipitation after 1997 was caused by the increase in the trend
item and IMF4.

Multiple time scale analysis showed that temperature in eastern Northwest China was
dominated mainly by long-term variation during the past half-century. The quasi-three-
year interannual variation was also notable, whereas the interdecadal and multi-decadal
scales were negligible. The significant warming of the past 60 years resulted from a
significant long-term increase. The precipitation changes were mainly on the interannual
scale; those on the decadal-scale were not obvious. The quasi-30 year scale variation
superimposed the long-term increase result of the precipitation increase since 1997.
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Figure 4. Decomposition of (a) temperature and (b) precipitation variation derived from EEMD.

4. Dynamics of Warming and Dry—Wet Transition

Under the overall trend, regional climate change will inevitably have specific spatial
differences; the same applies to eastern Northwest China. To further understand the
dynamics of warming and dry-wet transition in eastern Northwest China, we analyzed the
spatial distribution evolution of the linear temperature and precipitation tendency rates.

4.1. Dynamic Spatial Variation in Temperature Increase

The spatial distribution of the annual average temperature change rate during the
four climatic periods of 1961-1990, 1971-2000, 1981-2010, and 1991-2019 were plotted
to compare the spatial characteristics of warming (Figure 5). During 1961 and 1990, the
temperature increased in the north and decreased in the south at a small range. The
temperature increased consistently in the entire region during the other three periods.
In the range of —0.5-0 °C/10 years, the linear tendency rate of the temperature during
the four periods was 52.4%, 0.0%, 0.0%, and 0.0%, respectively; that in the range of
0-0.5 °C/10 years was 46.8%, 87.9%, 50.0%, and 80.7%, respectively; and that in the range
of 0.5 °C/10 years was 0.8%, 12.1%, 50.0%, and 19.3%, respectively.

The normal probability distribution of the linear temperature tendency rate of the
four climatic periods (Figure 6) was concentrated at —0.01 °C/10 years, 0.29 °C/10 years,
0.52 °C/10 years, and 0.35 °C/10 years, respectively. The warming strength during 1991-
2019 was weaker than that during 1981-2010, whereas the warming strength increased
during the other three climatic periods. During the last period, the warming strength
was weaker than that in 1981-2010, which might be a response to the slowing of global
warming. Therefore, the warming trend in eastern Northwest China has generally been
increasing since 1961.
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Figure 5. Spatial distribution of temperature change rate in different periods (unit: °C/10 years):
(a) 1961-1990; (b) 1971-2000; (c) 1981-2010; (d) 1991-2019.
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Figure 6. Probability distribution of annual temperature change rate in different periods.

4.2. Dynamic Spatial Variation of the Dry-Wet Transition

The precipitation change rates of the spatial distribution in different climatic periods
were plotted to analyze the spatial dynamic variation in the dry—wet transition (Figure 7).
The precipitation during the first three periods showed a decreasing trend with a local
increase in small areas. From 1991 to 2019, the precipitation in eastern Northwest China
showed a consistent increasing trend.
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Figure 7. Annual precipitation change rate in different time periods (unit: mm/10 years): (a) 1961-
1990; (b) 1971-2000; (c) 1981-2010; (d) 1991-2019.

The possibility range of the precipitation linear tendency rates at less than —50 mm/
10 years for the four climatic periods was 0.8%, 3.2%, 6.5%, and 0.0%, respectively; that in
the range of —50-0 mm /10 years was 75.0%, 81.4%, 79.0%, and 2.4%, respectively; that in
the range of 0-50 mm /10 years was 24.2%, 15.3%, 14.5%, and 67.0%, respectively; and that
at more than 50 mm /10 years was 0.0%, 0.0%, 0.0%, and 30.6%, respectively.

The precipitation linear tendency rates of the four periods showed concentrations
of —8.8 mm /10 years, —19.7 mm/10 years, —20.1. mm/10 years, and 37.1 mm/10 years,
respectively (Figure 8). The periods of 1961-1990, 1971-2000, and 1981-2010 showed
a drying trend. That from 1961-1990 to 1971-2000 was significant, whereas that from
1971-2000 to 19812010 was relatively weak. The transition showed significant wetting
from 1981-2010 to 1991-2019. It can be inferred that the dry-to-wet transition around 1997
resulted in the wetting trend of the last period.
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Figure 8. Probability distribution of annual precipitation change rate in different periods.

5. Discussion

The previous analysis showed that eastern Northwest China has been warming
continuously since 1961 and has also became wetter since the late 1990s. Will this warming
and humidification continue in the future? If it continues, what are its extent and duration?
Will it change the current climate pattern?

Based on the past 59 years of observation, the multi-model ensemble has predicted the
inter-annual variation of the average temperature and precipitation for the next 80 years
under the CMIP6 medium-emission scenario (Figure 9). The temperature increased
0.27 °C/10 years during the past 59 years and will continue to rise at almost the same
rate during the next 80 years, at 0.28 °C/10 years. The continuous warming since 1961
has not changed the overall warm-temperate climate, according to the temperature zone
division of Ma et al. [30], with regional average temperatures ranging between 9.3 °C and
12.3 °C. However, it is expected that the temperature will reach 12.3 °C in 2040, which
would cause the climate in eastern Northwest China to transition from warm temperate
to subtropical.
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Figure 9. Observed and predicted temperature (a) and precipitation (b) values.
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The precipitation decreased 87 mm at 26.2 mm/10 years during 1961-1997 but in-
creased about 76 mm at 32.9 mm /10 years from 1997 to 2019. The current total precipitation
is less than that of the 1960s. A precipitation increase of 10.2 mm /10 years is expected
during the next 80 years, although the growth rate will be significantly slower than that
currently noted. The regional average precipitation will reach 600 mm around 2040 but
will not exceed 800 mm by the end of this century. The humidification lasting from the
late 1990s to 2100, according to the climate zone division of Huang et al. [31], would not
change the overall semi-humid climate. Therefore, under the medium-emission scenario,
eastern Northwest China would continue to show warming and humidification trends
during the next 80 years, and the warming rate would be the same as the current rate.
The warming will cause a climate transition from warm temperate to subtropical. The
humidification degree will be weaker than the current rate, which will not change the
current sub-humid climate.

No clear or convincing scientific conclusions have been drawn to explain the precipi-
tation changes in eastern Northwest China. However, one indication is that this climate
is affected mainly by the East Asian summer monsoon, and the influence of westerly
circulation is prominent [51]. Therefore, it is necessary to consider the westerly circulation
movement and the East Asian summer monsoon when analyzing the climate transition
from warm-dry to warm-wet in eastern Northwest China.

The decadal changes in the Westerly Index, East Asian Summer Monsoon Index, and
Northwestern East Precipitation Index (standardized precipitation) since the 1960s are
plotted in Figure 10. These three indices showed consistent interdecadal changes from the
1970s to the 2010s. Increases were noted from the 1970s to 1980s followed by decreases from
1980s to 1990s and increases from 1990s to 2010s. That is, the transition from dry to wet in
eastern Northwest China in the late 1990s might be related to the interdecadal synergistic
enhancement of the westerly circulation and the East Asian monsoon circulation. The
enhanced west wind circulation and the East Asian monsoon circulation can transport more
water vapor from the Atlantic and Pacific oceans, respectively, to provide sufficient water
vapor conditions for increasing the precipitation in the eastern part of Northwest China.
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Figure 10. Interdecadal changes of westerly wind, east asian summer monsoon, and
precipitation indices.

6. Conclusions

The temperature in eastern Northwest China has continued to increase since the
early 1960s, with a sudden change in average temperature occurring in the late 1990s.
A gradual decrease in temperature occurred in the 2000s, which might be a response to
global warming stagnation, followed by a warming trend in the 2010s. Significant warm-
dry and warm-wet trends occurred in eastern Northwest China before and after 1997,
respectively, which indicates a transition from warm-dry to warm-wet during the late
1990s. The humidity change in eastern Northwest China since 1961 was caused mainly by
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precipitation, whereas the contribution of temperature to humidity was relatively low. This
might be related to the temperate climate of the study area.

The sudden temperature increase is consistent with the change in humidity, which
was very likely caused by the differences from the dominant effect of precipitation and
temperature interaction. Precipitation can cool the atmosphere through evaporation of the
land surface process, and the increased cloud cover decreases the solar radiation, which
has a more prominent effect on the temperature. The temperature affects atmospheric
saturated water vapor pressure and large-scale circulation through atmospheric thermal
processes and the local water cycle through land surface processes, which significantly
affects the precipitation.

Eastern Northwest China has a semi-humid climate with relatively high precipita-
tion. Before 1997, the leading role of precipitation was prominent, causing an opposite
relationship between temperature and precipitation. Thus, a temperature increase accom-
panied a precipitation decrease, resulting in warm and dry conditions. After 1997, the
temperature was more prominent due to continuous temperature increases, which caused
consistent changes in temperature and precipitation. Thus, the increase in precipitation was
accompanied by an increase in temperature, resulting in more warm and humid conditions.

During the past half-century, the long-term change dominated the temperature vari-
ation. The quasi-three-year interannual scale variation was also notable, whereas the
interdecadal- and multi-decadal-scale changes were relatively weak. The significant warm-
ing in the past half-century relates to the significant long-term temperature increase. How-
ever, the interannual-scale change controlled mainly the precipitation; the decadal change
was relatively weak. The superimposed effect of long-term variation and the quasi-30-year
scale change caused the precipitation to increase since 1997.

Consistent spatial temperature increases were noted in the three climatic periods
from 1971 to 2000. The warming lasted for three periods from 1961-1990 to 1981-2010
but weakened during the last climatic period, which might be a response to the slowed
global warming. In general, the warming trend in Northwest China has been accelerating
since 1961.

The climate became drier period-by-period from 1961-1990 to 1981-2010. However,
the humidity in 1991-2019 was higher than that in 1981-2010. Spatially constant humid-
ification occurred in the area from 1991 to 2019. The dry-to-wet transition around 1997
caused the wetting trend in the last period.

Eastern Northwest China has shown significant warming and humidification trends
since the late 1990s, which are expected to last until the end of the 21st century under
the medium-emission scenario. Under this scenario, however, the humidification will not
change the overall semi-humid climate in the study area, although warming might cause a
climate transition from warm temperate to subtropical around 2040.

Among the factors affecting the precipitation in eastern Northwest China, it is worth
noting that the westerly and East Asian summer wind circulations have been relatively
consistent with the interdecadal precipitation changes since the 1970s. It can be inferred
that the dry-to-wet transition in the late 1990s is related to the synergistic enhancement of
the East Asian summer monsoon and westerly circulation.

This study analyzed the warm-dry to warm-wet transition in eastern Northwest China
but did not statistically analyze the cause of the precipitation changes. Further research
from different approaches and as well as numerical simulation experiments are necessary to
fully understand this phenomenon. Moreover, because the global climate model projection
data have considerable uncertainty, various downscaling methods need to be applied to
simulate and predict the climate of the region.

Author Contributions: Conceptualization, G.L. and X.L.; Formal analysis, P.Y. and B.Z.; Methodol-
ogy, Y.W.; Software, D.W.; Validation, W.L.; Writing—original draft, ].Y.; Writing—review & editing,
Q.Z. and X.D. All authors have read and agreed to the published version of the manuscript.



Atmosphere 2021, 12, 548 14 of 15

Funding: This research was funded by the National Natural Science Foundation of China (41630426,
41975016), the Special Project Fund of Climate Change in China Meteorological Administration
(CCSF201913, CCSF202010), the Innovation and Development Project of China Meteorological Ad-
ministration (CXFZ2021J024, CXFZ2021J054) and The Basic Research Innovation Group Project of
Gansu Province (20JR5RA121).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: This study did not report any data.

Acknowledgments: We thank International Science Editing (http:/ /www.internationalscienceediting.
com, accessed on 19 April 2021) for editing this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Yang, J.H.; Qiang, Z; Xiaoyun, L.; Ping, Y.; Junlin, S.; Han, L.; Wenju, L. Spatial-temporal characteristics and causes of summer
precipitation anomalies in the transitional zone of typical summer monsoon. Chin. |. Geophys. 2019, 62, 4120-4128.

2. Zhang, Q.; Cunjie, Z.; Huzhi, B.; Lin, L.; Landong, S.; Dexiang, L.; Jinsong, W.; Hongyan, Z. New Development of Climate Change
in Northwest China and Its Impact on Arid Environment. J. Arid Meteor. 2010, 28, 1-7.

3. Ye, D.z; Rongui, H. Advances, Results and Problems of the Project “Investigation on Laws, Causes and Prediction of Droughts
and Floods in the Yellow River Valley and the Yangtze River Valley of China”. Adv. Earth Sci. 1991, 6, 24-29.

4. Qian, Z.A,; Tongwen, W.; Minhong, S.; Xiaobo, M.; Ying, C.; Xiaoyun, L. Arid Disaster and Advances in Arid Climate Researches
over Northwest China. Adv. Earth Sci. 2001, 16, 28-38.

5. Huang, R.H.; Yuhong, X.; Liantong, Z. The interdecadal variation of summer precipitations in china and the drought trend in
north China. Plateau Meteor. 1999, 18, 65-476.

6. Li, Q.X,; Xiaoning, L.; Xiaoquan, L. Drought trend in North China in recent half century. J. Nat. Disasters 2002, 11, 50-56.

7.  Ma, Z.G.; Congbin, F. Decadal variations of arid and semi-arid boundary in China. Chin. |. Geophys. 2005, 48, 519-525. [CrossRef]

8. Wang, C.L, Jianhua, S.; Chunyan, Z.; Peidu, L.; Jintian, Z. Analysis of Temporal and Spatial Evolution Characteristics of Drought
Disasters in the Hexi Corridor in Recent 57 Years. Plateau Meteor. 2019, 38, 196-205.

9.  Qing, D.H,; Yihui, D.; Shaowu, W.; Suming, W.; Guangrong, D.; Erda, L.; Chunjing, L.; Zhixiang, S.; Huinan, S.; Shourong, W.;
et al. Ecological and environmental change in West China and its response strategy. Adv. Earth Sci. 2003, 17, 314-319.

10. Ma, Z.G.; Congbin, F; Qing, Y.; Ziyan, Z.; Meixia, L.; Mingxing, L.; Yanwen, D.; Liang, C. Drying Trend in Northern China and Its
Shift During 1951-2016. Chin. ]. Atmos. Sci. 2018, 42, 951-961.

11. Li, Q.; Xiaoping, Z.; Zhibin, Z.; Bo, Z. The Analysis of Spatiotemporal Climate Change in the Western Hexi Region. Plateau Meteor.
2018, 37, 1353-1363.

12.  Ye, P1; Qiang, Z.; Ying, W,; Lili, X,; Linjun, H.; Rong, L. Climate change in the upper Yellow River Basin and its impact on
ecological vegetation and runoff from 1980 to 2018. Trans. Atmos. Sci. 2020, 43, 967-979.

13.  Shi, Y.E; Yongping, S.; Ruji, H. Preliminary Study on Signal, Impact and Foreground of Climatic Shift from Warm Dry to Warm
Humid in Northwest China. J. Glaciol. Geocryol. 2002, 24, 219-226.

14. Shi, Y.F; Yongping, S.; Dongliang, L.; Guowei, Z.; Yongjian, D.; Ruji, H.; Ersi, K. Discussion on the present climate change from
warm-dry to warm wet in northwest China. Quart. Sci. 2003, 23, 152-164.

15.  Song, L.C.; Cunjie, Z. Changing features of precipitation over Northwest China during the 20th century. J. Glaciol. Geocryol. 2003,
25,143-148.

16. Zhang, C.J.; Dongliang, L.; Xiaoping, W. Study on precipitation variability in last 100 years and trend prediction in Northeast
Asia in future 10~15 years. Plateau Meteor. 2004, 23, 919-929.

17.  Polson, D.; Hegerl, G. Strengthening contrast between precipitation in tropical wet and dry regions. Geophys. Res. Lett. 2017, 44,
365-373. [CrossRef]

18. Nicholson, S. Climatic and environmental changes in Africa during the last two centuries. Clim. Res. 2001, 17, 123-144. [CrossRef]

19. Aiguo, D.; Lamb, P; Trenberth, K.; Hulme, M.; Jones, P.; Pingping, X. The recent Sahel drought is real. Int. Climatol. 2004, 30,
464-474.

20. Huang, ].P.H.; Haipeng, Y.; Aiguo, D.; Yun, W,; Litai, K. Drylands face potential threat under 2 °C global warming target. Nat.
Clim. Chang. 2017, 7, 417-422. [CrossRef]

21. Narisma, G.; Foley, J.; Licker, R.; Ramankutty, N. Abrupt change in rainfall during the twentieth century. Geophys. Res. Lett. 2007,
34, 710-714. [CrossRef]

22. Franzke, C. Nonlinear climate change. Nat. Clim. Chang. 2014, 4, 423-424. [CrossRef]

23. Fyfe, ]; Gillett, N. Recent observed and simulated warming. Nat. Clim. Chang. 2014, 4, 50-151. [CrossRef]

24. Lovejoy, S. Return periods of global climate fluctuations and the pause. Geophys. Res. Lett. 2014, 41, 4704-4710. [CrossRef]

25. Wang, SW,; Yong, L.; Zongci, Z.; Xingyu, W.; Jianbin, H. Pause for Thought. Clim. Chang. Res. 2014, 10, 303-306.


http://www.internationalscienceediting.com
http://www.internationalscienceediting.com
http://doi.org/10.1002/cjg2.690
http://doi.org/10.1002/2016GL071194
http://doi.org/10.3354/cr017123
http://doi.org/10.1038/nclimate3275
http://doi.org/10.1029/2006GL028628
http://doi.org/10.1038/nclimate2245
http://doi.org/10.1038/nclimate2111
http://doi.org/10.1002/2014GL060478

Atmosphere 2021, 12, 548 15 of 15

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

Ge, Q.S.; Fang, W.; Shaowu, W.; Bangbo, C. Certainty and Uncertainty in Global Warming Studies. Chin. Popul. Resour. Environ.
2014, 24, 1-6.

Su, J.Z.; Min, W.; Yihui, D.; Yongqi, G.; Yafang, S. Hiatus of Global Warming: A Review. Chin. ]. Atmos. Sci. 2016, 40, 1143-1153.
Ma, Z.Z.; Mingjun, Z.; Shengjie, W.; Xue, Q.; Qingin, D.; Rong, G. Characteristics and Differences of Temperature Rise between
the Qinghai-Tibetan Plateau Region and Northwest Arid Region of China during 1960-2015. Plateau Meteor. 2019, 38, 42-54.
Zhang, Q.; Ping, Y.; Liang, Z.; Sheng, W.; Jie, Z.; Jianhua, Z.; Runyuan, W.; Fuling, Y. Land-atmosphere interaction over the
summer monsoon transition zone in China: A review and prospects. Acta Meteor. Sin. 2019, 77, 758-773.

Ma, C.; Pengfei, Z.; Wei, M.; Wensi, M.; Weiwei, L.; Shujin, T. The difference of the temperature field in Chinese mainland in
recent 30 years. . Henan Polytech. Univ. 2017, 36, 53-59.

Huang, J.P.; Yongkun, X.; Xiaodan, G.; Dongdong, L.; Fei, J. The dynamics of the warming hiatus over the Northern Hemisphere.
Clim. Dyn. 2017, 48, 429-446. [CrossRef]

Li, Q.X.; Wenjie, D.; Wei, L.; Xiaorong, G.; Jones, P.; Kennedy, J.; Parker, D. Assessment of the uncertainties in temperature change
in China during the last century. Chin. Sci. Bull. 2010, 55, 1974-1982. [CrossRef]

Yang, S.; Qiangxiang, L. Improvement in Homogeneity Analysis Method and Update of China Precipitation Data. Clim. Chang.
Res. 2014, 10, 276-281.

O'Neill, B.; Ebaldi, C.; Van-Vuuren, D.; Eyring, V.; Friedlingstein, P.; Hurtt, G.; Knutti, R.; Kriegler, E.; Lamarque, J.; Lowe, ].; et al.
The Scenario Model Intercomparison Project (ScenarioMIP) for CMIP6. Geosci. Model Dev. 2016, 9, 3461-3482. [CrossRef]
Eyring, V.; Bony, S.; Meehl, G.; Senior, C.; Stevens, B.; Stouffer, R.; Taylor, K. Overview of the Coupled Model Intercomparison
Project Phase 6 (CMIP6) experimental design and organisation. Geosci. Model Dev. Discuss 2015, 8, 10539-10583.

Zhang, H.L.; Qiang, Z.; Ping, Y.; Liang, Z.; Qiao, L.; Shaobo, Q.; Pengcheng, Y. Aridity over a semi-arid zone in northern China
and responses to the East Asian summer monsoon. J. Geophys. Res. Atmos. 2016, 121, 13901-13918. [CrossRef]

Paredes, P; Fontes, ]J.; Azevedo, E.; Pereira, L. Daily reference crop evapotranspiration in the humid environments of Azores
islands using reduced data sets: Accuracy of FAO-PM temperature and Hargreaves-Samani methods. Theor. Appl. Climatol. 2018,
134,595-611. [CrossRef]

Yim, S.; Bin, W,; Jian, L.; Zhiwei, W. A comparison of regional monsoon variability using monsoon indices. Clim. Dyn. 2014, 43,
1423-1437. [CrossRef]

Zhang, Q.Y,; Shiyan, T.; Lieting, C. The Inter-annual Variability of East Asian Summer Monsoon Indices and Its Association with
the Pattern of General Circulation over East Asia. Acta Meteor. Sin. 2003, 61, 561-568.

Li, J.P; Qincun, Z. A New Monsoon Index, Its Interannual Variability and Relation with Monsoon Precipitation. Clim. Environ.
Res. 2005, 10, 351-365.

Zhao, P; Zijiang, Z. East Asian Subtropical Summer Monsoon Index and Its Relationships to Rainfall. Acta Meteor. Sin. 2005, 63,
933-941.

Wang, B.; Fan, Z. Choice of South Asian Summer Monsoon Indices. Bull. Am. Meteor. Soc. 1999, 80, 629-638. [CrossRef]

Zhang, Q.; Jinjin, L.; Weicheng, L.; Lanying, H. Precipitation seesaw phenomenon and its formation mechanism in the eastern
and western parts of Northwest China during the flood season. Sci. China Earth Sci. 2019, 62, 2083-2098. [CrossRef]

Vicente, S.; Garcia, R.; Barriopedro, D.; Azorin, C.; Lépez, ].; Martin, N.; Tomas, M.; Gimeno, L.; Nieto, R. The Westerly Index as
complementary indicator of the North Atlantic oscillation in explaining drought variability across Europe. Clim. Dyn. 2016, 47,
845-863. [CrossRef]

Ya, H.S.; Juan, H.; Ke, F,; Yunjing, Z. The Analysis of Relationship between the Variation of Westerly Index in Summer and
Precipitation during the Flood Period over China in the Last 50 Years. Chin. ]. Atmos. Sci. 2007, 31, 717-726.

Li, W.L.; Keli, W.; Shenming, F.; Hao, ]. The Interrelationship between Regional Westerly Index and the Water Vapor Budget in
Northwest China. J. Glaciol. Geocryol. 2008, 30, 28-34.

Huang, N.; Shen, S. Hlbert-Huang Transform and Its Applications, Interdisciplinary Mathematical Sciences; World Scientific: Singapore,
2005; pp. 56-62.

Wu, Z.H.; Norden, H. Ensemble empirical mode decomposition: A noise-assisted data analysis method. Adv. Adapt. Data Anal.
2009, 1, 1-41. [CrossRef]

Bi, S.B,; Li, S.; Xinyu, L.; Changchun, C.; Yin, L. Characteristics of drought and flood disasters in the middle and lower reaches of
the Yellow River from 1470 to 1911 based on EEMD method. |. Nat. Disast. 2018, 27, 137-147.

Wu, Z.H.; Norden, H; Steven, L.; Peng, C. On the trend, detrending, and variability of nonlinear and nonstationary time series.
Proc. Natl. Acad. Sci. USA 2007, 104, 14889-14894. [CrossRef]

Wang, K.L.; Hao, J.; Hongyan, Z. Atmospheric Water Vapor Transport from Westerly and Monsoon over the Northwest China.
Adv. Water Sci. 2005, 16, 432—438.


http://doi.org/10.1007/s00382-016-3085-8
http://doi.org/10.1007/s11434-010-3209-1
http://doi.org/10.5194/gmd-9-3461-2016
http://doi.org/10.1002/2016JD025261
http://doi.org/10.1007/s00704-017-2295-2
http://doi.org/10.1007/s00382-013-1956-9
http://doi.org/10.1175/1520-0477(1999)080&lt;0629:COSASM&gt;2.0.CO;2
http://doi.org/10.1007/s11430-018-9357-y
http://doi.org/10.1007/s00382-015-2875-8
http://doi.org/10.1142/S1793536909000047
http://doi.org/10.1073/pnas.0701020104

	Introduction 
	Materials and Methods 
	Study Area 
	Data 
	Method 

	Temporal and Spatial Characteristics of Temperature and Precipitation 
	Temporal Evolution of Temperature and Precipitation 
	Multiple Time Scales of Temperature and Precipitation 

	Dynamics of Warming and Dry–Wet Transition 
	Dynamic Spatial Variation in Temperature Increase 
	Dynamic Spatial Variation of the Dry–Wet Transition 

	Discussion 
	Conclusions 
	References

