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Abstract
Evaporation constitutes a critical process in the hydrological cycle, and investi-
gating pan evaporation in the Loess Plateau region is of paramount significance
for regional water resource utilization and protection. By compiling data on
pan evaporation, air temperature, wind speed, precipitation, relative humid-
ity, water vapor pressure, and other variables from 61 meteorological stations
across the Loess Plateau, this study employs the Mann-Kendall test, cumula-
tive anomaly analysis, and linear trend method to examine the spatiotemporal
variation characteristics of pan evaporation in the Loess Plateau from 1960 to
2018, and utilizes multiple regression analysis to identify the primary meteoro-
logical factors influencing pan evaporation. The research findings demonstrate
that: (1) Over the past 59 years, pan evaporation in the Loess Plateau exhib-
ited a decreasing trend at a rate of -6 mm・(10a)-1, yet showed an increasing
trend after 2000; the region’s pan evaporation underwent two transitions and
three distinct stages—an increasing trend during 1960–1974, a decreasing trend
during 1975–1996, and an increasing trend during 1997–2018; spring, summer,
and autumn displayed decreasing trends, while winter exhibited an increasing
trend. (2) Spatially, the overall and local changes in pan evaporation were
asynchronous; the eastern and central Loess Plateau of Gansu, Hetao region,
and Ordos Plateau showed increasing trends, whereas the Guanzhong Plain
and Shanxi Loess Plateau exhibited decreasing trends. (3) Mean wind speed,
sunshine duration, and water vapor pressure are, in order, the principal meteo-
rological factors affecting pan evaporation in the Loess Plateau; the decrease in
mean wind speed, reduction in sunshine duration, and increase in water vapor
pressure are responsible for the decline in pan evaporation; among the seasons,
wind speed is the dominant factor in spring and autumn, relative humidity in
summer, and temperature in winter.
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Abstract

Evaporation is a critical process in the hydrological cycle, and studying pan
evaporation in the Loess Plateau region holds significant importance for regional
water resource utilization and protection. By collecting data on pan evapora-
tion, air temperature, wind speed, precipitation, relative humidity, and water
vapor pressure from meteorological stations across the Loess Plateau, this study
analyzes the spatiotemporal variation characteristics of pan evaporation from
1960 to 2018 using Kendall cumulative anomaly and linear trend methods, and
explores the primary meteorological factors influencing pan evaporation through
multiple regression analysis. The results indicate that: (1) Pan evaporation in
the Loess Plateau showed a decreasing trend at a rate of -6 mm・(10a)−1 from
1960 to 2018, but exhibited an increasing trend after 2000. The region expe-
rienced three distinct phases of change: an increasing trend from 1960-1974, a
decreasing trend from 1975-1996, and an increasing trend from 1997-2018. (2)
Spatially, the overall and local changes in pan evaporation were not synchro-
nized. The Longdong and Longzhong Loess Plateau, Hetao region, and Ordos
Plateau showed increasing trends, while the Guanzhong Plain and Shanxi Loess
Plateau exhibited decreasing trends. (3) Seasonally, pan evaporation decreased
in spring, summer, and autumn, but increased in winter. (4) Mean wind speed,
sunshine duration, and water vapor pressure were the primary meteorological
factors affecting pan evaporation in the Loess Plateau, in that order. The de-
crease in mean wind speed and sunshine duration, along with the increase in
water vapor pressure, contributed to the reduction in pan evaporation. Among
the seasons, wind speed was the dominant factor in spring and autumn, relative
humidity in summer, and temperature in winter.

Keywords: pan evaporation; spatiotemporal variation; evaporation paradox;
meteorological factors; Loess Plateau

chinarxiv.org/items/chinaxiv-202201.00121 Machine Translation

https://chinarxiv.org/items/chinaxiv-202201.00121


1 Introduction
Water resources are the lifeline of human survival and development, and their
status and variation characteristics significantly constrain sustainable socioeco-
nomic development. Evaporation represents a crucial process in the hydrological
cycle, intimately connected with energy balance and water balance. Conse-
quently, research on evapotranspiration variation is essential for understanding
climate change dynamics and clarifying regional water cycle characteristics. Due
to the difficulty of observing actual evaporation, pan evaporation serves as a valu-
able proxy because of its high correlation with water surface evaporation. As a
routine meteorological observation item with long, comparable data series, pan
evaporation constitutes an important meteorological indicator for hydrological
and water resource research, hydraulic engineering design, and climate zoning.

Numerous studies have demonstrated that global pan evaporation has shown
a decreasing trend since the 1950s, with wind speed, solar radiation, air tem-
perature, and relative humidity exerting significant influences. In China, most
regions have exhibited decreasing annual pan evaporation in recent decades. For
instance, research based on data from over 600 meteorological stations revealed
a significant decreasing trend in China’s pan evaporation from 1956-2005, with
more pronounced reductions in eastern, southern, and northwestern regions.
Sunshine duration, mean wind speed, and diurnal temperature range were found
to significantly influence water surface evaporation. Similarly, studies of the Yel-
low River Basin showed decreasing pan evaporation over the past 40 years, with
wind speed reduction identified as the primary cause.

The Loess Plateau represents a critical ecological governance zone in China and
a key region for high-quality development of the Yellow River Basin and na-
tional ecological security. Water resources constitute the main factor restricting
vegetation restoration in this area, directly affecting agricultural production,
ecological construction, and sustainable socioeconomic development. As a key
link in the water cycle, evaporation is an important parameter influencing re-
gional water-heat balance. However, pan evaporation data from meteorological
stations often suffer from significant missing measurements, impacting the com-
prehensiveness and accuracy of research. This study systematically excavates
and organizes pan evaporation data from meteorological stations in the region
from 1960-2018, along with other relevant meteorological observation data, to
analyze variation characteristics and influencing factors across six sub-regions.

1.1 Study Area
The Loess Plateau region in this study is bounded by the Yinshan Mountains
to the north, Qinling Mountains to the south, Taihang Mountains to the east,
and Riyue Mountain in Qinghai to the west, covering an area of 6.4$×10^{5}$
km2. This definition is consistent with the investigation scope of the Chinese
Academy of Sciences Loess Plateau Comprehensive Scientific Expedition. Based
on the geomorphological and physical geographical characteristics of the Loess
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Plateau, the region is divided into six sub-regions for study: Longzhong Loess
Plateau (I), Longdong Loess Plateau (II), Guanzhong Plain (III), Shanxi Loess
Plateau (IV), Hetao region (V), and Ordos Plateau (VI).

1.2 Data Sources
This study utilizes pan evaporation (Epan) data from meteorological stations
across the Loess Plateau, measured using a 20 cm evaporation pan, along with
meteorological data including mean temperature (T), minimum temperature
(Tmin), maximum temperature (Tmax), precipitation (Pre), mean wind speed
(u2), sunshine duration (Sd), water vapor pressure (es), and relative humidity
(Rh). The meteorological data were obtained from the China Meteorological
Data Sharing Service Network (http://data.cma.cn/). Due to substantial miss-
ing data in pan evaporation records, stations with continuous time series of less
than 10 years were excluded. Through metadata analysis and strict quality con-
trol, 61 stations with complete pan evaporation and related meteorological data
from 1960-2018 were selected for analyzing regional variation characteristics and
influencing factors.

1.3 Methods
1.3.1 Linear Trend and Kendall Methods

This study employs linear trend analysis and Kendall non-parametric statistical
test (Kendall test) to analyze trends in Epan over the Loess Plateau, and uses
cumulative anomaly and Mann-Kendall abrupt change test to identify break
points. Linear trend analysis offers simplicity and clear physical meaning, en-
abling quantitative assessment of trend values and significance testing through
correlation coefficients. The Kendall test is recommended by the World Mete-
orological Organization for environmental data time series trend analysis and
is an effective tool for detecting monotonic trends and abrupt changes. These
methods have been widely applied in climate change research.

1.3.2 Multiple Linear Regression Analysis

In multi-element geographical systems, various factors interact and correlate
with each other, making multiple geographical regression models more univer-
sally applicable. Since multiple factors influence Epan, standardized data were
used in multiple regression analysis to identify primary meteorological elements
affecting Epan. F-test was applied to determine the variance contribution of
each factor to pan evaporation, thereby identifying dominant meteorological
factors for Epan variation in each region.

The multiple linear regression model structure is expressed as: y = b0 + b1x1 +
⋯+ b�x�, where y is the dependent variable, x1⋯x� are independent variables, b0
is the constant term, and b1⋯b� are partial regression coefficients. The partial
regression coefficient b� represents the average change in y when independent
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variable x� changes by one unit while other independent variables x� remain
fixed. Regression coefficients were obtained using the least squares method, and
the established model was subjected to significance testing using F-test.

2 Results and Analysis
2.1.1 Interannual Variation Characteristics of Pan Evaporation

Linear trend analysis reveals that pan evaporation in the Loess Plateau showed
an overall decreasing trend from 1960-2018, with a climate tendency rate of -6
mm・(10a)−1, which passed the significance test. This trend is consistent with
pan evaporation changes across China and the Yellow River Basin, all showing
decreasing trends. Specifically, from 1960-1996, the Loess Plateau exhibited a
significant decreasing trend with a climate tendency rate of -59 mm・(10a)−1,
exceeding the reduction rate in most other regions of China during the same
period. After 1997, pan evaporation showed an increasing trend with a climate
tendency rate of 26 mm・(10a)−1.

Seasonally, the climate tendency rates for spring, summer, autumn, and winter
were -14 mm・(10a)−1, -16 mm・(10a)−1, -1 mm・(10a)−1 (not significant), and 16
mm・(10a)−1, respectively. Spring and summer contributed most to the annual
reduction, while winter’s increasing trend was the main reason for the slowed
reduction rate in recent years.

Spatially, pan evaporation changes showed poor consistency, with local and
overall changes being asynchronous. Both decreasing and increasing stations
coexisted: 57% of stations showed decreasing trends (with 28% passing signif-
icance tests), while 43% showed increasing trends (with 13% passing signifi-
cance tests). Increasing trends were mainly distributed in the Longdong and
Longzhong Loess Plateau, Hetao region, and Ordos Plateau, while decreasing
trends occurred primarily in the Guanzhong Plain and Shanxi Loess Plateau.
This spatial heterogeneity is consistent with phenomena observed across China
and the Yellow River Basin.

Among the six sub-regions, Longdong Loess Plateau, Hetao region, and Ordos
Plateau showed increasing trends with climate tendency rates of 3 mm・(10a)−1,
18 mm・(10a)−1, and 17 mm・(10a)−1, respectively. Longzhong Loess Plateau,
Guanzhong Plain, and Shanxi Loess Plateau showed decreasing trends with
rates of -8 mm・(10a)−1, -22 mm・(10a)−1, and -13 mm・(10a)−1, respectively.
The decreasing rate exceeded the increasing rate across all regions.

2.1.2 Abrupt Change Analysis of Pan Evaporation

Mann-Kendall test analysis shows that the UF and UB curves for Loess Plateau
Epan intersect in 1975 and 1996, indicating these as the main turning years. The
cumulative anomaly curve reveals three distinct phases: an increasing trend
from 1960-1974, a decreasing trend from 1975-1996, and an increasing trend
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from 1997-2018. Sub-regions show similar patterns, though with some variations
in turning points and trend magnitudes.

2.2 Analysis of Meteorological Factors Influencing Pan Evaporation

Multiple regression analysis with F-test identification of variance contributions
reveals that mean wind speed, sunshine duration, and water vapor pressure are
the primary meteorological factors affecting Epan across the Loess Plateau, in
that order. Wind speed and sunshine duration have positive effects, while water
vapor pressure has a negative effect. However, the dominant factor varies by sub-
region: wind speed dominates in most regions, sunshine duration is primary in
some areas, and temperature is the leading factor in others, reflecting significant
geographical differences.

Seasonal analysis shows distinct patterns: in spring, mean minimum tempera-
ture and wind speed are most significant; in summer, relative humidity is the
dominant factor, with water vapor pressure and precipitation also important;
in autumn, wind speed is primary across most regions; in winter, minimum
temperature, sunshine duration, and relative humidity are the main influencing
factors.

From 1960-2018, mean wind speed and sunshine duration in the Loess Plateau
decreased at rates of -0.06 m・s−1・(10a)−1 and -42 h・(10a)−1, respectively,
while water vapor pressure increased at 0.04 hPa・(10a)−1. The combined effect
of these three factors resulted in the overall decreasing trend of Epan. The
phase changes in these factors correspond to the three distinct periods of Epan
variation, demonstrating that pan evaporation changes result from the compre-
hensive, nonlinear interaction of multiple meteorological elements.

3 Discussion
Pan evaporation variation results from the combined effects of multiple meteoro-
logical factors through complex nonlinear interactions, and cannot be explained
by a single environmental factor. From 1960-2018, the dynamic, thermal, and
moisture factors affecting pan evaporation in the Loess Plateau all underwent
changes with distinct phased characteristics, leading to different variation fea-
tures of pan evaporation.

Previous studies have identified wind speed, sunshine duration, diurnal temper-
ature range, and relative humidity as key factors affecting national-scale Epan
trends. While wind speed is confirmed as the primary factor for the Loess
Plateau, significant regional and seasonal differences exist. Some studies have
reported that surface wind speed in China began increasing after 2014, but
regional variations remain pronounced. In the Loess Plateau, wind speed con-
tinues to show decreasing trends in some areas, while Epan increases after 1997
despite wind speed changes, indicating that sunshine duration and water vapor
pressure also exert important controls.
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As a climatic transition zone, the Loess Plateau exhibits complex change mech-
anisms. Future research should consider additional factors beyond those exam-
ined in this study, including solar radiation, cloud cover, and underlying sur-
face properties, to more comprehensively understand pan evaporation variation
mechanisms.

4 Conclusions
(1) From 1960-2018, pan evaporation in the Loess Plateau showed a decreasing

trend at a rate of -6 mm・(10a)−1, consistent with trends across China and
the Yellow River Basin but with a larger magnitude. Two turning points
(1975 and 1996) divided the period into three phases: 1960-1974 showed
a weak increasing trend, 1975-1996 a decreasing trend, and 1997-2018 an
increasing trend.

(2) Spatially, 57% of stations showed decreasing trends, while 43% showed
increasing trends, with poor synchronization between overall and local
changes. The Longdong and Longzhong Loess Plateau, Hetao region, and
Ordos Plateau exhibited increasing trends, while the Guanzhong Plain
and Shanxi Loess Plateau showed decreasing trends.

(3) Mean wind speed, sunshine duration, and water vapor pressure were the
primary meteorological factors influencing pan evaporation, in that order.
The decrease in mean wind speed (-0.05 m・s−1・(10a)−1) and sunshine
duration (-41 h・(10a)−1), combined with the increase in water vapor pres-
sure (0.04 hPa・(10a)−1), were the main reasons for the decreasing trend
of pan evaporation. Dynamic factors dominated in spring and autumn,
moisture factors in summer, and thermal factors in winter.
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