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Abstract: Based on the daily data of 24 meteorological warfare points in Ningxia, the potential
evaporation (ET0), the Mann–Kendall test (MK), and inverse distance weight interpolation were used
to analyze the temporal and spatial changes in the potential evaporation at different scales, and the
Pearson correlation coefficient was used to determine the growth rate in Ningxia. The atmospheric
circulation influencing factors of seasonal potential evaporation were established, and the prediction
model of potential evaporation in the growing season in Ningxia was established by stepwise linear
regression, using mean absolute error (MAE), root mean square error (RMSE), and mean absolute
percentage error (MAPE). The error test was carried out, and the results show the following: (1) The
areas with larger potential evaporation during the growing season are mainly the central area of
Ningxia and the northern side of the northern area. The presence on the north side tends to decrease.
(2) On the monthly scale, the potential evaporation continued to increase from April to June, reached
the maximum in June, continued to decrease from July to October, and was the smallest in October.
(3) During the MK test in the growing season, the change in potential evaporation in the growing
season showed an “increase–decrease” trend. The results of the monthly MK test show that the
potential evaporation in April, May, and June has shown an increasing trend over the past 30 years,
and the UF value in July, August, and October has been relatively high. The change trend of potential
evaporation has been relatively stable, and the potential evaporation in September has shown a
downward trend over the past 20 years. (4) The prediction model of potential evaporation in the
growing season established by the circulation factor has shown a good effect in Ningxia and can be
used to establish the scheduling prediction of irrigation water.

Keywords: potential evaporation; circulation index; spatiotemporal characteristics; Ningxia

1. Introduction

Potential evapotranspiration refers to the total amount of water that can be evapo-
transpired into the air under conditions of sufficient moisture. It is usually calculated
by the Penman–Monteith (FAO-56) (P-M) formula [1]. Potential evapotranspiration is an
important factor in the hydrological cycle and irrigation scheduling [2,3], global climate
change has had a great impact on the vapor content of the atmosphere [4], and the po-
tential evaporation has an extremely important impact on irrigation planning, especially
for high-frequency irrigation systems and shallow-rooted vegetation [5,6]; therefore, the
prediction of potential evaporation is of great significance in agricultural production and
the sustainable development of water resources.

There is a significant correlation between the changes in and anomalies of global
atmospheric circulation, and a circulation anomaly in one region can cause a circulation
anomaly in another region, far away [7]. Teleconnection is the result of long-term natural
climate change [8] and has the characteristics of periodicity [9], persistence [10], strong
predictability [11], and hysteresis [12] for local climate impacts. Previous studies have
shown that atmospheric circulation has a certain influence on wind speed, temperature,
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humidity, sunshine hours, etc. [13–16]. These parameters are all important factors in the
calculation of potential evaporation, and through teleconnection, the hydrometeorological
forecast increases the feasibility of the potential evaporation forecast and plays a guiding
role in the hydrological cycle and agricultural production.

The variation in potential evapotranspiration (ET0) in China has significant temporal
and spatial differences. Predicting potential evapotranspiration is particularly important
for arid and semi-arid regions [17–19]. Ningxia Hui Autonomous Region is located in arid
and semi-arid regions of China. We used meteorological stations to explore the temporal
and spatial variability of potential evaporation in Ningxia, and used the circulation index
to establish a forecasting model for the growing season in Ningxia.

2. Study Area, Dataset and Methods
2.1. Study Area

Ningxia is located in the Yellow River system, which belongs to the temperate continen-
tal arid and semi-arid climate, with low annual precipitation, a high degree of evaporation,
and frequent droughts. Between 35◦14′−39◦23′ N latitude and 104◦17′ ′−107◦39′ E longi-
tude, as shown in Figure 1, the terrain is high in the south and low in the north. It is divided
into three major areas from north to south: the northern irrigation area (Shitanjing, Huinong,
Shizuishan, Pingluo, Taole, Helan, Yinchuan, Qingtongxia, Lingwu, Wuzhong, Zhongning,
and Zhongwei), the central drought belt (Yanchi, Mahuang Mountain, Weizhou, Tongxin,
Haiyuan, and Xingrenbao), and the southern mountainous area (Xiji, Guyuan, Liupanshan,
Longde, and Jingyuan).
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2.2. Meteorological Data Sources

Ningxia meteorological data were selected from the National Meteorological Center
of the China Meteorological Administration. In order to ensure the uniformity of data time,
daily meteorological data from 1982 to 2020 were used, and five meteorological factors
from 24 meteorological stations in Ningxia were selected, namely maximum temperature,
minimum temperature, wind speed, sunshine hours, and relative humidity, alongside
atmospheric circulation data from 1981 to 2020. The 130 circulation indices were divided
into monthly data. The data came from the China Meteorological Administration, including
88 atmospheric circulation indices, 26 SST indices, and 16 other indices.

2.3. Research Methods
2.3.1. Penman–Monteith Equation (ET0)

ET0 is the possible evapotranspiration of crops, which can be calculated by the Penman–
Monteith formula recommended by the Food and Agriculture Organization of the United
Nations (FAO, 1998).

ET0 =
0.408∆(Rn − G) + γ 900

T+273 U2(es − ea)

∆ + γ(1 + 0.34U2)
(1)

where the unit of ET0 is mmd. ∆ is the slope value of the relationship between saturated
water vapor pressure and temperature (kPa/◦C); Rn represents the net radiation from the
ground (MJ/m2); G represents the soil heat flux (MJ/(m2·d)), which is so small as to be
negligible; γ represents the hygrometer constant (kPa/◦C); T represents the daily average
temperature (◦C); U2 represents the wind speed at a height of 2 m (m/s); es represents the
saturated vapor pressure (kPa); and ea represents the actual water vapor pressure (kPa/◦C).

2.3.2. Pearson Correlation Analysis

If two sets of data, X: (X1, X2, . . . , Xn) and Y: (Y1, Y2, . . . , Yn), are population data,
then we obtain the following

Cov(X, Y) =

n
∑

i=1

(Xi−E(X))
σx

(Yi−E(Y))
σy

n
(2)

where n is the total sample size. σx, σy are the standard deviations of X and Y, respectively.
Correlation analysis is used to measure the deviation of each dimension from its mean
and the overall error of the two variables. If it is positive, it is positively correlated, and if
it is negative, it is negatively correlated. The Pearson correlation coefficient was used to
determine the lag relationship between the circulation index and the potential evaporation
index during the growing season in Ningxia.

2.3.3. Variance Inflation Factor (VIF)

Multicollinearity in stepwise regression models is a condition that occurs when some
predictors in the model are correlated with other predictors. Multicollinearity can be a
serious problem as it can cause the variance of regression coefficients to increase, making
them unstable.

VIF =
1

1− R2
i

(3)

where Ri is the negative correlation coefficient of the independent variable xi in the re-
gression analysis of the remaining independent variables. The larger the variance in-
flation coefficient VIF, the greater the possibility of collinearity between independent
variables. In general, if the variance inflation factor exceeds 10, the regression model has
severe multicollinearity.
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2.3.4. Mean Absolute Error (MAE)

The mean absolute error is the average of the absolute errors and can better reflect the
actual situation of the predicted value error.

MAE =
1
N

N

∑
i=1
| fi − yi| (4)

where fi is the predicted value, yi is the actual value, and N is the number of data series.

2.3.5. Root Mean Square Error (RMSE)

The root mean square error is the square root of the ratio of the square of the predicted
value’s deviation from the true value to the number of observations, n. It measures the
deviation between the predicted value and the true value and is sensitive to outliers in
the data.

RMSE =

√√√√ 1
N

N

∑
t=1

( ft − yt)
2 (5)

where ft is the actual value, yt is the predicted value, and N is the number of data series.

2.3.6. Mean Absolute Percentage Error (MAPE)

The smaller the value of MAPE, the better the accuracy of the prediction model.

MAPE =
100%

n

n

∑
i=1

∣∣∣∣y′i − yi

yi

∣∣∣∣ (6)

where yi is the actual value, yi
′

is the predicted value, and n is the number of sample
sequences.

2.3.7. Mann–Kendall Trend Test

The Mann–Kendall trend test is a method recommended by the World Meteorological
Organization for time series analysis. Given a significance level, if the significance is at 0.05,
then the critical value is ±1.96; plot UFk and UBk graphs and ±1.96 two straight lines again
on a graph, if the UF value is greater than 0, then the series shows an upward trend, less than
0 indicates a downward trend When they exceed the critical line, it indicates a significant
upward or downward trend. If the UFk and UBk curves intersect and the intersection point
is within the critical line, then the moment corresponding to the intersection point is the
time when the mutation starts.

For a time series X1, X2, . . . , Xn with n sample sizes, construct an order column.

Sk =
k

∑
j=1

rj, rj =

{
1(Xj > Xi)
0(Xj ≤ Xi)

, i = 1, 2, 3, . . . . . . j; k = 1, 2, 3, . . . . . . n (7)

where rj denotes the cumulative number of Xi greater than Xj (1 ≤ j ≤ i), Sk is the statistic,
and i and j denote the number of sequences.

UFk =
(Sk − E[Sk])√

Var[Sk]
(8)

where UFk = 0 when k = 1. E[Sk], Var[Sk] are the mean and variance of the cumulative
number Sk, respectively, which can be calculated when X1, X2, . . . , Xn are independent of
each other and have the same continuous distribution by the following equation.

E[Sk] =
k(k− 1)

4
, Var[Sk] =

k(k− 1)(2k + 5)
72

, 1 ≤ k ≤ n (9)
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where E(Sk) is the mean of the cumulative number Sk, Var(Sk) is the cumulative number Sk
variance, and k is the number of current series.

UBk = −UFk (10)

where UBk = 0. UBk is not simply equal to the negative value of UFk, but is inverted and
then taken as negative, where UFk is calculated from the inverse sequence. The intersection
of UF and UB is the mutation point.

3. Results and Analysis
3.1. Distribution and Trend of Potential Evaporation
3.1.1. Distribution and Trend of Potential Evaporation in the Growing Season

The spatial characteristics of potential evaporation in the growing season of Ningxia
Autonomous Region are shown in Figure 2. The potential evaporation in Ningxia is
between 585.03 mm and 1146.23 mm, with the potential evaporation in the middle of
the central arid zone and in the north side of the northern region being larger, between
1000.34 and 1146.23 mm, and the potential evaporation in the southern region smaller,
between 585.03 and 781.65 mm. The west side of the central region of Ningxia Hui
Autonomous Region demonstrates a greater increasing trend, and its value is between
13.91 and 41.51. There is a decreasing trend in the east and north sides of Ningxia Hui
Autonomous Region, and the decreasing trend is between −30.72 and 0.00 mm.

Atmosphere 2022, 13, 1654 5 of 18 
 

 

where UFk = 0 when k = 1. E〔Sk〕, Var〔Sk〕 are the mean and variance of the cumulative 
number Sk, respectively, which can be calculated when X1, X2, ..., Xn are independent of 
each other and have the same continuous distribution by the following equation. 

[ ] ( 1)
4
−=k

k kE S , [ ] ( 1)(2 5)
72ar k

k k kV S − += , 1 k n≤ ≤  (9)

where E(Sk) is the mean of the cumulative number Sk, Var(Sk) is the cumulative number Sk 
variance, and k is the number of current series. 

k kUB UF= −  (10)

where UBk = 0. UBk is not simply equal to the negative value of UFk, but is inverted and 
then taken as negative, where UFk is calculated from the inverse sequence. The intersec-
tion of UF and UB is the mutation point. 

3. Results and Analysis 
3.1. Distribution and Trend of Potential Evaporation 
3.1.1. Distribution and Trend of Potential Evaporation in the Growing Season 

The spatial characteristics of potential evaporation in the growing season of Ning-
xia Autonomous Region are shown in Figure 2. The potential evaporation in Ningxia is 
between 585.03 mm and 1146.23 mm, with the potential evaporation in the middle of the 
central arid zone and in the north side of the northern region being larger, between 
1000.34 and 1146.23 mm, and the potential evaporation in the southern region smaller, 
between 585.03 and 781.65 mm. The west side of the central region of Ningxia Hui Au-
tonomous Region demonstrates a greater increasing trend, and its value is between 13.91 
and 41.51. There is a decreasing trend in the east and north sides of Ningxia Hui Auton-
omous Region, and the decreasing trend is between −30.72 and 0.00 mm. 

 
Figure 2. Spatial characteristics of potential evaporation during the growing season in Ningxia Au-
tonomous Region. 
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Autonomous Region.

3.1.2. Monthly Potential Evaporation Distribution and Trend in the Growing Season

The monthly spatial characteristics of the potential evaporation in the growing season
of Ningxia Autonomous Region are shown in Figure 3. The distribution of the potential
evaporation in each month is exemplified by the potential evaporation in the central region
and the northern region being larger, and the potential evaporation in the southern region
being smaller. The potential evaporation continued to increase in June, and reached its
largest value in June, with a value between 103.32 and 209.32 mm. The potential evaporation
continued to decrease from July to October, and the potential evaporation in October was
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the smallest, with a value between 52.57 and 86.65 mm. The increasing trend of potential
evaporation from April to June is relatively obvious, and the areas with a greater increasing
trend are mainly concentrated in the west of the central region. The north of the northern
region and the east of the central region have a decreasing trend. From July to October,
the potential evaporation has a decreasing trend. The decreasing trend in September is the
most obvious, but most areas show a decreasing trend to some extent. The northern part of
the northern region and the eastern part of the central region have the largest decreasing
trend, and the value is between −7.58 and −3.54.
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3.1.3. Time Evolution Trend and Mutation of Potential Evaporation

The temporal change law of potential evaporation (ET0) in Ningxia Hui Autonomous
Region is shown in Figure 4. The UF value shows an “increase–decrease” trend on the
time scale of the growing season. There is a downward trend in 2020, but the UF value
greater than 0 indicates that the potential evaporation in the growing season is still rising,
although the rising trend is decreasing. The mutation point appeared in 1988. From April
to June, 1992–2020, the UF value showed an increasing trend. During this period, the
potential evaporation increased. The mutation points appeared in 1998, 1993, and 1990,
and appeared more frequently in July and August during the period from 1982 to 2020. At
the mutation point, the change in UF value is relatively stable, and the increase in potential
evaporation is not obvious. In September, the potential evaporation showed a downward
trend from 1998 to 2020, and the mutation point appeared in 2005. The mutation point in
October appeared in 1986, and the UF value changed. According to the results of the MK
test, the potential evaporation in April, May, and June showed an increasing trend over the
past 30 years, the UF value and potential evaporation in July, August, and October were
relatively stable, and the potential evaporation in September showed a decline over the
past 20 years.
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3.2. Prediction of Potential Evaporation
3.2.1. Factor Screening and Model Construction

Pearson correlation analysis was carried out to assess the potential evaporation in
the growing season and the circulation index combined in different time periods (shown
in Table 1). Because the growing season is from April to October, the forecast factor was
selected from April of the previous year. Using the circulation factor from March of that
year, 1560 correlation coefficients were actually obtained. On this basis, factor screening was
carried out. The correlation analysis between the atmospheric circulation index at different
time periods and the potential evaporation in the growing season was carried out. After
screening, 33 correlation coefficients were finally obtained at the 0.05 significance level.
Atmospheric circulation factors and time periods were tested, of which nine circulation
indices met the 0.01 significance level.

3.2.2. Establishment and Verification of the Potential Evaporation Prediction Model in the
Growing Season

Based on the atmospheric circulation index factors in Table 1, the stepwise regression
model was used to build the model. The model with a variance inflation factor (VIF) less
than 5 was selected. Table 2 shows, The variance inflation factor of all models was within 2.
The selected atmospheric circulation index factors were from April of the previous year to
March of the current year.

3.2.3. Fitting Back-Generation of Potential Evaporation in the Growing Season

The potential evaporation during the growing season in Ningxia is between 585.16 and
1142.81 mm. As shown in Figure 5, the maximum actual value of potential evaporation
(1055.85 to 1142.81 mm) is mainly distributed in the north of the northern part of Ningxia
and the center of the central Ningxia arid zone. The potential evaporation in the growing
season is between 585.14 and 1154.87 mm, and the predicted maximum potential evapora-
tion is between 1062.75 and 1154.87 mm. The predicted potential evaporation distribution
is basically consistent with the actual potential evaporation distribution. As shown in
the error analysis in Figure 6, the mean absolute error (MAE) is between 13.39 and 35.25,
the root mean square error (RMSE) is between 16.33 and 45.18, and the mean absolute
percentage error (MAPE) is between 1.83% and 3.52%.
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Table 1. Correlation analysis was carried out for potential evaporation in the growing season (April–October) with a time lag of 12 months (April–December of the
previous year and January–March of the current year), and a significant p was selected. Atmospheric circulation factor < 0.05.

Time Numbering Index Name Correlation Time Numbering Index Name Correlation

April of the previous year X1 Northern Hemisphere Polar Vortex
Central Intensity Index 0.338 * September of the

previous year X19 Western Pacific Subtropical High
Northern Boundary Position Index −0.345 *

April of the previous year X2 Western North Pacific
Typhoon number 0.348 * September of the

previous year X20 Asian Zonal Circulation Index 0.318 *

May of the previous year X3 Eastern Pacific Subtropical High
Northern Boundary Position Index −0.394 * September of the

previous year X21 North Atlantic Triple index −0.340 *

May of the previous year X4 Asia Polar Vortex Area Index −0.440 ** October of the
previous year X22 Western North Pacific

Typhoon number −0.319 *

May of the previous year X5 Northern Hemisphere Polar Vortex
Central Longitude Index −0.318 * November of the

previous year X23 Indian Subtropical High Ridge
Position Index 0.327 *

May of the previous year X6 Central Pacific 850 mb Trade
Wind Index 0.322 * November of the

previous year X24 Northern Hemisphere Polar Vortex
Area Index −0.318 *

June of the previous year X7
North African–North Atlantic–North

American Subtropical High Ridge
Position Index

0.525 ** November of the
previous year X25 East Atlantic–West Russia Pattern,

EA/WR −0.393 *

June of the previous year X8 North American Subtropical High
Northern Boundary Position Index 0.343 * December of the

previous year X26 Atlantic Subtropical High Ridge
Position Index 0.419 **

June of the previous year X9 Western Pacific Subtropical High
Western Ridge Point Index 0.318 * January of that year X27 Western Pacific Subtropical High

Ridge Position Index −0.411 **

June of the previous year X10 Western Pacific Warm Pool
Area Index 0.323 * January of that year X28 Pacific Subtropical High Ridge

Position Index −0.332 *

July of the previous year X11 Asia Polar Vortex Area Index −0.421 ** February of that year X29 Asian Zonal Circulation Index 0.332 *

July of the previous year X12 Northern Hemisphere Polar Vortex
Central Latitude Index 0.418 ** February of that year X30 South Indian Ocean Dipole Index 0.536 **

July of the previous year X13 East Asian Trough Intensity Index 0.379 * March of that year X31 East Asian Trough Position Index −0.362 *

August of the previous year X14 North American Subtropical High
Ridge Position Index −0.491 ** March of that year X32 Polar–Eurasia Pattern, POL −0.320 *

August of the previous year X15 Western Pacific Subtropical High
Western Ridge Point Index −0.389 * March of that year X33 South Indian Ocean Dipole Index 0.474 **

August of the previous year X16 Northern Hemisphere Polar Vortex
Central Longitude Index −0.319 *

Last august X17 East Pacific 850 mb Trade Wind Index −0.404 *
Last august X18 Oyashio Current SST Index 0.342 *

* The correlation is significant at the 0.05 level, ** the correlation is significant at the 0.01 level.
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Table 2. Models built based on the atmospheric circulation index. Stepwise regression was used to select a suitable model through the expansion factor test (VIF < 10).

City Model Formulas Variance Inflation Factor

Huinong y = 1438.701 + 6.856 × 7 + 0.64 × 9 − 8.158 × 11 − 15.609 × 14 X7 X9 X11 X14
1.263 1.13 1.038 1.091

Shizuishan y = 1675.5 − 0.03 × 3 − 13.094 × 10 − 21.89 × 27 + 51.134 × 30 X3 X10 X27 X30
1.042 1.118 1.059 1.088

Yinchuan y = 672.282 + 0.224 × 1 + 6.772 × 10 − 18.617 × 14 − 5.996 × 24 + 0.039 × 26 + 17.952 × 33 X1 X10 X14 X24 X26 X33
1.32 1.473 1.126 1.239 1.289 1.196

Shitanjing y = −1377.114 + 0.114 × 13 − 23.61 × 14 + 33.532 × 33 X13 X14 X33
1.314 1.045 1.295

Pingluo y = 311.32 + 0.228 × 1 − 17.432 × 14 + 5.104 × 29 + 23.766 × 30 X1 X14 X29 X30
1.071 1.034 1.122 1.179

Taole y = 1497.921 − 0.029 × 3 − 21.713 × 4 − 8.443 × 11 + 28.622 × 30 X3 X4 X11 X30
1.048 1.037 1.192 1.17

Helan y = 1969.009 − 0.049 × 03 − 42.471 × 04 − 3.861 × 12 − 0.084 × 19 + 43.525 × 30 X3 X4 X12 X19 X30
1.046 1.245 1.639 1.109 1.245

Yongning y = 1544.971 − 13.188 × 14 − 0.176 × 16 − 16 × 17 + 10.35 × 18 + 0.038 × 26 + 22.343 × 33 X14 X16 X17 X18 X26 X33
1.163 1.2 1.306 1.309 1.277 1.262

Lingwu y = 621.255 + 0.175 × 1 + 0.447 × 9 − 17.038 × 14 − 9.442 × 17 + 19.333 × 33 X1 X9 X14 X17 X33
1.151 1.089 1.092 1.182 1.097

Qingtongxia y = 1292.535 − 25.765 × 28 + 9.383 × 29 − 73.376 × 32 X28 X29 X32
1.026 1.04 1.033

Wuzhong y = 1407.758 − 36.337 × 4 + 16.279 × 10 − 34.602 × 17 + 9.421 × 20 X4 X10 X17 X20
1.01 1.168 1.068 1.095

Zhongning y = 1498.873 + 0.673 × 09 − 11.268 × 14 − 11.659 × 28 + 45.472 × 30 − 32.359 × 32 X9 X14 X28 X30 X32
1.044 1.13 1.122 1.01 1.035

Zhongwei y = 1935.119 + 4.937 × 8 + 8.996 × 10 − 18.349 × 17 − 6.358 × 24 − 18.253 × 27 − 2.936 × 31 X8 X10 X17 X24 X27 X31
1.154 1.383 1.177 1.262 1.165 1.351

Tongxin y = 2019.003 − 16.043 × 14 − 0.614 × 15 − 0.185 × 16 − 5.315 × 24 + 22.342 × 33 X14 X15 X16 X24 X33
1.156 1.177 1.164 1.153 1.201

Xiji y = 789.801 + 17.915 × 2 − 0.038 × 3 − 0.072 × 19 − 20.455 × 21 − 0.659 × 31 + 13.386 × 33 X02 X03 X19 X21 X31 X33
1.094 1.171 1.196 1.465 1.165 1.167

Haiyuan y = 947.905 + 29.972 × 2 − 0.035 × 3 − 0.376 × 15 + 23.52 × 33 X2 X3 X15 X33
1.074 1.075 1.223 1.198
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Table 2. Cont.

City Model Formulas Variance Inflation Factor

Yanchi y = 1398.19 − 0.03 × 3 − 21.875 × 4 − 0.435 × 15 − 0.044 × 19 + 43.928 × 25 + 39.461 × 30 X3 X4 X15 X19 X25 X30
1.039 1.138 1.464 1.206 1.55 1.559

Mahuangshan y = 1067.008 + 34.322 × 2 + 0.933 × 9 + 4.036 × 12 − 16.849 × 27 + 44.168 × 30 − 2.102 × 31 X2 X9 X12 X27 X30 X31
1.08 1.089 1.24 1.053 1.28 1.11

Xingrenbao y = 2114.237 − 8.852 × 11 − 17.166 × 14 − 6.311 × 24 + 0.058 × 26 + 23.573 × 33 X11 X14 X24 X26 X33
1.248 1.095 1.132 1.114 1.199

Weizhou y = 435.339 + 0.237 × 1 + 0.672 × 9 − 21.703 × 14 + 31.121 × 33 X1 X9 X14 X33
1.1 1.012 1.032 1.085

Guyuan y = −1877.545 − 0.047 × 3 + 0.112 × 13 − 0.197 × 15 − 0.073 × 19 − 24.972 × 21 − 6.885 × 24 X03 X13 X15 X19 X21 X24
1.066 1.468 1.24 1.351 1.827 1.145

Liupanshan y = 945.127 + 12.909 × 2 − 14.132 × 14 − 0.062 × 19 + 4.85 × 29 − 29.462 × 30 + 34.969 × 33 X2 X14 X19 X29 X30 X33
1.192 1.226 1.13 1.146 4.617 4.283

Longde y = 1004.488 − 0.031 × 3 − 14.066 × 4 − 9.009 × 17 − 0.078 × 19 − 18.702 × 21 + 17.085 × 30 X3 X4 X17 X19 X21 X30
1.259 1.106 1.337 1.239 1.741 1.237

Jingyuan y = 1040.664 + 20.605 × 2 − 10.903 × 14 − 0.089 × 19 + 0.05 × 26 + 27.748 × 33 X2 X14 X19 X26 X33
1.149 1.1 1.036 1.038 1.042
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3.2.4. Extrapolated Forecast of Potential Evaporation during the Growing Season

Figure 7 shows the distribution of the extrapolated forecast and the actual value, as
well as the difference between the two. By comparing the distribution of the actual value
and the predicted value from 2016 to 2020, although the potential evaporation has space
and time differences, the predicted result is basically consistent with the actual value of
the potential evaporation. The difference between the actual value and the predicted value
in Ningxia is between −57.32 and 136.98. Through the error analysis of the extrapolated
predictions in Figure 8, the mean absolute error (MAE) is between 19.47 and 70.11. The
distribution of root mean square error (RMSE) and mean absolute error (MAE) is roughly
consistent, and the root mean square error (RMSE) in Ningxia is between 24.66 and 81.78.
The mean absolute percentage error (MAPE) of all regions is within 10%, among which
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the northern region (green region) has the smallest error, between 2.12 and 3.97%, and the
southern region has a larger prediction error.
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Atmosphere 2022, 13, 1654 14 of 20

3.2.5. Monthly Fitting Back-Generation of Potential Evaporation in the Growing Season

Based on the circulation factor, a monthly potential evaporation prediction model
is established, and the model is established by using a circulation factor that is pushed
12 months ahead of the predicted month. The modeling steps are consistent with the
potential evaporation in the growing season, and collinearity (VIF) less than 5 is selected.
The basic information of the selected model is shown in Tables 3 and 4. Models, due to
space reasons, are no longer listed one by one. According to Figure 9, the fitted values from
1982 to 2015 are basically consistent with the actual values. As shown in Figure 10, the
mean absolute error (MAE) is generally between 1.50 and 12.00 in each month, and the
red area is larger in May, June, and July, indicating that the mean absolute error (MAE)
error is larger; the blue areas are larger in August, September, and October, indicating
a smaller mean absolute error (MAE). The root mean square error (RMSE) is generally
between 1.50 and 14.00 in each month, and the red area is larger in May, June, and July,
indicating that the root mean square error (RMSE) is larger. On the other hand, the blue
area in August, September, and October is larger, and the root mean square error (RMSE) is
small. The mean absolute percentage error (MAPE) is between 1.00% and 12.00% across
all months as a whole. In October, the red area is larger, indicating that the mean absolute
percentage error (MAPE) is larger; in August, the blue area is larger, indicating that the
mean absolute percentage error (MAPE) is smaller.

Table 3. Number of selected circulation index factors (correlation significant p < 0.05).

April May June July August September October

127 138 70 36 62 100 88

Table 4. Stepwise asymptotic regression to select the number of factors (VIF < 10).

Place April May June July August September October

Huinong 5 5 5 4 14 5 7
Shitanjing 6 5 6 3 6 6 5
Shizuishan 5 5 3 10 5 9 7

Pingluo 7 9 5 4 5 7 5
Taole 6 4 7 6 12 5 5
Helan 4 5 3 5 7 5 8

Yinchuan 6 7 12 3 9 5 4
Yongning 6 6 5 6 16 10 7
Lingwu 6 5 4 6 6 5 6

Qingtongxia 6 8 5 9 8 4 5
Wuzhong 4 5 9 4 4 13 7

Zhongning 8 8 5 5 5 9 6
Zhongwei 3 5 6 8 4 14 10
Tongxin 9 4 14 6 13 5 7
Haiyuan 5 6 13 3 5 5 10
Yanchi 4 5 5 5 10 5 5

Mahuangshan 5 6 7 6 4 9 5
Xingrenbao 7 3 6 4 4 5 5

Weizhou 5 5 4 5 7 8 6
Xiji 5 9 5 3 4 2 7

Guyuan 6 5 4 9 5 4 5
Liupanshan 5 8 5 3 8 4 4

Longde 8 11 9 5 5 5 5
Jingyuan 6 4 5 3 8 3 7
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3.2.6. Monthly Extrapolation Forecast of Potential Evaporation in the Growing Season

The monthly forecast and actual values of various regions in Ningxia from 2016 to
2020 are essentially the same, as shown in Figure 11. As shown in Figure 12, the overall
range of the mean absolute error (MAE) is between 1.00 and 28.00, and the months with
larger red areas are May, June, and July, indicating that the mean absolute error (MAE)
is larger. The months with larger blue areas are September and October, indicating that
the mean absolute error (MAE) is small. The overall range of the root mean square error
(RMSE) is between 1.00 and 35.00, and the distribution is basically consistent with the mean
absolute error (MAE). The mean absolute percentage error (MAPE) is mainly between
1.00% and 29.00%. In October, the error is relatively large, with more red areas. Regarding
the other months, most are in the yellow area and the blue area (between 1% and 15.16%),
with the smallest mean absolute percentage error (MAPE) in August.
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4. Discussion

Evaporation is a bridge in terms of land–atmosphere interactions, and plays an ex-
tremely important role in the hydrological cycle and agricultural irrigation [20]. The
atmospheric circulation has a strong influence on the potential evaporation in the growing
season [21]. Its drastic change has led to the acceleration of the water cycle [22], which has
also affected potential evaporation. Previous studies have found that the Arctic Oscillation
(AO) is closely related to the mid-to-high latitudes [23], and some studies have shown
that the hydrological cycle is important for El Niño Southern Toss. This is closely related
to cyclones (NHPV), the Atlantic Oscillation (ENSO), and the North Atlantic Oscillation
(NAO) [24], which may affect the change in evaporation through the circulation anomaly,
and then affect the occurrence of meteorological and hydrological drought [25]. Other stud-
ies have shown that China’s climate is mainly affected by the synchronous subtropical high
in the western North Pacific and the atmospheric circulation in the mid-to-high latitudes of
the North Pacific, as well as the monsoon circulation in the western North Pacific [26,27].

This study describes the temporal and spatial relationship of potential evaporation
in the growing season, and uses the step-by-step asymptotic regression method to predict
the potential evaporation in the growing season. The results show that the potential
evaporation in the growing season from 1990 to 2010 has a larger increasing trend, which is
consistent with the fifth IPCC assessment report [28], which provides the conclusion that
1983–2012 was the hottest 30-year period in the past 1400 years. The spatiotemporal analysis
of potential evaporation in the growing season shows that the potential evaporation in
April, May, and June has shown an increasing trend over the past 30 years. The UF value in
July, August, and October was relatively stable, and the potential evaporation was relatively
stable. The potential evaporation in September has shown a downward trend over the past
20 years. The prediction results show that the predicted value of the potential evaporation
in the growing season is basically consistent with the actual value, the predicted actual
value of the potential evaporation in the growing season is basically consistent with the
predicted value curve, and the mean absolute percentage error (MAPE) in October is
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relatively large. The mean absolute error (MAE) and root mean square error (RMSE) in
June were larger.

5. Conclusions

Potential evaporation is an important factor in both the hydrological cycle and farm-
land irrigation. Based on the daily data of 24 meteorological stations, this paper analyzes
the time series changes in potential evaporation during the growing season in Ningxia, and
systematically establishes a prediction model of potential evaporation during this period.
The hydrological cycle change and farmland irrigation system in Ningxia in the growing
season are used to provide a reference. The main conclusions are as follows:

(1) The areas with large potential evaporation in the growing season are mainly the
central area and the northern side of the northern area of Ningxia. The western side
of the central area of the Ningxia Hui Autonomous Region has a greater increasing
trend, and the eastern and northern sides of the Ningxia Hui Autonomous Region
have a decreasing trend.

(2) On the monthly scale, the potential evaporation continued to increase from April to
June, reached its maximum in June, continued to decrease from July to October, and
was the smallest in October. The increasing trend of potential evaporation from April
to June and the increasing trend of the west side of the central region are obvious,
and the trend of potential evaporation from July to October is more obvious, during
which the decreasing trend is most obvious in September, although most areas show
a decrease to some extent. Among them, the northern side of the northern region and
the eastern side of the central region have the largest decreasing trend.

(3) According to the results of the MK test in the growing season, the change in potential
evaporation in the growing season showed a trend of “increase–decrease”. According
to the results of the monthly scale MK test, the potential evaporation in April, May,
and June has shown an increasing trend over the past 30 years. The UF value in
August and October has been relatively stable, and the trend of potential evaporation
has been relatively stable. The potential evaporation in September has shown a
downward trend over the past 20 years.

(4) The prediction model of potential evaporation in the growing season established by
atmospheric circulation has shown good results in Ningxia, demonstrating that the
circulation factor can be used to establish the scheduling forecast for irrigation water.
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