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Abstract: Reference evapotranspiration (ET() is an important component of the global water cycle,
and its long-term change directly influences the regional water supply and demand balance. Under
the background of global change, investigating spatiotemporal trends in ETy and its response to
climate change is of great importance for the conservation and rational utilization of water resources.
Based on daily climate data from 91 meteorological stations during 1960-2017 in Northeast China, this
study calculated ET using the Penman-Monteith method and analyzed its spatiotemporal change
trends and primary driving factors. The results show the following: (1) During 19602017, the annual
ETj in Northeast China showed a nonsignificant upward trend at a rate of 1.45 mm/10a. A mutation
point of ETy was detected in 1993. From 1960 to 1993, ET;, experienced a significant decrease (p < 0.1),
while annual air temperature showed a significant upward trend (p < 0.01), which indicated the
appearance of an evaporation paradox. This was because the remarkable drop in wind speed and
sunshine duration played a great role in the reduction of ET. From 1994 to 2017, the evaporation
paradox disappeared. (2) ET trend in Northeast China was significantly and positively related to
altitude. In the lower altitude regions (<500 m), ET generally decreased, while in the higher altitude
areas (>500 m), ET displayed an upward trend. (3) Based on the results of multiple regression
analysis, relative humidity was the primary driving factor for ET trends in Northeast China during
1960-2017. At diverse altitudes, the primary climatic factors influencing ETy were different. In
high-altitude areas (>500 m), the change in ET; was mainly influenced by relative humidity, while
wind speed was the primary driving factor at low altitudes (<500 m).

Keywords: reference evapotranspiration; spatiotemporal change; climatic driver; Northeast China

1. Introduction

As a key process of the hydrological cycle, evaporation is closely related to the balance
of surface water and energy and is an important indicator reflecting the impact of climate
change on the hydrological cycle [1-3]. Although actual evaporation is more helpful
for understanding complex ecohydrological processes, because of the lack of observed
evaporation data, reference evapotranspiration (ETy) is often used to estimate the maximum
potential evaporation capacity of the free water surface [4]. The global air temperature
rose 0.83 °C from 1880 to 2012 due to human activities, and global warming has become
an indisputable fact. As the air temperature becomes warmer, it is expected that ET
would increase as well. However, many studies have shown that ETy showed downward
trends with global warming, which is known as the ‘evaporation paradox’. In recent
years, the ‘evaporation paradox’ phenomenon has been found in many regions around the
world, such as Turkey [5], Iran [6], India [7], the United States [8], Australia [9], the Czech
Republic [10], South Africa [11], and China [12]. The causes of the ‘evaporation paradox’
have been attributed to decreases in solar radiation or sunshine duration [6,13], vapor
deficit pressure [7], and wind speed [14], which may have resulted in a decrease in ET).
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The changes in ET) are controlled by associated climatic factors. In the context of global
change, climatic factors have changed significantly in different regions, which may have
had an important impact on the spatiotemporal trends of ETy. In recent years, the trends
of regional ET and its determining factors have been widely studied by scholars [15-24].
Jerin et al. [17] pointed out that in Bangladesh, a decline in ETy during 1980-2017 was
due to declines in sunshine duration and wind speed. Pour et al. [18] revealed that the
increase in minimum temperature was the main driving force for the increase in ET in
peninsular Malaysia during 1975-2014. Al-Hasani et al. [19] pointed out that the annual
ETy in Iraq showed a significant upward trend during 1981-2021, which was dominated
by an increased air temperature. Jhajharia et al. [20] reported an obvious decrease in
annual ETj over the Thar Desert in India during 1967-2005, and wind speed was the
main driving factor. Liu et al. [21] showed that ETj on the Qinghai-Tibet Plateau in China
showed an upward trend during 1961-2017, and air temperature had the greatest impact
on ET( changes. Zhao et al. [22] found that sunshine duration and wind speed were the
primary climatic factors affecting the change in ETj in Southwest China during 1960-2013,
resulting in a nonsignificant downward trend of ET. Li et al. [23] showed that ET had
a significant downward trend during 1960-1990 on the Loess Plateau in China, which
was mainly affected by wind speed changes, while ETy increased dramatically during
1991-2013, mainly affected by air temperature changes. Feng et al. [24] pointed out that
ET( showed a significant increasing trend during 1961-2010 in northern China, and it
was more sensitive to the change in effective precipitation and daily mean temperature.
Xing et al. [15] and Wang et al. [16] analyzed the ET trend in the whole of China, and the
results showed that there were significant differences in the ET trend of different regions
in China. According to the above studies, the changing trends of ET differ obviously in
different regions because the changes in climatic factors in different regions have different
degrees of impact on ET, which finally makes ETy show different trends. Therefore, it is
essential to strengthening the research on the ET variation trend and its driving factors at
the regional scale, which will be of great significance for the rational utilization of regional
water resources.

Northeast China is a considerable commodity grain production base in China, which is
vital to China’s food security [25]. As a sensitive area to climate change, the air temperature
in Northeast China has shown a significant upward trend in recent decades [26]. The
significant increase in air temperature in Northeast China will have an important influence
on the change in ET. Previous studies on ET) in Northeast China have mostly focused
on local areas, such as the Sanjiang Plain [27], Heilongjiang Province [28], the Taoer River
basin [29], and northern Northeast China [30]. There have been few studies on the system-
atic analysis of ET( in Northeast China as a complete geographic unit [31,32]. In addition,
the influence of altitude on ETj trends and whether the ‘evaporation paradox” exists in
Northeast China have not been clearly analyzed. Therefore, based on daily climatic factor
data from 91 meteorological stations in Northeast China during 1960-2017, this paper used
the Penman-Monteith method to calculate ET and analyzed the spatiotemporal variation
trend of annual ET in Northeast China and its primary driving factors. The purpose is to
answer the following questions: (1) Was there a significant ETj trend in Northeast China?
(2) Was there an ‘evaporation paradox” phenomenon in Northeast China from 1960 to
2017? (3) Did altitude affect the variation trend of ET), and did the primary climatic factors
controlling ET changes tend to be consistent at different altitudes?

2. Materials and Methods
2.1. Study Area

Northeast China is located at 115°05'-135°02’ E, and 38°40’ to 53°34’ N (Figure 1),
with an area of 1.24 x 106 km?2. In administrative divisions, it includes Liaoning, Jilin,
Heilongjiang, and Inner Mongolia (eastern parts) Provinces. Northeast China belongs
to the temperate continental monsoon climate region. The mean annual temperature is
approximately 5.6 °C, and the annual precipitation varies from 240 to 1000 mm. Most
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of the region is located in humid and semi-humid areas, and some areas in the west are
located in semiarid areas. Its topography has large fluctuations in space. According to the
physical geographical characteristics, the Northeast can be divided into six parts, namely,
Songliao Plain, Sanjiang Plain, Da Hinggan Mountains, Xiao Hinggan Mountains, Changbai
Mountains, and Hulun Buir Plateau [33].

115°00"E  120°0'0"E 125°0'0"E  130°0'0"E  135°0'0"E

55°00" N ¢

50°0'0" N =

45°0'0" N=

40°0'0" N=

Figure 1. The location of Northeast China and the spatial distribution of the selected
meteorological stations.

2.2. Data Sources

Ninety-one meteorological stations were selected in Northeast China to calculate
ETy. The climate data from 1960 to 2017, were obtained from the China Meteorological
Administration (CMA), which includes air temperature (T, °C), sunshine duration (SD,
h), wind speed at 10 m above the ground (WS m/s), precipitation (P, mm) and relative
humidity (RH, %). Regarding the few missing data, we replaced them with data from a
nearby site, which has the highest correlation coefficients.

2.3. Methods
2.3.1. Calculation of ET

The Penman-Monteith (P-M) equation is the method recommended by FAO to cal-
culate ETy. It is widely adopted by scholars in calculating ETy due to its high calculation
accuracy and applicability [34]. In this study, the P-M equation was applied to calculate
daily ET( and then summed to obtain annual values. The formula is defined as follows:

900
0.4:08A(Rn — G) + ’lelz(es - ea)

ETy =
0 A+ (1 +0.34U;)

)

where ETj refers to the reference evapotranspiration (mm/d); A is the slope of vapor pressure
curve (kPa/°C); the net radiation at crop surface is represented by R, (M]/ (m? -day)); G denotes
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the soil heat flux density (M]/ (mz-day)); v indicates the psychrometric constant (kPa/°C);
the wind speed at a height of 2 m (WS) represented by U, (m/s); T is the mean daily air
temperature (°C); es — e, represents the saturated water vapor pressure difference (kPa).

U, was calculated based on wind speed at 10 m height, and the formula is defined as

follows [35]:
4.87

In(67.8z — 5.42)

where z is the height of wind measurement (m) and U, is the corresponding wind speed (m/s).
The detailed description of variables in Formula (1) can be seen in Allen et al. (1998) [35].

U =U, (2)

2.3.2. Climate Tendency Rate

To represent the changing trend of climatic factors with time series, this paper adopted
the climate tendency rate. This is achieved by simple linear regression, and the formula is
defined as follows:

y=at+Db (3)

where y represents the climatic variable, in this paper, that is, ETy, WS, RH, SD, and T;
10 x a represents the tendency rate; t is the time series and regression constant is b. The
values of a and b are calculated by the least square method. a > 0 indicates that the climatic
variable has an upward trend, and a2 < 0 denotes a downward trend.

2.3.3. Mann-Kendall Test

The Mann-Kendall (M-K) test, as is a nonparametric method, which is a common and
practical trend test method to detect whether the trend of climatic elements is significant,
due to it does not require samples to follow a specific distribution. This paper used it
to calculate the significance level of climatic factors over time. For time series X, the
Mann-Kendall trend test is defined by statistical value S:

n=1 n
S = Z Z sgn(xj — x;) 4)
i=1j=i+1
1,0 >0
sgn(f) =4 0,6 =0 5)
-1, <0

where x; and x; are the two sequential values at times j and 7 (1 <i < j < n), respectively; n is
the length of the dataset; sgn is a sign function. When n > 10, the S statistic is considered to
follow the approximately normal distribution with E(S) = 0, and the variance is calculated
by the following formula:

n(n—1)(2n+5)

Var(S) = 3 (6)
L/ S >0
Var(S)
Z. = 0, S=0 @)
i/s <0
Var(S)

where Z is the standardized test statisticc. When Z value is positive, it represents an
increasing trend, while a negative value represents a decreasing trend. If | Z1 > Z1_4) /2,
then the changing trend of the time series is significant. When | Z | > 1.65, 1.96, or 2.58,
and the significance level reached 0.1, 0.05, or 0.01, respectively.
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2.3.4. Cramer’s Test

Cramer'’s test detects mutations by comparing the population mean of the whole
period and the means of subsequences of the dataset. The accuracy can be improved by
changing the length of the subsequence. The statistic t; is calculated by:

n(N —2)
=, ———— 8
k N*T’Z(l+t%)1—k ()
%X
T = )
s
1 k+n
1 N
¥ = N;xi (11)

X is the mean value of N years, and s is the standard deviation of the corresponding
time period; n is the length of the selected sample sequence, and the mean of n-year is
represented by ¥. Finally, Cramer’s test method has been widely used in the abrupt change
detection of hydrological and climatic series [36,37].

2.3.5. Calculation for Contributing Rate

Contribution rate analysis can quantitatively describe the contribution of climatic
variables to the ET( change by taking the relative change degree of climatic factors into
account, which makes the research on the influence mechanism of climatic factors on
ETy more reasonable [37-39]. In this study, multiple regression analysis was used to
evaluate the contribution of climatic factors to ET( variation. Data series of climatic factors
are standardized by dividing the standard deviation to avoid high values of orders of
magnitude affecting the average series. The relative contribution of an independent is
defined as:

ETy = argRH + aspSD + a7 T + awsWS$ (12)

_ |ai]
larm| + lasp| + [ar| + |aws|
where ETj is the dependent variable; RH, SD, T, and WS are the standardized climatic
variables added to the model; and arpy, asp, ar and ays are the standard regression
coefficients (SRC) for the meteorological variables, respectively. |SRCI directly reflects the
influence degree of the independent variable on the dependent variable, and a positive or

negative value represents the direction of influence on the dependent variable [40]. #; is
the relative contribution rate, and i = RH, SD, T, and WS.

1 (13)

3. Results
3.1. Temporal Variation in ET and Climatic Variables

As shown in Figure 2a, the changing trends of annual ETj in Northeast China from
1960 to 2017 were detected. During 19602017, the annual ET of the study area exhibited a
nonsignificant increasing trend with a rate of 1.45 mm /10a (Table 1). The abrupt analysis
results of Cramer’s test are shown in Figure 2b, which demonstrates that a breaking point
of ET appeared in 1993. Furthermore, the annual ET, showed an obvious downward
(p < 0.1) trend with a rate of 6.71 mm/10a during 1960-1993, but insignificant increases at a
rate of 4.39 mm/10a were observed between 1994 and 2017. To reveal the impact of climatic
variables on ET trends, we also analyzed the temporal variation in climatic variables in
three periods: 1960-1993, 19942017, and 19602017 (Figure 3 and Table 1). Wind speed at
2 m (WS) was found to have a significant declining trend (p < 0.01) of —0.11 m/s/10a in
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Northeast China from 1960 to 2017. It showed a steeper downward trend of —0.15 m/s/10a
during 1960-1993 but increased insignificantly at a rate of 0.04 m/s/10a after 1993. De-
creasing relative humidity (RH) trends were observed during 1960-1993, 1994-2017, and
1960-2017 at rates of —0.21%/10a, —0.59%/10a, and —0.47%/10a, respectively. Similar
to RH, sunshine duration (SD) decreased during 1960-1993, 1994-2017, and 1960-2017,
with reductions of —50.62 h/10a, —32.58 h/10a, and —24.72 h/10a, respectively. In both
1960-1993 and 1960-2017, the downward trend of SD reached a significance level of 0.01.
As shown in Figure 3d, the temporal variation in T was opposite to that in RH and SD,
showing a significant upward trend (p < 0.05) in 1960-1993, 1994-2017, and 1960-2017, with
rates of 0.24 °C/10a, 1.57 °C/10a, and 0.75 °C/10a, respectively. From the above analysis,
the changing trends of ETy and T in 1994-2017 and 1960-2017 were consistent, and both
showed upward trends. The increase in air temperature (T) promoted the increase in ET).
However, during 1960-1993, the obvious warming trend of T (p < 0.05) and the significant
decreasing trend (p < 0.1) of ETy demonstrated the existence of the evaporation paradox in

Northeast China.
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Figure 2. (a) Interannual variations of ET() in Northeast China and (b) results of mutation detection
in temporal variation in annual ET) over Northeast China during 1960-2017 by Cramer’s test. The
horizontal black lines are the 0.01 significance level line. The red point indicates the mutation year.

Table 1. The change trends of ETjy and climatic variables in Northeast China during 1960-2017.

ETy WS RH SD T
trend —6.71% —0.15 *** —0.21 —50.62 *** 0.24 **
1960-1993
—1.67 —4.55 —1.05 —-3.21 2.03
trend 4.39 0.04 —-0.59 —32.58 1.57 ***
1994-2017
0.60 0.05 —1.44 —1.09 5.01
trend 1.45 —0.11 *** —0.47 *** —24.72 *** 0.75 ***
1960-2017
0.48 —6.88 —-3.94 —3.58 7.47

Note(s): Trend is the climate tendency rate of ET( and climatic variables; the trend units of ETy, T, RH, SD, and WS
are mm/10a, °C/10a, %/10a, h/10a, and m/s/10a, respectively; * denotes a significance level at 0.1, ** denotes a
significance level at 0.05, and *** denotes a significance level at 0.01.

3.2. Spatial Variation of ETy and Climatic Variables

The spatial distributions of the various trends of ETj and climatic variables in North-
east China during 1960-2017 were shown in Figure 4. The ET trend displayed obvious
spatial heterogeneity. The meteorological stations that presented decreases were mainly
located in low-altitude plain areas (<500 m), such as the Songliao Plain and Nenjiang Plain,
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WS (m/s)

SD (h)

and 74% of the stations at low elevations (<500 m) showed a negative trend, of which,
47% were significant (p < 0.05). Conversely, the stations with increasing ETj trends were
mostly distributed in high-altitude areas (>500 m), such as the Da Hinggan Mountains,
Xiao Hinggan Mountains, Changbai Mountains, and Hulun Buir Plateau. Among the
stations located at high altitudes (>500 m), the number of stations showing upward trends
accounted for 84%, and 63% of them reached a significance level of 0.05. In summary,
the variation trend of ET in Northeast China was affected by altitude. ET trend was
significantly and positively related to altitude (p < 0.001) (Figure 5). From low altitude
to high altitude, the changing trend of ET; was from negative to positive, respectively.
WS at most stations (92%) had downward trends in Northeast China. Furthermore, the
majority of stations with stronger significant downward trends were located in low-altitude
areas (<500 m), and 88% of the sites at this height level showed a significant decline in
WS. In other words, there was a clear downward trend of WS at low altitudes (<500 m) in
Northeast China during 1960-2017. Similar to the spatial pattern for WS, RH also displayed
a downward trend integrally, with 78% of the stations showing a downward trend, of
which 59% reached a significance level of 0.05. As for SD, stations with significant decreases
in SD were mainly located on the Songliao Plain. Stations with an upward trend of SD
were mainly located in the mountains area. T of the whole of Northeast China was on the
rise, and all stations in this study area represented a significant upward trend (p < 0.05).

el Linear fittinig curve during 1960-2017 68 —
- - - -Linear fittinig curve during 1960-1993
1 - - - -Linear fittinig curve during 1994-2017
66 —
2.4+
i 64
2.2 & i
| E 62 -
2.0
60 —
8+ 7T T 7T T
1960 1970 1980 1990 2000 2010 2020 1960 1970 1980 1990 2000 2010 2020
Year (a) Year (a)
2800 — 9.0
2720 — 7.5 4
2640 Y 60
B~
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2480 3.0
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Figure 3. Interannual variations of climatic factors in Northeast China. (a) WS, (b) RH, (c) SD, and (d) T.
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Figure 4. Spatial patterns of trends in ET( (a), WS (b), RH (c), SD (d), and T (e) over Northeast China
during the period of 1961-2017. The trends in stations with red squares were significant (p < 0.05).

3.3. Influence of Climatic Variables on ET)

As the results of Sections 3.1 and 3.2 show, the changing trend of ET( before and
after 1993 was the opposite, and the ETj trend differed significantly at different altitudes.
Low-altitude areas (<500 m) mainly displayed a downward trend, while high-altitude
areas (>500 m) mostly increased. Hence, we comprehensively analyzed the impacts of
climatic variables on ET at spatiotemporal scales. To reveal the degree of the climatic
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factors affecting ET, the multiple linear regression method was used to investigate the
combined impacts of the climatic variables on ET( [37]. According to the standard regres-
sion coefficient (SRC) in Table 2, ETy was negatively related to RH and positively related to
WS, SD, and T in Northeast China. For the relative contribution rate (RCR), in 1960-1993,
1994-2017, and 1960-2017, WS dominated the ETj trend in low-altitude areas (<500 m),
contributing 30.8%, 29.5%, and 29.3%, respectively. At high altitudes and at entire altitudes,
RH made the greatest contributions to the ETy changes. Therefore, RH became the primary
climatic factor affecting the variation in ET( at high altitudes and at entire altitudes, with
contributions of 34.9% and 27.8%, 52.3% and 42.9%, and 45.8% and 37.1% in 1960-1963,
1994-2017 and 1960-2017, respectively. The contributions of SD to ET were also relatively
large in these two height ranges, and the contributions were 28.0% and 24.3%, 30.5% and
36.9%, and 28.4% and 32.7% in the three periods, respectively.

r=0.55 p<0.001 °

Trend (mm/10a)
o
1

T T T T T
0 200 400 600 800 1000

Elevation (m)

Figure 5. Correlations between the ET trends and altitude.

Table 2. The standard regression coefficient (SRC) and relative contribution rate (RCR) to ET of the
climatic variables.

WS RH SD T
SRC RCR (%) SRC RCR (%) SRC RCR (%) SRC RCR (%)
<500 m 0.551 30.8 —0.407 22.7 0.292 16.3 0.541 30.2
1960-1993 >500 m 0.233 16.5 —0.494 349 0.397 28.0 0.293 20.6
Whole 0.363 22.5 —0.448 27.8 0.392 243 0.409 254
<500 m 0.480 29.5 —0.357 219 0.469 28.8 0.322 19.8
1994-2017 >500 m 0.202 16.9 —0.625 52.3 0.365 30.5 0.003 0.3
Whole 0.231 19.5 —0.508 429 0.437 36.9 0.008 0.7
<500 m 0.568 29.3 —0.473 244 0.438 22.6 0.461 23.8
1960-2017 >500 m 0.092 7.1 —0.589 45.8 0.366 28.4 0.240 18.6
Whole 0.199 13.6 —0.542 37.1 0.478 327 0.242 16.5

4. Discussion
4.1. Changing Trend of ETy Related to Altitude

There were pronounced spatial differences in the ET trend in Northeast China from
1960 to 2017. The changing trend of ET, was closely related to altitude. With increasing
altitude, the changing trend of ET( was from negative to positive. ET( in low-altitude areas
(<500 m) mainly showed a downward trend, while high-altitude areas (>500 m) mostly
increased (Figure 4a). Zhang et al. [41] reported that ET( had a significant downward trend
in the plain regions but an upward trend in the mountainous area over the Aksu River Basin.
Song et al. [27] also observed a downward ET trend in agricultural areas but an upward
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trend in the mountainous area in the Sanjiang Plain over Northeast China. The above results
are consistent with our results. In addition, Liu et al. [42] found similar findings in a study
of Northwest China. The ET trend in Northwest China during 1960-2017 was significantly
and positively correlated with altitude. ETj in low-altitude areas represented a downward
trend, and an increasing ET, trend was observed in high-altitude areas. The differences in
the ET trend along the altitudinal gradient are caused by the different changes in climatic
factors at different altitudes, which are closely related to the intensity of human activities. In
low-altitude areas, human activities are relatively intense, characterized by high population
density, a high level of urbanization, and rapid economic development. These social
properties inevitably lead to increases in areas of construction land and agricultural land
and the aggravation of air pollution. As a result, the ground surface roughness increases,
consequently reducing the wind speed and sunshine hours. These changes eventually lead
to a decrease in ETj in low-altitude areas [4]. At high altitudes, the intensity of human
activities is weakened, resulting in a reduced impact on climatic factors; therefore, the
impacts on ETj are relatively limited. Wang et al. [43] and Xia et al. [44] revealed that
the areas of construction land and agricultural land in Northeast China have increased
significantly in recent decades, and they mainly occur in the lower altitude plain areas.
Han et al. [4] found that in the Beijing-Tianjin-Hebei region (North China), ETj at natural
stations in high-altitude mountainous areas represented a significant increasing trend,
while ETj at urban and farmland stations at low altitudes showed a downward trend.
Chong et al. [45] pointed out that the increasing air pollution in Northeast China increased
from 1981 to 2010, leading to fewer sunshine hours. From 1960 to 2017, WS and SD in the
low-altitude area (<500 m) of Northeast China showed a downward trend, and most of
them reached a 0.05 significance level (Figure 4). The decrease in WS and SD contributed to
a decrease in ET).

4.2. Primary Climatic Factors Affecting ET Variation in Northeast China

The spatiotemporal variation trend of ET) in Northeast China was the result of the
comprehensive effects of climatic factors. The contribution rate of climatic variables to
the ETj trend in Northeast China was showed in Table 2. For Northeast China as a
whole, RH was the primary climatic factor influencing the ET trend from 1960 to 2017,
with the largest contribution of 37.1%. Consistent with the entire time period, RH was
also the primary climatic factor affecting ET changes in two subperiods, 1960-1993 and
1994-2017, with maximum contributions of 27.8% and 42.9%, respectively. The primary
climatic factors affecting ET( changes were different at different altitudes. In low-altitude
areas (<500 m), the contribution rate of WS to ETy changes was the highest (>29%) in
three periods, 1960-2017, 1960-1993, and 1960-2017, indicating that WS was the primary
climatic factor affecting ET changes in low-altitude areas. In higher altitude areas (>500 m),
the largest contributions to the ET trend in three periods, 1960-2017, 1960-1993, and
1960-2017, were all from RH. Liu et al. [46] and Liu et al. [47] concluded that RH was the
most important factor controlling the ET trend on the Huang-Huai-Hai Plain (China) and
North China Plain. Moreover, Qi et al. [28] found that ET changes were mainly due to
RH changes in Heilongjiang Province, China. The above reports from other humid and
semi-humid regions concur with the findings of this study. However, different results
were obtained in arid and semiarid areas at the same latitude as Northeast China. In
Northwest China, RH and SD had little effect on ET(, and the ET( trend was mainly
affected by T and WS changes [48-50]. T was the primary climatic factor affecting ETy
change over the Loess Plateau of China [51,52]. The above results are inconsistent with
this paper, which may be related to the diverse climatic types in different study areas.
In different climatic regions, the sensitivities of ETy to climatic factors are nonuniform.
ETy trends were dominated by different climatic factors in different climatic regions of
China [36,53]. Wang et al. [54] pointed out that such a mechanism existed on a global scale.
From the perspective of altitude gradient, different altitudes lead to differences in the
changing trends and magnitudes for various climatic factors, which have different effects
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on ET( variation [55]. Li et al. [56] pointed out that due to different urbanization levels,
the wind speed in low-altitude areas with higher urbanization levels decreased obviously,
significantly higher than the reduction in high-altitude areas. The rapid urbanization of low-
altitude areas in Northeast China and the substantial increase in agricultural land [43,44]
resulted in a significant decrease in wind speed at low altitudes (Figure 4), which led to
a reduction in ETj. Then, WS became the primary climatic factor affecting ETy changes
in low-altitude areas. Similar to our results, Kang et al. [13] found that ETy was mainly
affected by RH at high altitudes and WS at low altitudes in the Taihang Mountains. A
study in the Aksu River Basin also concluded that RH was the primary climatic factor
affecting the ET trend at high elevations, but WS was the primary climatic factor at low
elevations [41].

4.3. Evaporation Paradox in Northeast China

The annual ETy in Northeast China showed a nonsignificant upward trend dur-
ing 1960-2017, and there was a remarkable mutation in approximately 1993. During
1960-1993, ET represented a significant downward trend (p < 0.1), with a changing rate
of —6.71 mm/10a, and an insignificant upward trend was detected during 1994-2017. T
showed a significant upward trend (p < 0.05) during 1960-1993, contrary to the ET trend
in the same period, which demonstrated the existence of the “evaporation paradox”. From
1994 to 2017, ET increased significantly with temperature warming, suggesting that the
evaporation paradox disappeared. Based on research by Liu [57], in this paper, an index
was used to characterize the impact of different climatic factors on the changing amplitude
of ET in Northeast China from 1960 to 1993, which is the product of the changing rate of
WS, SD, T and RH during 1960-1993 (Table 1) and their regression coefficients according to
the results of multiple regression analysis by taking ETj as the dependent variable and the
four climatic variables (WS, SD, T, and RH) as the independent variables. The changing
rates and regression coefficients of WS, SD, T, and RH were —0.15 m/10a, —50.62 h/10a,
0.24 °C/10a, and —0.21%/10a, and 47.98 mm/m/s (WS), 0.12 mm/h (SD), 17.3 mm/°C
(T), and —9.78 mm/% (RH), respectively. The significant decreases in WS and SD result
in decreases in ETy of —7.20 mm/10a and —6.07 mm/10a, respectively. The insignificant
decrease in RH increased ET, with an amplitude of 2.05 mm/10a. A nonsignificant increase
in T caused a synchronous increase in ET( of 4.15 mm/10a. Under the comprehensive
functions of the above four climatic factors, the variation in ETy was —7.07 mm/10a. The
significant decrease in WS and SD offset the effects of the obvious increase in T and the
insignificant decrease in RH, resulting in the reduction in ET), and the evaporation paradox
appeared. The increasing T and decreasing RH both lead to the increase of vapor pressure
deficit (VPD), thus increasing ETy. High VPD values act like a “Water Pump’ in the air
which absorbs water from the land surface (soil and vegetation) [58]. It increases the water
loss of bare soil and the transpiration of plants. WS and SD were the primary factors
leading to the decrease in ET). Fu et al. [59] pointed out that wind speed in Northeast
China showed a significant decreasing trend from the 1960s to the mid-1990s, which is
closely related to interdecadal pacific oscillation (IPO). The sharp reduction of wind speed
caused ET) to decrease. Luo et al. [60] reported that aerosol optical depth (AOD) in North-
east China showed an increasing trend during 1961-1990. In other words, atmospheric
particulate matter concentration in Northeast China increased during 1961-1990, which
reduced the surface incident radiation and then decreased the ET(. Similar to the results of
this paper, Dong et al. [61] pointed out that the evaporation paradox appeared in Xinjiang
from 1961 to 1993, the decrease in ETy was attributed to the significant decrease in WS,
and the evaporation paradox disappeared after 1993. Kang et al. [13] pointed out that the
evaporation paradox that occurred in the Taihang Mountains from 1973 to 1990 was caused
by a significant decrease in SD. Many studies have found that the decreased WS offset the
increase in ETj caused by the increased T, which led to the existence of an evaporation
paradox [14,57,62]. The periods of the evaporation paradox that appeared in the above
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studies are different from those in this paper because the research periods selected by
different studies are inconsistent.

5. Conclusions

Based on daily climate data from 91 stations over Northeast China during 1960-2017,
ET, was calculated using the Penman-Monteith method. Furthermore, the spatiotemporal
variations in the annual ET and the driving factors were analyzed. The climate tendency
rate and M-K test were adopted to reveal the temporal variation characteristics of the
annual ET. The mutation point in the annual ETj series during 1960-2017 was identified
by Cramer’s test. Multiple regression analysis was used to determine the primary climatic
factors for ET) changes at different altitudes. The main results of this paper are as follows:

(1) The annual ETj in Northeast China showed a nonsignificant increase during 1960-2017,
and it changed abruptly in approximately 1993. Before that mutation point, ET)
showed a significant downward trend (p < 0.1), and afterward, the trend went insignif-
icantly upward. During 1960-1993, the evaporation paradox appeared in Northeast
China, mainly because the dramatic decrease in WS and SD played a great role in the
decrease in ET, and after 1993, the evaporation paradox disappeared.

(2) The trends of ETj in Northeast China during 1960-2017 showed obvious spatial
heterogeneity. The changing trend of ET( was significantly and positively related to
altitude (p < 0.001). At low altitudes (<500 m), ET, generally showed a downward
trend, while at high altitudes (>500 m), it showed an upward trend.

(3 The change in ET over Northeast China in three periods: 1960-1993, 1994-2017,
and 19602017 were mainly affected by RH. At different altitudes, the main driving
factors of ETy were nonuniform. At low altitudes (<500 m), WS was the primary
climatic factor affecting ET changes, while RH was the primary climatic factor at
high altitudes.

In order to make the results of this study more effective and accurate in guiding the
water resources management in Northeast China, the accuracy and error of ET calculated
based on the Penman-Monteith method need to be further evaluated in the future, which
can be carried out in the following two ways. On the one hand, it is compared with the
measured data of ETj by lysimeters and eddy covariance systems; On the other hand, it is
compared with the calculation results of other ET() evaluation models.
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