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Evapotranspiration (ET) is an essential component of watershed hydrological cycle. Spatial-temporal variations analyses of
evapotranspiration and potential evapotranspiration (PET) have remarkable theoretical and practical significances for under-
standing the interaction between climate changes and hydrological cycle and optimal allocation of water resources under global
warming background. The MODIS-estimated ET agreed well with basin evapotranspiration from water balance principle methods
in the study. The spatiotemporal variations results based on MOD16 ET data showed the following: (1) multiyear mean ET and
PET were 464.2 mm and 1192.2 mm, and annual ET showed an upward trend at a rate of 3.48 mm/a, while PET decreased
significantly at a rate of —8.18 mm/a. The annual ET trend showed a complemental relationship with PET; (2) at the seasonal scale,
ET was highest in summer and least in winter, while PET was higher in spring and summer. The change of ET and PET in spring
and summer had a great contribution to the annual variations; (3) ET and PET in the northern part were significantly stronger than
those in the western and southern parts; (4) ET in cropland increased significantly, while PET decreased obviously in grass and
forest; (5) changes of ET and PET were closely related to climatic factors. The rise in temperature caused the increase in ET and the
decrease of wind speed contributed more to the decrease in PET. The results can provide a scientific basis for water resources
planning and management.

1. Introduction

Evapotranspiration (ET) is a critical component of global
hydrological cycle and energy balance, which consumes
60%-65% of precipitation [1]. It is composed of not only
evaporation from soil surface and plant transpiration but
also evaporation from water bodies and sublimation from
snow and glacier surface [2]. Also, potential evapotranspi-
ration (PET) is defined as the evapotranspiration capability
under the conditions of actively growing and adequate
water, which is one of the most important hydrological
variables for scheduling irrigation systems and preparing
input data to hydrological water balance models for a region
or basin [3-5]. Over the past few decades, numerous theories
and practices have already proven that ET and PET involved

complex interactions between water and energy fluxes and
also were highly influenced by variations of meteorological
factors due to combined effects of climate change and
ecosystem management [6, 7]. Since ET is difficult to
measure directly, the accurate estimation of ET remains a
problematic task for the study of climate changes and hy-
drological processes [8].

Traditionally, ET can be measured by using land surface
parameters (temperature, net land surface radiation, vege-
tation index, and soil moisture) at global scale, water bal-
ance, or crop growth models for crop ET [9]. However, these
conventional methods cannot represent large-scale terres-
trial evapotranspiration due to heterogeneity of land surface
and complexity of hydrologic processes [10]. Currently, we
have witnessed significant developments in the field of
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satellite evapotranspiration estimation, which can capture
land surface information from larger geographic extents and
provide cost-effective, efficient, up-to-date information for
retrieving ground parameters at global scale [11, 12]. A
variety of satellite-based products have provided valuable
evapotranspiration data sources to research at different
spatial scales, especially for regions with lack of and sparse
observations [13, 14].

To estimate global evapotranspiration, MOD16 algo-
rithm has combined satellite data such as land cover, albedo,
leaf area index (LAI), solar radiation, air temperature, and
actual vapor pressure deficit from reanalysis data [15-17].
Several researchers have validated MODIS ET data in many
countries and found that MODIS estimation is better to
monitor ET at large scale [18, 19]. For example, MOD16 ET
products have been verified by comparing observed ET in
North China Plain and other regions using in situ obser-
vations, and results showed that MOD16 ET data can
provide reasonable accuracy [20]. Ma et al. [21] evaluated
MODIS ET data using in situ observations in the Three
Gorges Reservoir region of China and found that MODIS
well captured the seasonal variability of ET and had a better
performance. Wang et al. [22] compared the consistency
between observed pan-PET and MOD16 over Hebei prov-
ince and found that the performances of linear fitting in ET
and PET were both better (P <0.001 and slope =1.02). Yet,
few studies focus on the performance of MODIS ET data in
the upper Taohe River basin, located in the transition zone of
the two major geomorphic units of China, Qinghai-Tibet
Plateau and Loess Plateau. Therefore, this study selected
MODIS MOD16 ET data to investigate the spatial and
temporal characteristics of ET and PET and their variations
under different land-use types, as well as their relationship
with climatic factors in this basin from 2001 to 2018, aiming
at providing a scientific basis for the reasonable allocation of
water resources.

2. Study Area and Data

2.1.Study Area. Taohe River is a larger tributary of the upper
Yellow River in Northwest China (Figure 1), originating
from Xiqing Mountains in the south Qinghai province and
flowing into Yellow River in Liujiaxia reservoir of Gansu
province. Taohe River basin, with a total drainage area of 25
527 km?, lies in the transition zone of the two major geo-
morphic units of China, Qinghai-Tibet Plateau and Loess
Plateau [23]. It is asymmetric and accumbent “L” shaped,
and the terrain is high in southwest area and low in northeast
area. As there are significant differences in geomorphic,
climatic, and hydrological features among each subriver
section, upper Taohe River basin was split and selected as the
study basin, which shoulders the water allocation task by
Taohe River Diversion Project to downstream areas suffering
water-shortage crisis.

The upper Taohe River basin (101°36'-104°04'E,
34°06'-35°01'N), with a total area of approximately
14976 km?, is mainly located in Gannan Plateau which is a
margin part of Qinghai-Tibet Plateau. This region is dom-
inated by relatively high attitude plateaus and mountains, at
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elevations ranging from 2219 to 4854 m (above sea level)
(Figure 1). Plateaus occupy most part of study area and
mountains mainly distributed in the extremely higher ele-
vation regions. Besides, residential area is distributed in the
central and northeast parts. According to important influ-
ence from solar radiation, temperature, and wind speed
controlled by different topography and land use on ET and
PET, the study region is divided into three zones: source
region (west zone), left bank of river (north zone), and right
bank of river (south zone).

The study area features an altitudinal cold humid and
semihumid climate, being very cold in winter with snowfall
and warm and rainy in summer [24]. Average temperature
and precipitation vary from 0°C to 4°C and from 400 to
700 mm, respectively. Approximately more than 65% pre-
cipitation concentrates on June and October constituting
major sources of runoff over Taohe River basin [25]. Annual
runoff reached 4.69 billion m® (from 1951 to 2010) and
accounted for 8.08% of Yellow River’s total runoff [23].
Nearly 65% runoff concentrated on July and October, which
is similar to precipitation. There is plentiful precipitation in
the west part influenced by the Indian Ocean monsoon and
terrain rain, while the northeast part is short of water [26],
resulting in a clear difference over areas in the upper Taohe
River basin.

In addition, Taohe River Diversion Project is one of the
most important projects in Northwest China and is re-
sponsible for water allocation to several counties in the
middle and northeast of Gansu province. Currently, con-
tinuous increasing trend of temperature and fluctuant
variations of precipitation caused runoft to rapidly decrease
and even exacerbated water crisis for downstream basin [25].
Therefore, it is urgent to investigate spatial and temporal
characteristics of ET in upper Taohe River basin under the
global warming background, which is important for ex-
ploring regional climate change and hydrological circle and
also plays a fundamental role in water resource conservation
and allocation.

2.2. Data. This study used remotely sensed ET, PET, land-
cover/use data, precipitation, and observed runoff data to
understand spatial and temporal distribution of ET. To
understand the causes of ET variability, it was important to
use land-cover and climatic data such as precipitation,
temperature, wind speed, relative humidity, and solar ra-
diation as well.

2.2.1. Remotely Sensed Data. The MODIS instrument was
developed by NASA and launched on Terra satellite in
December 1999 and on Aqua satellite in May 2002 [27].
MODIS collects information both in the morning and in the
afternoon as Terra passes from north to south across the
equator in the morning and Aqua passes from south to north
in the afternoon. MODIS data is provided by Numerical
Terradynamic Simulation Group (NTSG) of the University
of Montana, USA (http://www.ntsg.umt.edu/project/
modl6#data-product). This study used updated MODI16
A2 Collection 6 Version 2 evapotranspiration products
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FIGURE 1: Location of the upper Taohe River basin and the divided three subzones: western zone, northern zone, and southern zone.

renewed in January 2019 during 2001-2018, which were
temporally available at 8-day products and spatially available
at 500-meter pixel resolution. The MODI16 algorithm is
based on the logic of Penman-Monteith equation which uses
daily meteorological reanalysis data and 8-day remotely
sensed vegetation property dynamics from MODIS as inputs
[28]. Fourteen types of land coverage were included with
corresponding land surface variables of fraction of absorbed
photosynthetically active radiation (FPAR), leaf area index
(LAI), and albedo or how much sunlight is reflected from the
Earth at the top of the atmosphere under all-sky condition
(both clear and cloudy situations) [28]. It includes evapo-
transpiration (ET), potential evapotranspiration (PET), la-
tent heat flux (LE), potential latent heat flux (PLE), and
quality control (ET_QC) variables. The data provide accu-
rate precision of estimation which serves the requirement of
this research.

In data-scarce regions, such as the upper Taohe River
basin, where observations are sparse or unevenly distributed,
satellite rainfall estimates provide essential, timely, and
spatiotemporal information data. In this study, we used daily
TRMM precipitation product (3B42V7) acquired from
NASA’s TRMM site to calculate the regional

evapotranspiration by principle of water balance. For the
accuracy of TRMM data in the upper Taohe River basin, the
estimation results by Cheng et al. [29] suggested that TRMM
data at monthly scale exhibited the best performance, which
is close to the “truth value.”

GLEAM evapotranspiration algorithm product was
developed by Miralles et al, [30] and is available at http://
geoservices.falw.vu.nl. This algorithm uses precipitation, soil
moisture, and vegetation water content as control conditions
to calculate surface evapotranspiration and global potential
evapotranspiration (PET) based on Priestley-Taylor for-
mula. GLEAM includes all components of evapotranspira-
tion (E): vegetation transpiration (Et), canopy interception
evaporation (Ei), bare soil evaporation, snow sublimation
evaporation, and water surface evaporation. The temporal
and spatial resolutions of GLEAM are 1d and 0.25x0.25°,
respectively. In this study, GLEAM data from 2001 to 2018 in
upper Taohe River were used for comparison with MODIS
MODI16 ET data.

2.2.2. Meteorological and Hydrological Data. The monthly
and annual runoff data (in the period of 2001-2014) from
Minxian gauging station were selected to calculate the
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regional evapotranspiration in the upper Taohe River basin,
which were provided from Hydrology and Water Resources
Bureau of Gansu Province. To explore the possible causes of
ET in this basin from the perspective of climatic factors
patterns, several daily meteorological data from typical
stations during 2001-2018 in Maqu and Minxian stations
were collected from China Meteorological Science Data
Sharing Service Network (http://cdc.ma.gov.cn), including
mean temperature, sunshine hours, atmospheric pressure,
and wind speed.

2.2.3. Geographical Data. The digital elevation model
(DEM) data used ASTER GDEM 30m DEM version 1
obtained from http://www.gscloud.cn/sources. Based on
DEM data of Taohe River basin, we extracted the upper
Taohe River basin boundary. Given the potential impact of
different land-use types on ET and PET, land-cover/use data
from the years of 2000, 2005, 2010, and 2015 (from http://
www.resdc.cn/) were used to present changes of land use and
evolution of ET in the upper Taohe River basin from 2001 to
2018. In order to match the spatial resolution to MOD16
data, land-use data were resampled as a gridded dataset at
the same spatial resolution of 500 m and were masked by a
boundary map of the study area. Since MODIS does not
estimate ET over the water bodies [28], this study only
analyzed the temporal and spatial variations of ET and PET
over mainly 3 kinds of land use, followed by grass land,
forest, and crop land.

3. Methods

3.1. Data Preprocessing. MODIS Reprojection Tool (MRT)
was used to convert projection into longitude and latitude by
taking WGS-8 as reference surface [31, 32], since MOD16
datasets are stored in an extension of HDF4 file format from
NASA’s Earth Observing System projects and cannot be read
directly for users. Based on DEM data of the upper Taohe
River basin, spatial and temporal average ET and PET data
were generated through removing outlier data according to
MODIS MOD16 ET product description file and ET_QC
data.

3.2. Water Balance Method. Water balance method is one of
the effective approaches in calculating actual evapotrans-
piration at a regional watershed, which has been widely used
to estimate global evapotranspiration change, as well as crop
and vegetation water demand [33]. It is a concrete mani-
festation of mass conservation principle in water circulation
and also is the basic premise that the water cycle on the Earth
can continue to progress [34]. Until now, water balance
method is the most reliable approach to estimate ET in long-
time series over regional watershed. According to principle
of watershed water balance, observed runoft and satellite
TRMM data are used to calculate annual and seasonal actual
ET of the watershed (WBET).

The general water balance equation can be presented as
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AS=P-R-ET, (1)

where P and R represent precipitation and total outflow
including runoff of groundwater and rivers in the upper
Taohe River basin; ET is calculated by water balance
model; AS represents annual variations of soil moisture
storage, groundwater, surface water, snow melt, and so
on. For multiyear time series, changes in water storage
are insignificant and usually stable. The ET of the wa-
tershed is taken as reference value of actual
evapotranspiration.

3.3. Mann-Kendall Test. The nonparametric Mann-Kendall
(M-K) test method is one of the effective methods recom-
mended by the World Meteorological Organization, de-
veloped by Mann [35] and Kendall [36]; it has been widely
used to analyze the significant long-term trends in different
variables [35-37]. In this study, M-K test method was used
to detect tendencies and abrupt points in ET and PET from
2001 to 2018.

For a sequence, (x, x,, X3, - - -, X,,) are the time series, and
the results are recorded as sgn(x;j-x):

1, (xj - x> 0),
sgn(xj - xk) =10, (xj - X = O), (2)

-1, (xj - x5 < 0),

where x; and x; are the series of evapotranspiration, # is the
length of time series; k=1, 2, -+, n—1,j=2,3, -, n.
The Mann-Kendall statistic is calculated as

n

n-1
S= Z R; Z sgn(xj - xk). (3)
k

=1 j=k+1

The test statistic Z is

\/VAR(S)’ ’
Z=4 0, (S =0), (4)
S—1
NZTGH

where

nn-1)(2n+5)

VAR(S) = 18

(5)

In this equation, when Z is —1.96<Z<1.96, the null
hypothesis is accepted, indicating that there is no obvious
trend in samples. The trend is significant at the 95% con-
fidence level if|Z] > 1.96 and at the 99% confidence level if
|Z]>2.58. A positive Z indicates that the sequence has a
rising trend, while a negative Z reflects a declining trend
[36].

In addition, the nonparametric Mann-Kendall test
method was also applied for changing points. For the time
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series x with n sample, an order column S; was built as
follows:

k
Sk:Zri(kzlyz)"')n)’ (6)
i=1
where
1, X;> X
r;=14 0, x; <Xj, (7)
(j = 1) 2)"" i)'

Sk is the accumulated value when the number in the i
moment is greater than the value of j.

Statistics of the sequence were defined under the as-
sumption of random independent time series:

UF, = [Sk — E(S)]

(k: 1>2:"') ):
VAR(S,) ! ®

where UF,; =0; E(S;) and Var(S;) represent the values of
average and square deviation, respectively:

B(s) ="
9
VAR(Sk) _ nn-1)2n+ 5).

72

In the case of UF;>U, in which Ujy=+1.96 and
Up.o1 = £2.57, it is indicated that the sequence trend line is
significant. When UF; is positive, it indicates that the se-
quence is on upward trend; otherwise, it shows a downward
trend, and the larger the absolute value is, the more sig-
nificant the change trend of the sequence is [36].

3.4. Sen’s Slope Method. To analyze the trend of ET and PET
at grid scale, we used robust estimator for the amplitude of
trend slopes as proposed by Sen in 1968:

(X, -x) o
Sen;; = MEDIAN-—-—-~  (1<i<j<n). (10)
(-1

For a sequence, x3, X, X3, -+, X Xj, -+ 55 Xy are the time
series; Sen,; is the monotonic increase or decrease rate of
long-time data series. Final slope of Sen is the median value,
which is determined by the parity of total number.

N=n(n-1),
Seny,,, N=2k+1, (11)
Sen = S S
+
€Ny enk+1’ N =2k,

2

where k is an integer related to the sequence length. If Sen value
is positive, the series monotonically increases; otherwise, if Sen
value is negative, the series monotonically decreases [38].
This method is constructed statistics’ test at the change
rate of different lengths based on a certain level of

significance, obtaining numerical ranges of values. Sen’s
slope trend test can eliminate the impact of missing data or
anomalous trends by using the median of slopes series as the
judgmental foundation. In this study, we selected Sen’s slope
method to detect and characterize trends of ET and PET in
the upper Taohe River basin.

3.5. Evaluation Method. To assess the consistency between
MODI16 ET data and WBET, serval comparative variables
were used, such as coefficient of determination (R?), root
mean square error (RMSE), and BIAS. The calculation
formulas are as follows:

_ Y, (WBET, - WBET)(MET, - MET)
VY0, (WBET, - WBET)' Y/, (MET; - MET)’

RZ

1 n
RMSE = |- z (WBET; - MET, )%,

i=1

Z:’:l (WBETi - METi)
> MET,

BIAS = x 100%,

(12)

where WBET is the total ET calculated by water balance
model; MET represents MOD16 ET estimations; and N is the
number of time series. When BIAS and RMSE values are
close to zero, the MODI16 ET estimations agree well with
WBET values, indicating that MODIS data is deemed
accurate.

4. Results

4.1. Evaluations of MODI16 ET Data. There are scarce me-
teorological stations of evapotranspiration measurement, which
has brought about great inconvenience to evaluate MOD16 ET
products using in situ ET observations from stations. Therefore,
observed runoff and satellite TRMM data are used to calculate
annual and seasonal actual ET of the watershed (WBET)
according to watershed water balance principle. From Figure 2,
it was easily seen that water amount remained relatively bal-
anced and with a minute budget of =7 mm. Average values of
MODIS-estimated ET values and WBET were 448.02 mm and
455.83 mm, respectively. MODIS ET data was evaluated at
seasonal scale using WBET values from 2001 to 2014, as shown
in Figure 3. The scatter results showed consistent association
between MODIS-estimated ET values and WBET during
2001-2014. Correlation coefficient R* between WBET and
MOD16 ET was 0.85, and RMSE and BIAS were 64.62 mm and
2.01 mm, respectively. These reasonable statistic indices dem-
onstrated that MODIS data well captured the seasonal vari-
ability of WBET and had a good systematic consistence. This
study also used the pan evapotranspiration from 2001 to 2013 at
Luqu station to estimate MOD16 PET data, as shown in
Figure 4. The annual results showed high consistency between
pan evapotranspiration and PET estimated by MOD16. In
addition, pan evapotranspiration and PET estimated by
MOD16 showed good agreement in spring, autumn, and
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winter but not in summer. Overall, MOD16-estimated ET data 4.2. Temporal Variations of Annual ET and PET

had relatively high quality in upper Taohe River basin, and it

can be used to further explore the investigation of ETand PET ~ 4.2.1. Annual and Seasonal Changes in ET. Average ET
variations and water resources managements furtherly. variations in study region and three subzones during
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2001-2018 were shown in Figure 5. The multiyear mean ET
was 464.2 mm, which was close to the average value of whole
China (442.6mm) [7]. The lowest and highest ET were
395.3mm and 546.4 mm, occurring in 2012 and 2016, re-
spectively. There was a significant increasing ET trend with a
rate of 3.48 mm/a, which is much higher than that in China
and the source of Yellow River basin, with 1.23 mm/a and
0.44 mm/a, respectively [7, 32]. Compared with the period of
2001-2008, mean ET in the period of 2009-2018 increased
by 7.2% from 446.35mm to 478.57 mm.

At the seasonal scale, ET was highest in summer and
lowest in winter, with mean values of 190.05mm and
57.22 mm, respectively. The seasonal ET changes shown in
Figure 6(b) and Table 1 indicated that ET increased sig-
nificantly in spring by a rate of 3.11 and insign ificantly in
other seasons. At the regional scale, obvious difference of ET
distribution over subregions is shown in Figure 7(b), since
water resources are unevenly distributed in time and space.
It was easily seen that ET was highest in the northern zone
and lowest in the western zone. Also, three subzones had
different increasing rates shown in Table 1. ET increased
most significantly in the northern zone (Z=3.03), especially
in spring (Z=3.11), which indicated that ET increase in the
northern zone contributed mostly for whole region.

4.2.2. Annual and Seasonal Changes in PET. The temporal
variations of PET can be depicted in Figure 5 over the upper
Taohe River basin from 2001 to 2018. PET was much higher than
mean ET because of difference in available water amount driven
by climatic factors and soil and vegetation characteristics [7].
Compared with average PET calculated by Penman—-Monteith
formula of China (941.5 mm), the multiyear mean PET based on
MODIS data in this region was 1192.2 mm, which was higher
than that in other regions of China [6]. Average PET was lowest
in 2012 (976.2mm) and highest in 2002 (1326.9 mm). From
Figure 5, a decreasing trend was presented in PET at a rate of

—8.18 mm/a. All the negative M-K results of PET were shown in
Table 1 and passed the 95% significance level, which identified
the significant downward trend of PET.

The seasonal change pattern is shown in Figure 6(a).
Annual PET was higher in summer and spring and lower in
winter and fall, respectively. There was a remarkable de-
crease in fall (Z=-2.12) and an insignificant one in spring
and winter (Z=-0.53 and —0.54). At the regional scale
(Figure 7(a)), annual PET was highest in the northern zone
(1222.11 mm) and lowest in the western zone (1180.84 mm).
Additionally, annual PET decreased remarkably (Z=-2.12)
in the northern zone and slightly in the western zone, which
illustrated that PET changes in the northern zone were more
significant than those in other regions and contributed
mostly to the whole basin.

4.3. Spatial Distribution and Changes in ET and PET

4.3.1. Spatial Trend in ET. Spatial distributions of ET during
2001-2018 in upper Taohe River basin are presented in
Figure 8(a). It can be easily seen that ET was highest from
500 mm to 580 mm and concentrated mostly in the western
and northern zone. Annal ET ranged from 400 mm to
500 mm in other regions except some margin mountainous
regions and water surface, where ET estimations were not
inverted by satellite. To evaluate spatial heterogeneity and
variability of ET quantitatively, this study analyzed the Sen
slopes by equalizing the rate of each year from 2001 to 2018
on a grid scale. The spatial trends and significances of ET
changes were illustrated in Figure 8(b), and several levels
were regionally aggregated in the upper Taohe River basin.
Results showed that both significant increasing and de-
creasing tendencies ranging from —9 mm/a to 16 mm/a were
found in the study region. On the whole, the increasing trend
was presented in most regions and the maximum rate was
found in the northeast zone with more than 10 mm/a.
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FIGURE 6: The seasonal changes of PET (a) and ET (b) in the upper Taohe River basin during 2001-2018.

TaBLE 1: Results of M-K test for annual and seasonal ET and PET in whole basin and subzones during 2001-2018 (slope unit: mm/year).

) Yearly Spring Summer Fall Winter
Region

Z Slope Z Slope Z Slope Z Slope Z Slope

Basin 2.35 3.97 3.11 1.79 1.14 0.94 0.68 0.44 0.87 0.48

ET Western 1.97 3.42 2.42 1.61 0.53 0.53 0.76 0.36 1.11 0.55

Northern 3.03 4.49 3.18 1.96 1.74 1.75 0.45 0.32 0.29 0.12

Southern 2.20 4.04 3.18 1.83 0.61 0.73 0.45 0.45 0.87 0.40
Basin -1.74 -8.45 -0.53 -1.08 -1.44 -3.57 =212 -3.45 -0.54 -1.49
PET Western -1.29 -9.70 -0.68 -1.04 -0.98 -2.76 -2.05 -3.14 -0.70 -0.98
Northern -2.12 -9.10 -0.30 -0.43 -1.36 -4.00 -2.12 -3.45 -0.87 -1.56
Southern -1.67 -9.22 -0.30 -0.84 -1.36 —4.00 -2.05 —-3.46 -0.70 -1.30

At the seasonal scale, ET distributions in different sea-
sons were demonstrated in Figure 9. In spring, ET was al-
most ranging from 100 to 130 mm except in mountainous
regions and water surface, which was consistent with the

annual ET distribution. As spring begins, the temperature
increases gradually with solar radiation intensified, which
dominated the changes of ET. In summer, remarkable
difference between the west and the east can be easily found.



Advances in Meteorology

1400

1350 +
1300 A
1250 +
1200 +
1150 +
1100 A
1050 A
1000 +
950 A
900 -

2000

PET (mm)

2002 2004 2006

W
HE N

560

2008

()

2010 2012 2014 2016 2018

Year

s S
Il Basin

540 A
520 A
500 4
480 A
460 4
440 A
420 A
400 A
380

ET (mm)

2000 2002 2004 2006

W
BN N

2008

(b)

2010 2012 2014 2016 2018

Year

s S
Il Basin

FI1GURE 7: Temporal changes of annual PET (a) and ET (b) in whole basin and three subzones from 2001 to 2018.

ET in the east was much higher than that in the west, which
may be caused by the high temperature, abundant precip-
itation, and strong solar radiation. In summer, vegetation
grew vigorously and the increased soil water storage was
consumed by intensive evapotranspiration [32]. In fall, most
of the regions were characterized by uniformity distribution
ranging from 100 mm to 110 mm. Also annual ET was lower
in winter, which may be attributed to low temperature with
weak solar radiation, and vegetation was withering in alpine
regions [32]. Overall, ET of the northern region in summer
was the strongest and made the greatest contribution to the
variations. In addition, the differences between the east and
the west reflected the relatively instable water-heat balance
status among subregions, which may cause some extreme
drought in northern and central regions nearby Loess
Plateau.

4.3.2. Spatial Trend in PET. Spatial distributions of PET
during 2001-2018 in upper Taohe River basin are presented
in Figure 8(c). It can be easily seen that most regions were
characterized by uniformity distribution ranging from

1000mm to 1300 mm, and the highest PET concentrated
mostly in the northern zone. On the whole, the significant
decreasing trends were presented (Figure 8(d)) in most
regions ranging from —40 mm/a to —10 mm/a, except some
increasing trends occurring in margin western and eastern
regions.

At the seasonal scale, PET distributions shown in Fig-
ure 10 were consistent. In spring and summer, annual PET
was high, ranging from 350 to 500 mm, and there were
remarkable differences between the western and eastern
zones; and PET in the east was much higher than that in the
west. Overall, PET in spring and summer was the stronger
and made the biggest contribution to the variations. In fall
and winter, most of the regions were characterized by
uniformity distribution with lower PET ranging from
150 mm to 300 mm.

4.4. Variations of ET and PET under the Different Land Use

4.4.1. Variations of Land Use. Land-use change is the direct
result of regional environmental change and human
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FIGURE 8: Spatial distributions based on MOD16 data and change rates of ET (a and b) and PET (c and d) over the upper Taohe River basin

from 2001 to 2018.

activities, which can affect regional hydrologic process and
water balance [39-41]. Therefore, it is important to explore
variations of ET and PET in land use. The proportion and
changes of land use during 2001-2018 in upper Taohe River
basin are shown in Figure 11 and Table 2. It can be easily seen
that grass land was the major land use accounting for over
60% of the whole region, which mainly distributed in
Gannan Plateau. In addition, forest was another main type
followed by grass land with the percentage of about 26%,
which was mostly distributed in mountainous areas over the
west and south margins. Meanwhile cropland was less,
accounting for about 6.7% and mainly distributed in the
eastern zone nearby Loess Plateau. These three main land-
use types accounted for more than 95% of the total area, and
other types including water, residents, and unused land
accounted for less than 5%. Therefore, three main kinds of
land-use types, grass land, forest, and cropland, were in-
vestigated to represent changes of ET and PET in this
research.

From Table 2, the slight changes of land use in upper
Taohe River basin indicated that this region kept stable

natural situation with fewer human activities. These good
effects also were attested to the success of Chinese Gov-
ernment that began implementing the Grain-for-Green
(GFG) Program in 1999 to alleviate severe land degradation
in Loess Plateau, which mandated converting steeply sloping
croplands to forestlands or grasslands as well as afforestation
[42]. For example, Li et al. [24] found that NDVI and
vegetation coverage had an obvious growth trend with the
implementation of ecological engineering and vegetation
conditions in Taohe River area.

4.4.2. Variations of ET and PET under the Different Land Use.
Land-use changes might have a certain impact on ET and
PET variations. Generally, ET in some land-use types with
vegetation was higher than those without vegetation cover
[32]. Annual variation processes of average ET and PET in
different land use in upper Taohe River basin are shown in
Table 2 and Figure 12. Results showed that ET experienced
an increasing trend in different land use from 2001 to 2018,
and the increments of ET in cropland, grass, and forest were
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FIGURE 11: Spatial distributions of land use from the dataset of years 2000, 2005, 2010, and 2015 in the upper Taohe River basin.

91.27 mm, 51.63 mm, and 53.27 mm, which were increased
by the rates of 21%, 11.61%, and 12.03%, respectively. An-
nual ET rise in cropland was significant mainly due to the
change of water consumption associated with crop rotation
in the cultivated areas. On the contrary, PET experienced a

decreasing trend in different land use from 2001 to 2018.
PET reductions in cropland, grass, and forest were
106.24 mm, 141.03 mm, and 135.85mm, which were de-
creased by the rates of 8.24%, 10.75%, and 10.47%, re-
spectively. PET changes in cropland were insignificantly
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TaBLE 2: Distributions of ET and PET in different types of land use from 2001 to 2018.

2001-2004 2005-2009 2010-2014 2015-2018

ET PET Area ET PET Area ET PET Area ET PET Area
(mm)  (mm) (%)  (mm) (mm) (%)  (mm)  (mm) (%)  (mm)  (mm) (%)

Cropland 415.69  1289.74 6.97 463.48  1194.24 6.79 488.15  1190.62 6.75 506.96  1183.50 6.68
Forest 444.60  1310.81 26.88  463.67 1190.51 2687 47223  1173.83  26.86  496.23 1169.78  26.86
Grass 44294 129659  61.52 45556 116919  61.70 47242 116810 61.74 49621 1160.76  61.71
llig(lilsed 382.11 1122.63 3.85 378.83 982.23 3.71 406.27  1012.06 3.73 424.80 994.05 3.74
Water body — — 0.37 — — 0.51 — — 0.50 — — 0.50
Resident — — 041 — — 042 — — 042 — — 0.50
area

attributed to the good effect of Chinese Government
implementing the Grain-for-Green (GFG) Program. In
summary, insignificant changes of land use and coverage
had some contributions to variations of ET and PET.

5. Discussions

5.1. Comparison between MOD16 ET Data and GLEAM Data.
In order to improve the credibility of MOD16 ET data, this
study attempts to make a comparison between MOD16 ET
data and GLEAM data. Results from Figure 13 showed that
the actual evapotranspiration (E) based on GLEAM varied
from 480 mm to 580 mm from 2001 to 2018 in upper Taohe
River basin. The regression analysis results showed that the
actual regional evapotranspiration (E) fluctuated and in-
creased with an increasing rate of 0.50 mm/a. The vegetation
evapotranspiration (Et) based on GLEAM varied from
420 mm to 520 mm from 2001 to 2018, which is similar to the
multiyear average of MOD16 ET.

5.2. The Impacts of Climatic Factors on the Changes of ET and
PET. According to IPCC report, global temperature has
increased by approximately 0.74°C on average in the past
100 years and would continue to increase by 1-5°C in
China by the end of the 21st century [43]. As the sig-
nificant feature of climate change, spatial and temporal
characteristics of ET and PET need to be analyzed fur-
therly and widely. Therefore, main meteorological vari-
ables (average temperature, wind speed, sunshine hours,
and atmospheric pressure) in two typical stations (Maqu
site and Minxian site) were selected to analyze the impacts
on changes of ETand PET. Results of main climatic factors
changes are shown in Figure 14. It was obvious that av-
erage temperature had a significant increasing trend,
while sunshine hours, wind speed, and atmospheric
pressure experienced decline-rise trends. Correspond-
ingly, increase of ET was mainly caused by the average
temperature rise, which was consistent with Cheng et al.’s
[25] conclusions that the temperature had a significant
increasing trend with a rate of 0.26°C/10a (1956-2014) in
the upper Taohe River basin. Furtherly, the increase of
temperature and ET may have caused the decrease runoff
directly and thus exacerbated water resources shortages in
whole basin.

Generally, the increase in PET is expected as a conse-
quence of global warming [44]. However, this study con-
cluded that PET has been shown to decrease, which was
consistent with the results in most places of China, like
Tibetan Plateau and northwestern China [45]. Meanwhile,
there were several studies reporting that PET was in-
creasing in the source of Yellow River and Yangtze River
basin [32, 46]. Such contrast has been known as “evapo-
ration paradox” and it is a very important scientific
problem [47]. The reason remains a source of debate as
climatic factors vary greatly in different regions in addition
to possible interactions between climatic factors [48]. In
terms of the reasons for PET decline, Wang et al. [49] found
that the declined solar radiation and wind speed could be
the main climatic factors. Similarly, this study found that
the changes of sunshine hours, wind speed, and atmo-
spheric pressure increased first and then decreased fluc-
tuatedly, which might cause the decreasing pattern of PET
in upper Taohe River basin. In summary, changes of ET and
PET were predominantly driven by climate factors in upper
Taohe River basin.

5.3. The Relationship between ET and PET. The relationship
between ET and PET under climate warming background is
an important scientific issue for the study of climate and
hydrology [50]. There are two classical theories interpreting
the interaction and difference between ET and PET. On one
hand, Penman [51] believed that change of PET is in pro-
portion to ET when the water supply is insufficient, and the
function relation between PET and ET depends on water
validity including soil water and plant conditions. This is the
most famous expression of “proportional hypothesis the-
ory.” On the other hand, Bouchet [52] proposed regional
complementary correlation theory between ET and PET and
defined wet environment areal evapotranspiration (Ew) as
the assumed evapotranspiration in stable conditions of
constant external energy, adequate water, and homogeneous
surface. Based on the hypothesis of advection except con-
stant external energy, ET decreases along with the decline of
soil water and the remaining energy, which would be added
to PET increase. Generally, the proportional hypothesis
theory and complementary correlation theory are com-
pletely in contrast in form, and the variations of ET and PET
can only fit one of these theories. Results in this study
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showed that ET was increasing, while PET was decreasing in
upper Taohe River basin, and the contrast tendency between
ET and PET in accordance with Bouchet’s complementary
theory.

In addition, many researchers had proved that com-
plementary correlation theory was more applicable to
nonhumid areas [53]. The semiarid and arid regions in
Northwest China are sensitive to climate changes owing to
the unique geographical conditions [54-56]. Shortage of
water resource has adversely affected the sustainability of
ecological system and social and economic development in
the semiarid and arid areas. Taohe River basin lies in the
transition zone of the two major geomorphic units of
China, Qinghai-Tibet Plateau and Loess Plateau, which
makes it more crucial to understand how hydrological
circle responds to climate systems. Therefore, related re-
search considering water balance in the semiarid and arid
areas will be carried out further in the future.

6. Conclusions

Evapotranspiration is a key parameter of global hydrological
cycle. This study analyzed the spatial and temporal char-
acteristics of ET and PET and also explored impacts of land-
use types and climate factors based on MODIS MOD16 ET
data in the upper Taohe River basin during 2001-2018. The
main conclusions can be drawn as follows:

(1) MODIS ET data well captured the seasonal variability
with WBET, and good accuracy was obtained from
evaluation analysis, which provided support to spatial
and temporal characteristics of ET and PET furtherly.

(2) Based on MOD16 data, annual ET showed a sig-
nificant increasing trend with a rate of 3.48 mm/a
from 2001 to 2018, while PET experienced a de-
creasing trend at a rate of —8.18 mm/a. The seasonal
distributions of ET and PET were uneven. The in-
terannual change of ET was mainly caused by the rise
of ET in spring and summer; similar to ET, the
change of PET from the largest to the smallest was

15
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distribution of ET and PET showed the distribution
characteristics of being high in the northern zone
and low in the southern zone.

(3) Grass land was the major land use in the study area
and the changes of land use were insignificant over
the whole basin during 2001-2018. ET changes in
cropland were significant, while PET changes in
cropland were insignificant. The PET reductions in
grass and forest were 141.03mm and 135.85mm,
which were decreased by 10.75% and 10.47%,
respectively.

(4) ET increase was mainly caused by the average
temperature rise, while the decline-rise trends of
sunshine hours, wind speed, and atmospheric
pressure caused the decreasing pattern of PET.
Therefore, changes of ET and PET were predomi-
nantly driven by climate factors in upper Taohe River
basin.
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