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Validation of evapotranspiration and its long-term trends
in the Yellow River source region
Rong Liu, Jun Wen, Xin Wang and Zuoliang Wang

ABSTRACT
In this paper, the ground observations were compared to the ERA-Interim, NCEP-DOE AMIP-II
Reanalysis, MODIS ET product, and emerging ofﬂine SEBS ET data sets in the Yellow River source
region of the Tibet Plateau. In general, the slopes of linear least squares exhibit differences, with ERAInterim, NCEP–DOE, MOD16, and SEBS slopes of 0.88 ± 0.05, 0.64 ± 0.07, 0.66 ± 0.17, and 1.24 ±
0.97 respectively. ERA-Interim was found superior with ground observations to others; therefore, it
provided a good representation of the study area. Based on the ERA-Interim ET product, the Sen’s
slope estimator and the Mann–Kendall (MK) test were applied to quantify the signiﬁcance of the
shifts in trends, while the moving t-test and MK test characterized abrupt changes. The results show
that the Yellow River source region experienced a statistical increase in evapotranspiration (ET) in the
northern part and a decrease in the southern part of the region from 1979 to 2014 at rates of
approximately 1.65 and 0.50 mm/yr, respectively. The shift in the annual ET trend was more
pronounced, and abrupt changes were detected in the 1980s. Precipitation was the most dominant
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factor affecting ET variation, whereas surface temperature was the least inﬂuential.
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INTRODUCTION
Evapotranspiration (ET) is one of the main hydrological pro-

quantify the feedback between the water cycle and climate

cesses. One of the distinguishing factors of ET is its role as a

change.

linchpin between the energy and water cycles. The physics

In recent years, operational centers at the European

and dynamics of ET are crucial for understanding the role

Centre for Medium-Range Weather Forecasts (ECMWF)

of the hydrological cycle in the climate system (Mojid

and the US National Centers for Environmental Prediction

et al. ). Although it is possible to observe daily ET

(NCEP) have produced uniform, long-term reanalysis data

dynamics on a local scale, it is challenging to translate

sets (Mooney et al. ). Jiménez et al. () found that

these point measurements to natural landscapes because

the

of the lack of ET variability over large spatial scales and

(NCEP-DOE) reanalysis data sets of ET contain fundamen-

long temporal series. Over the past decade, reanalysis

tal observational differences. Large ET differences were

data, models, and satellite remote sensing products have

observed in rainforest regions, and some of the lowest corre-

been developed as potential tools to produce spatially and

lations were associated with the NCEP-DOE reanalysis. The

temporally consistent ET information, and these tools have

Moderate Resolution Imaging Spectroradiometer (MODIS)

been widely applied (Mendoza et al. ; Mo et al. ;

global terrestrial ET (MOD16) algorithm is based on the

Su et al. ). However, the estimates these tools produce

Penman–Monteith (P-M) equation. MOD16 products were

require validation with intensive ET measurements to

validated at 17 ﬂux tower locations in Asia and showed
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overestimations due to non-closure of the energy balance

The following section introduces the study area, EC instru-

(Kim et al. ). The Surface Energy Balance System

mentation. The ﬁrst subsection in the Results and

(SEBS) developed by Su () was designed to estimate

discussion section present the correlations between ET pro-

energy partitioning using satellite and meteorological data.

ducts and observations. According to the results, ET product

It has been used to estimate ET on a regional scale and con-

from ERA-Interim is superior to the others. This is followed

tains a physically based turbulent ﬂux parameterization

by a subsection giving the spatial–temporal variation of ET

scheme that can overcome the shortcomings of statistical

from ERA-Interim in the Yellow River source region catch-

methods and produce spatially continuous distributions of

ment. The causes of these characteristics are determined,

land–surface energy ﬂuxes using meteorological forcing

and the contribution of climatic variation to ET is quantiﬁed

data. Cleugh et al. () demonstrated that the P-M

in the next subsection. The ﬁnal section gives the con-

model is superior to SEBS models that use MODIS

clusions. Our work represents the ﬁrst time that such a

remote sensing data to provide regionally distributed ET

comprehensive evaluation has been performed to assess

information in an evergreen forest and a tropical savanna

the qualities of the four most widely used data products

in Australia.

over the Yellow River source region catchment, which is

The measurement scale of the Eddy covariance system

crucial to the climate and weather of Asia.

(EC) is generally a hundred meters, and it is widely used
around the world. It can directly measure the water vapor,
heat and carbon dioxide ﬂux, and it is considered as the
standard method for measuring water vapor and heat
ﬂuxes (Liu et al. ). In recent studies, it was found that
the non-closure of the energy balance was explained by
the energy ﬂuxes from secondary circulations and larger
eddies that cannot be captured by EC measurement at a
single station (Liu et al. ). Many reports have been published about the use of the EC system to measure the energy
and water vapor ﬂuxes in a variety of ecosystems, including
grasslands (Wever et al. ). Nevertheless, the EC method

DATA AND METHODOLOGY
The global terrestrial ET data from ERA-Interim, NCEP–
DOE Reanalysis 2, MODIS, and SEBS are validated in the
Yellow River source region catchment. Sen’s slope estimator
and the nonparametric MK test were applied to detect signiﬁcant trends. The moving t-test and the SQMK test were
applied to detect abrupt temporal trend shifts. The analysis
was conducted over the entire Yellow River source region.

has limitations, such as data processing and quality control
methods under complex conditions and surface energy

Reanalysis data sets and satellite-based ET products

imbalance problems in EC observations (Foken et al.
). Few studies have compared these four data products,

ERA-Interim is the latest global atmospheric reanalysis per-

especially in the Yellow River source region catchment,

formed by the ECMWF, and the project is being conducted

where an EC system has provided continuous temporal

in part to prepare for a new atmospheric reanalysis that will

observations since 2009.

replace ERA-40. The ERA-Interim system is based on a

The objective of this paper is to exhibit the temporal-

recent release of the Integrated Forecast System cycle 31r2

spatial variation pattern of ET over the past 30 years

(IFS Cy31r2), which contains many improvements to both

in the Yellow River source region catchment, then to

the forecasting model and analysis methodology. The sur-

detect the contributions of changes in meteorological vari-

face ﬂuxes in ERA-Interim are based on the Tiled

ables. The paper is structured as follows. The next section

ECMWF Scheme for Surface Exchanges over Land model

presents the data sources and different methodologies. The

(Jones & Lister ) and forced by atmospheric analysis

spatial structure of the trends given by Sen’s slope estimator

and short-range forecasts. We collected the ﬂuxes as

and the Mann–Kendall (MK) test are presented, and abrupt

monthly mean values in W/m2 at a resolution of 0.125 ×

changes in the ET series detected by the moving t-test and

0.125 , which is very close to that of the native ERA-Interim

the Sequential Mann–Kendall (SQMK) test are shown.

T255 Gaussian reduced grid.
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of a trend in a sample of N pairs of data:

NCEP-National Center for Atmospheric Research (NCEPNCAR) Reanalysis I model that ﬁxed errors and updated
parameterizations of physical processes (You et al. ).

Qi ¼

Xj  Xk
jk

for i ¼ 1, . . . , N

(1)

Unlike the NCEP-NCAR reanalysis, the NCEP-DOE reanalysis utilizes the pentad mean observed precipitation to

where Xj and Xk are the data values at times j and k ( j > k),

correct model precipitation in driving the soil model, lead-

respectively.

ing to a more realistic evolution of soil moisture. NCEP-

If there is only one data point in each time period, then

DOE Reanalysis 2 ﬂuxes were provided as daily averages

N ¼ n(n  1)=2, where n is the number of time periods. If

in W/m2 at a resolution of 2.0 × 2.0 and are available

there are multiple observations in one or more time periods,

W

from 1979 to the present.
The MOD16 ET product is a land surface ET product

then N〈n(n  1)=2, where n is the total number of
observations.

that provides critical information regarding global terres-

The N values of Qi are ranked from smallest to largest,

trial water and energy cycles and environmental changes.

and the median of the slope estimated by Sen’s slope estima-

It expresses all transpiration based on vegetation and evap-

tor is computed as follows (Gocic & Trajkovic ):

oration from canopy and soil surfaces in 1-dimensional
vertical units (mm/day). Mu et al. () adapted Cleugh’s
PM-based MODIS ET approach and produced the ﬁrst
regular 1-km2 land surface ET data set for 109.03 million

Qmed

8
< Q[(N þ 1)=2],
¼ Q[N=2] þ Q[(N þ 2)=2]
:
,
2

if N is odd
if N is even

(2)

km2 of global vegetated land area at 8-day intervals. Mu
et al. () further improved the MODIS ET approach

The sign of Qmed reﬂects the trend in the data, and its

and evaluated its ability to generate global ET data

magnitude indicates the steepness of the trend. To deter-

products.

mine whether the median slope is signiﬁcantly different

The SEBS model (Su ) uses a variety of satellitebased sensor data and meteorological forcing data to estimate monthly energy and water ﬂuxes across China. The
forcing data can come from satellite-based or reanalysis

from zero, one should obtain a conﬁdence interval of Qmed
at a speciﬁc probability.
For more detailed information, please refer to Gocic &
Trajkovic ().

data sets, while the other data can be obtained from meteorological

forcing

data

sets

(e.g.

Global

Land

Data

Mann–Kendall test

Assimilation Systems (GLDAS), ERA, and NCEP reanalysis
data). Various temporal and spatial gap-ﬁlling algorithms

The nonparametric MK test is recommended by the World

have been developed to produce continuous monthly data

Meteorological Organization to assess trends in environ-

from 2001 to 2010 at a 0.1 × 0.1 spatial resolution using

mental time series data (Yu et al. ). The method has

multi-satellite and meteorological forcing data, and detailed

been widely used for trend detection in meteorological

information about each input variable is given in the report

and hydrological data sets (Samba & Nganga ). This

by Chen et al. ().

test has the advantage of not assuming any special form of

W

the distribution function of the data, while having nearly
Trend

as much power as its parametric competitors.

Sen’s slope estimator

raw data can yield a large positive or negative value of S,

The computation of the MK S-statistic value from the
indicating a positive or negative trend, respectively. The
Sen’s slope estimator has been widely applied to hydro-

null hypothesis (H0) of the MK test assumes that the

meteorological time series. Sen () developed the non-

ranked data (Xc, c ¼ 1, 2, 3, …, n  1) and (Xd, d ¼ c þ 1, …, n)

parametric procedure as a method of estimating the slope

belong to a sample of n independent and identically
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distributed random variables (Nalley et al. ). The alterna-

the predetermined signiﬁcance level (e.g. α ¼ 5%) or greater

tive hypothesis (H1) of the two-sided test assumes that the

than the conﬁdence level (if α ¼ 5%, conﬁdence level ¼

distributions of Xc and Xd are not identical for all c, and

95%), the null hypothesis of the trend cannot be accepted.

d  n with c ≠ d. The S-statistic of the MK test can be
expressed as follows:
Abrupt change
St ¼

n1 X
n
X

sign(Xd  Xc )

(3)

Moving t-test

c¼1 d¼cþ1

8
< þ1,
Signt (Xd  Xc ) ¼ 0,
:
1,

The moving t-test detects abrupt changes in a series by assesXd > Xc
Xd ¼ Xc
Xd < Xc

sing the signiﬁcant difference between the averages of two
(4)

point, we obtain subsequence X1 of n1 samples before the

where Xc and Xd denote the ranked values of the data and n
is the length of the data record. For data that are distributed
independently with a zero mean, the variance of the St statistic is as follows:


P
n(n  1)(2n þ 5)  nc¼1 tc (c)(c  1)(2c þ 5)
Variance (St ) ¼
18
(5)
where tc represents the summation of t, which is the number
of values associated with the extent of c. The Z statistic of
the MK test is computed as follows:
8
St  1
>
>
> pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ St > 0
>
>
< Var(St )
Z¼ 0
St ¼ 0
>
>
S
þ
1
>
t
> pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ S < 0
>
t
:
Var(St )

groups of samples. For an n-sample series, selecting a data
data point, with an average of X1 and a variance of S21 ,
and subsequence X2 of n2 samples after the data point,
with an average of X2 and a variance of S22 . The statistic t
is as follows (Fraedrich et al. ):
X1  X2
ﬃ
t ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðn1 1Þs21 þðn2 1Þs22
=(1=n1 þ 1=n2 )
n1 þn2 2

(7)

Given a signiﬁcance level α, the null hypothesis of no
difference will be rejected if jtj > tα=2 . Because different
choices of the lengths of the subsequences can affect the
location of abrupt change, we try two conditions: n1 ¼
n2 ¼ 5 and n1 ¼ n2 ¼ 10. In this study, the typical signiﬁcance level of 0.05 was used. All points satisfying jtj > tα=2

(6)

In Equation (6), the Z statistic of the MK test can be
used when the number of records n is larger than 10. The
trend’s signiﬁcance is assessed by comparing the Z value
with the standard normal variation at the pre-speciﬁed

constitute the time scope of an abrupt change, and in a
year with maximum jtj, an abrupt change may appear
(Nalley et al. ). The difference between the 10-year
averages before and after the abrupt change is the magnitude of change. The abrupt changes determined by the MK
method cannot represent the 10-year periods before and
after the change point; thus, all magnitudes in this study
are calculated using the moving t-test.

level of statistical signiﬁcance (Hamed ). In a twosided trend test, with α representing the signiﬁcance level,

Sequential Mann–Kendall (SQMK) test

the null hypothesis should not be accepted if jZj > Zα=2 ,
suggesting that the trend is signiﬁcant. A positive Z value

The application of the SQMK test has the following four

at the signiﬁcance level implies a positive trend, whereas a

steps in sequence (Zang & Liu ).

negative value indicates a negative trend. The signiﬁcance

During each comparison, the number of cases Xi > Xj is

of a trend can be veriﬁed by the probability value (p-value)

counted and indicated by ni, where Xi (i ¼ 1, 2, …, n) and Xj

obtained from the MK Z value. If the p-value is less than

( j ¼ 1, …, i  1) are the sequential values in a series.
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STUDY AREA AND GROUND OBSERVATION

follows:
ti ¼

X

The Yellow River source region is the most important catchni

(8)

i

ment in the Yellow River, accounting for 15% of the area but
providing over 40% of the entire watershed runoff (Liu et al.

The mean and variance of the test statistic are given in
Equations (9) and (10), respectively:
n(n  1)
E(t) ¼
4
i(i  1)(2i þ 5)
Var(ti ) ¼
72

). Figure 1 shows a map of the Yellow River source
region catchment. The six stations represent different catchments in the Yellow River source region. MaduoX and
Maduo represent the headwaters of the Yellow River

(9)

source region; Dari, Jiuzhi, and Maqu are considered the primary runoff stations; and Tangnaihai is a typical station
located at the outlet of the Yellow River source region.

(10)

Areas of mixed bushes and grasses surround the source
region. During the experimental period, the Yellow River

Sequential progressive values can be expressed as
follows:

source region was covered primarily by grass; however, it
has complex geomorphic features consisting of diverse landscapes, including mixed forest, shrubland, grassland,

ti  E(t)
u(t) ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Var(ti )

sparsely wooded pastures, and bodies of water. Gyaring
(11)

Lake and Ngoring Lake are the largest lakes in the region.
MaduoX, Maduo, and Maqu are the stations that con-

Similarly, sequential backward (u0 (t)) analysis of the MK

tain EC instrumentation. The EC instrumentation is

test is calculated starting from the end of the time series

oriented to the north, which is the predominant wind direc-

data.

tion during the summer. For quality assurance, the EC

Figure 1

|

Map of the observation site and the Yellow River source area (the circles represent the six stations over the different catchments of the Yellow River source region and the stars
represent the stations that contain EC instrumentation).
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system measurement data were checked routinely. Various

NCEP-DOE Reanalysis 2 data sets) which are daily scale,

ﬁltering techniques were applied during data preprocessing.

the data from EC instrument was examined as daily scale.

The ﬂux data were then examined at 10-day intervals, and

For the ET product from the MOD16 and the SEBS

extreme values and values more than ±3 standard devi-

model, the time scales are 8-day and monthly intervals, the

ations from the mean were removed. For the missing

data from EC instrument were matched as 8-day and

values, the daytime gaps were ﬁlled via linear interpolation

monthly before being compared. This guarantees that differ-

between the nearest temporal measurements. In addition, an

ences in the statistics are not due to differences in spatial or

automatic weather station was also installed during the

temporal coverage. After these operations, the correlations

experimental period. The measurements included wind

between ET products and observations are compared and

velocity and direction at a height of 2.0 m, as well as temp-

analyzed to show which product is more suitable for the

erature and humidity at a height of 1.5 m. All instruments

study area.

were calibrated after 2 years of continuous observation to
ensure the quality of the observational data. Other data,

Correlation between ETproducts and ETobservations

such as precipitation, daily sunshine hours, and daily
cloud cover, were also collected. In addition, hourly cloud

As is typical at stations operating under Tibetan conditions,

cover was recorded on days without precipitation. In this

ﬂux measurements were compared with grid point values

paper, the grid point values were compared with ﬂux

extracted from ET products during 2010. Figure 2(a) and

measurements extracted from ET products during 2010.

2(c) compare the time series of ETproducts and ETobservations

For the time scale, the data logger recorded an ET value

from 2010. ERA-Interim and NCEP-DOE provide daily

every 30 min, and the daily ET was obtained by accumu-

steps, whereas the MOD16 and SEBS data sets give 8-day

lation of all 30 min values within 1 day.

averages and monthly time steps, respectively. In general,
the four data sets show good agreement with the observed
data and with each other. ERA-Interim showed closer agree-

RESULTS AND DISCUSSION

ment with the observed data than did the other data sets.
This indicates that ERA-Interim has a stronger linear

The accuracies of remote sensing-based measurements of

relationship with the observations than do the NCEP-

land surface heat ﬂuxes are questionable without validation

DOE, MOD16, or SEBS data sets. In Figure 2(a) and 2(c),

using ground-based measurements. To make this compari-

the highest value is 5.73 mm on June 29, 2010, but none of

son possible, different products have been aggregated to

the data sets reﬂected this peak value, and NCEP–DOE

common spatial and temporal resolutions. First, the spatial

illustrated more scatter than the ERA-Interim data set

resolution of the products was reduced to the 2.0 × 2.0 res-

from April to October. The ERA-Interim (Figure 2(a)),

W

olution of the coarser product by spatially averaging the

NCEP–DOE (Figure 2(a)), and MOD16 (Figure 2(c)) data

original estimates. Only pixels with ﬂuxes were retained

sets all exhibited increasing trends through May. The

from all products. Next, the products were matched based

values decreased slightly after the middle of May and

on units. Reanalysis data sets provides latent heat ﬂuxes in

increased substantially until July, illustrating the peak

2

units of W/m , these values converted to ET with units of

during the year. After this, the data decreased slowly; how-

mm. The latent heat ﬂux (λE), which is measured in

ever, these data sets showed a gradual increase in

2

energy units (W/m ). E is identical to ET, which is the

September. The SEBS data set (Figure 2(c)) was relatively

amount of water transferred from land surface to atmos-

high throughout the whole year, which could be caused by

phere and is measured in water column units. λ is the

the coarse temporal sampling of the station’s satellite sensor.

6

–1

latent heat of vaporization, 2.49 × 10 J/kg , these values

Figure 2(b) and 2(d) show scatter plots of the ERA-

are converted to ET with units of mm. Finally, the products

Interim, NCEP–DOE, MOD16, and SEBS data sets versus

are temporally matched using observations from the EC

the observed data at the Maqu Climate and Environment

instrumentation. For reanalysis data (ERA-Interim and

Comprehensive Observation Station during 2010. Linear
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Comparison of time series of ETproducts and ETobservations from 2010.

least squares ﬁtting is also shown for each of the four data

Table 1

|

Error analysis of four products vs. observations

sets. Slopes of the ﬁtting lines based on scatter plots of
these data versus observational data show differences, with

Product

Regression equation

SSE (mm)

R

RMSE

slopes of the ERA-Interim, NCEP–DOE, MOD16, and

ERA-Interim

y ¼ (0.88 ± 0.05)X þ 0.18

147.8

0.87

0.63

SEBS ET data sets of 0.88 ± 0.05, 0.64 ± 0.07, 0.66 ± 0.17,

NCEP–DOE

y ¼ (0.64 ± 0.07)X þ 0.82

239.7

0.70

0.81

and 1.24 ± 0.97, respectively. The lines ﬁtted to the data

MOD16

y ¼ (0.66 ± 0.17)X þ 4.494

1190

0.58

0.76

sets could have slopes equal to, less than, or greater than

SEBS

y ¼ (1.24 ± 0.97)X  11.9

3701

0.62

0.75

1.0. Slopes equal to 1.0, in conjunction with an intercept

SSE: sum of squares due to error, R: coefﬁcient of multiple determination, RMSE: root-

value of 0.0, imply that the reanalysis is in perfect agreement

mean-square error.

with the observations. If the slope is less than 1.0, the reanalysis models indicate warmer winters and colder summers

3701, respectively. The R-square value (R) measures how

than those in the observations. Slopes greater than 1.0 indi-

successful the ﬁt is in explaining the variation in the data.

cate that compared with the observations, the reanalysis

A value closer to 1 suggests a better ﬁt. The R value of

values reﬂect warmer summers and colder winters.

ERA-Interim is 0.87, which is signiﬁcantly higher than the

We also analyzed other statistics (Table 1). The sum of

root mean square error (RMSE) of this product. The

squared errors (SSE) indicates the deviation of the responses

RMSE represents the standard deviation of the differences

from the ﬁtted values of the responses. A value closer to 0

between predicted values and observed values. A value

suggests a better ﬁt. The SSEs of ERA-Interim, NCEP–

closer to 0 suggests a better ﬁt. The results show that

DOE, MOD16, and SEBS are 147.8, 239.7, 1190, and

ERA-Interim has an RMSE value of slightly less than
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0.63 mm, which is lower than the RMSE values of the other

the trends in the annual ET at 0.125 × 0.125 in latitude

products.

and longitude (Figure 3(a)). The ET trends in the periods

W

of May–June (spring; Figure 3(b)), July–August (summer;
Spatial–temporal variation of ETERA in the Yellow River

Figure 3(c)), and September–October (autumn; Figure 3(d))

source region catchment

are also illustrated.
In general, the results of the ET trends using Sen’s slope

The ability to capture the inter- and intra-annual variations

estimator can be divided into three parts. Signiﬁcant positive

of ET is of interest to climate change researchers. Under-

trends are found mostly in the northern part of the study area

standing variations in ET is essential for studies of water

in the upper reaches and in the southeast part of the study

cycle and water resource issues. Comparisons between

area, whereas signiﬁcant negative trends are found in the wes-

the measured and modeled ﬂuxes show that the ERA-

tern part of the study area. For the annual ET, the trend at

Interim ET product is more accurate than other data sets

MaduoX, which is in the headwaters of the Yellow River

in the Yellow River source region catchment. We calcu-

source region catchment located in the western part of the

lated the trends and abrupt ET changes in ERA-Interim

study area, has the lowest value (0.10 mm/yr) because of

products from 1979 to 2014 using Sen’s slope estimator,

its high elevation (over 4,450 m). The trend at Tangnaihai,

the nonparametric MK test, the moving t-test, and the

which is located in the downstream area of the Yellow

SQMK test.

River source region catchment, has the highest value at
3.50 mm/yr, which is ﬁve times higher than the regional aver-

Trend variation in annual ET series

age. The fact that most tendencies are positive indicates that
an increasing trend is universal for the annual ET in the

To assess the spatial variation in ET trends in the Yellow

Yellow River source region catchment, which is probably

River region, Sen’s slope estimator was used to calculate

an indication of the extension of the regional hydrological

Figure 3

|

Distribution of yearly ET trends by the Sen’s slope analysisfrom 1979 to 2014 in the Yellow River region catchment: (a) annual, (b) spring, (c) summer, and (d) autumn.
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cycle. The upper reach contributes most to the increasing

spring, in the studied decades over the majority of the

trend in the annual regional ET.

northern part of the Yellow River source region catch-

During the growing season, the ET trend is more

ment, whereas the strongest decreasing trend occurred

obvious than the annual value. The highest increase was

in the southwestern area and expanded slowly toward

found in the downstream area of the Yellow River source

the southeast (Figure 4(a) and 4(b)). The annual ET

region catchment, with a value of 1.00 mm/yr. The trend

values exhibited varying temporal trends, which can be

at Maqu station, which is located at the bend in the

characterized as spatially heterogeneous among the

Yellow River source region, was 0.20 mm/yr in the spring

study areas (Figure 4(a)). The results show the number

and summer series. Notably, the ET during the spring in

of ET gauges that demonstrate trends (positive and nega-

the southwestern part of the region decreased signiﬁcantly,

tive) at three different signiﬁcance levels. The majority

with a trend of approximately 0.50 mm/yr, whereas ET

of the headwaters of the Yellow River source region

in the northern part of the study area during the summer

catchment (western part of Figure 4) experienced a

experienced a large increase of more than 1.00 mm/yr.

decreasing MK trend, although these ﬁndings are not stat-

Additionally, Maqu station showed the greatest increase

istically signiﬁcant at a signiﬁcance level of 0.05. More

during the autumn, with a value approximately twice that

than 90% of the pixels in the headwaters exhibited nega-

of the annual value.

tive annual ET trends, and approximately 45% showed

The MK method was applied to the series of annual

signiﬁcant changes at a signiﬁcance level of 0.1. The

average ﬂuxes to assess variations from 1979 to 2014.

annual ET exhibited a statistically signiﬁcant decreasing

Areas with high MK values have increasing ET concen-

trend at a signiﬁcance level of 0.05 (|Z| > 1.96). Speciﬁ-

trations, and areas with low MK values generally exhibit

cally, the upper mainstream section was dominated by a

decreasing trends. Therefore, the resulting slope indicates

signiﬁcant decreasing trend at a signiﬁcance level of

that ET generally increased, both annually and during the

0.01 (|Z| > 2.57).

Figure 4

|

MK analysis of ET from 1979 to 2014 in the Yellow River region catchment: (a) annual, (b) spring, (c) summer, and (d) autumn.
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the ﬂuctuations of their trend lines are compared to those
of the original data.

soons and snowmelt, the distribution of MK values was

Figure 5 shows the results of the moving t-test for ET

insensitive to climate change and showed a negative trend

from 1979 to 2014 at Maqu station, which is where the

in most areas of the upper reaches of the river. Figure 4(a)

instruments were located. This station mainly represents

also shows that there are more gauges with positive ET

the runoff catchment. When a 5-year subsequence was

trends than those with negative trends in the northern part

applied, three abrupt changes in annual ET appeared in

of the study area. The distribution of annual ET trends indi-

1985, 1988, and 1989 (Figure 5(a)); one appeared in spring

cates that a signiﬁcant increasing trend mainly occurred in

ET in 1985 (Figure 5(b)); and one appeared in autumn ET

the upper Yellow River source region catchment, which is

in 1990 (Figure 5(d)). For the spring values, abrupt changes

dominated by high ET values. These ﬁndings indicate that

in 1988 and 1989 were not indicated by the moving t-test.

this area is at risk for extreme ET events. Note that the

Similarly, for the autumn values, abrupt changes were not

southeastern region displayed a larger increasing trend in

shown in 1985, 1988, or 1989, which were the 3 years

the autumn (Figure 4(d)) compared to those in other seasons

indicated in the annual values, although there was an

(Figure 4(b) and 4(c)) based on the MK test. Thus, the ET

abrupt change in 1990. For the summer values, no abrupt

trend was more concentrated in the autumn than those

changes were shown from 1979 to 2014. According to the

during the spring and summer in this area.

location of the minimum absolute t statistic, we found that

As Matthew () demonstrated, soil moisture on the

abrupt changes occurred in 1985 for both the annual

Tibetan Plateau showed an increasing trend from 1987 to

(Figure 5(a)) and spring (Figure 5(b)) ET values. In terms

2008. Wetter soil can cause the ground surface to absorb

of ET, the hydrological regimes are quite different before

more net radiation, increasing the latent heat ﬂux. The

and after the detected abrupt changes. The entire Maqu

increase in net radiation and soil moisture may also explain

area shows a general increase in ET after 1979. Then, ET

the increasing trend in the latent heat on the Tibetan Pla-

starts to decline until 1990. The magnitude of the abrupt

teau. The Yellow River source region catchment is located

change in annual ET is 126.15 mm.

to the northeast of the Tibetan Plateau, and our research

The SQMK test was used to detect the trend and abrupt

has shown that the upper reaches of the Yellow River

changes in the annual, growing season, spring, summer, and

source region are experiencing accelerated decreases in

autumn ET data series from 1979 to 2014 in the Yellow

ET, which is the opposite of Matthew’s conclusion.

River source region. In Figure 6, horizontal dashed lines correspond to the conﬁdence limits at a signiﬁcance level of

Abrupt change in annual and growing season ET

95% (±1.96). Note that there is a statistically signiﬁcant
trend (increasing or decreasing trend) when the function

To examine how the trends have progressed over time, the

passes over the dashed lines. Notably, the SQMK values of

moving t-test and the SQMK test were applied to the original

the spring (Figure 6(b)), autumn (Figure 6(d)), and annual

data and to the time series of the different periodic com-

(Figure 6(a)) data were in very good agreement with each

ponents obtained from the discrete wavelet decomposition.

other, which might suggest that annual ET is mainly

It is important to examine the moving t-test and SQMK

impacted by spring and autumn ET in the Maqu area. In

test values because a mix of positive and negative trends

addition, a strong increasing trend was observed from

may be present in the same time series. The two tests can

1988 to 1990 in both the annual and autumn ET data

help determine how the trend of a speciﬁc component

series. In the long term, the trend was signiﬁcant because

may explain the trends found in the original data. In this

the SQMK values in both the annual and autumn series

study, the behaviors of the trend lines of the components

exceeded the signiﬁcance level threshold (U0.005 ¼ 1.96),

are important. Therefore, this method of determining the

and they even surpassed the signiﬁcance level of U0.001 ¼

most inﬂuential periodic component(s) considers not only

2.56 in the short term. Before 1984, a decreasing trend in

the MK values of these components but also how similar

ET was observed at the Maqu station in the annual,
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Figure 5

|

Abrupt ET changes using the moving t-test from 1979 to 2014 in the Yellow River region catchment: (a) annual, (b) spring, (c) summer, (d) autumn. The horizontal blue lines
indicate a signiﬁcance level of 0.05 when n ¼ 5. Please refer to the online version of this paper to see this ﬁgure in colour: http://dx.doi.org/10.2166/wcc.2017.134.

Figure 6

|

SQMK analysis of ET from 1979 to 2014 in the Yellow River region catchment: (a) annual, (b) spring, (c) summer, (d) autumn. Solid line: forward series, dashed line: backward
series.
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spring, and autumn SQMK values, which were also beyond

between ET and certain variables, we should ﬁrst eliminate

the signiﬁcance threshold over short periods.

the inﬂuences of other variables. Partial correlation analysis

Abrupt changes found using the SQMK method reﬂect

involves studying the linear relationship between two

signiﬁcant changes in the trends of the analyzed series,

variables after excluding the effect of one or more indepen-

while those detected by the moving t-test indicate a signiﬁ-

dent factors. Thus, the absolute values of partial correlation

cant difference between the averages of subsequence

coefﬁcients between ET and nine climate variables are also

series. Consequently, the results of the two methods are

examined.

not necessarily consistent with each other, as reported by

Table 2 shows the results of partial correlation analysis

Liang et al. (). Nonetheless, the abrupt change in 1984

between ET and other variables. The variation in ET was

in the increasing ET series was detected by both methods,

dominated by precipitation, which accounted for 0.78, fol-

suggesting the accuracy of this detected abrupt change.

lowed by soil moisture and runoff, which accounted for

Two abrupt changes in the annual ET series in 1989 and

0.38 and 0.14, respectively. Precipitation is the most impor-

1988, which were detected only by the SQMK method,

tant input component of both hydrological processes and

may also exist. It can be concluded that there were two

energy cycles in the study area. Because soil moisture is a

abrupt changes in annual ET series in 1985 and 1989, show-

physical characteristic at the interface of the atmosphere

ing decreasing and increasing changes, respectively. To

and the earth, soil moisture inﬂuences many land surface

some extent, the SQMK method supplements and veriﬁes

and hydrological processes, affecting ET, partitioning of

the moving t-test results.

rainfall into inﬁltration and runoff, and precipitation,
although the existence and strength of this inﬂuence has

Variation patterns of climate variables

been debated. In the Yellow River source region, the soil
moisture did not readily impact the ET, with a partial corre-

Little research has been conducted on the contributions of

lation of 0.38. Given the scarcity of long-term observations

changes in meteorological variables to changes in ET in

of runoff and ET in China, the spatiotemporal variation in

different global regions. ET variation is inﬂuenced by both

the hydrological ﬂux and its underlying mechanisms require

radiometric and aerodynamic variables (McVicar et al.

further investigation. Several studies have discussed the

), which reﬂect the combined effects of topography,

effects of climate change on the water cycle in China; how-

soil, vegetation, and climate. Explanations for causes of tem-

ever, they have rarely considered ET in these estimations.

poral trends in ET lie mainly in declining global solar

According to our research, runoff and ET do not have a

irradiance, the complementary relationship between actual

strong relationship, with a partial correlation of 0.14.

evaporation and potential evaporation, and decreasing

A sensitivity analysis estimating the impact of albedo

wind speed (Roderick & Farquhar ; Hobbins et al.

uncertainties on climate modeling showed that an absolute

; McVicar et al. ). In our study, a sensitive coefﬁcient analysis was performed based on the impacts of
climate change on ET. To detect the causes of ET characteristics and quantify the contribution of climatic variation, the
inﬂuences of precipitation (mm), runoff (mm), soil moisture
(mm), albedo, downward surface solar radiation (W/m2),
sunshine duration (s), land surface temperature (K), air
temperature (K), and wind speed (m/s) are discussed. All
variables were measured by ERA-Interim at the Maqu
station.
Simple correlation does not prove to be an allencompassing technique, especially under the above circumstances. To obtain an accurate picture of the relationships
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Partial correlation analysis between ET and other variables

Variables

Partial correlation

Precipitation

0.78

Runoff

0.14

Soil moisture

0.38

Albedo

0.77

Surface solar radiation downwards

0.54

Sunshine duration

0.35

Land surface temperature

0.04

Air temperature

0.44

Wind speed

0.16

507

R. Liu et al.

|

Evapotranspiration and its long-term trends over the Yellow River source region

Journal of Water and Climate Change

|

08.3

|

2017

albedo accuracy of ±0.02 to ±0.03, which is equivalent to a

important input variable that has been used to calculate

net radiation uncertainty of ±10 W/m2, results in signiﬁcant

ET worldwide. Tabari et al. () analyzed the spatiotem-

changes in regional climate simulations (Sellers et al. ).

poral variations of ET in arid and semi-arid regions of Iran

In fact, the surface albedo accuracy directly affects the pre-

and revealed that the main factor associated with decreasing

cision of the net radiation and indirectly affects daily ET

ET was decreasing wind speed. However, based on our

and other land surface ﬂuxes. Nevertheless, no previous

research, there is no agreement between these parameters

research has analyzed the impact of albedo accuracy on sur-

in the Yellow River source catchment. The partial corre-

face energy balance parameters. In the case of ET models,

lation between ET and wind speed is only 0.16, suggesting

when no in situ data are available, the surface albedo can

that the wind speed did not have a signiﬁcant impact on ET.

be estimated in different ways. From our study (Table 2),
the annual anomalies of albedo display maximum and minimum levels in 2011 and 1998, with values of 0.52 and 0.30,

CONCLUSIONS

respectively. The partial correlation between ET and albedo
is 0.77, and the partial correlation between ET and down-

With the goal of generating optimal land surface ET, reanaly-

ward surface solar radiation is 0.54. The lowest value of the

sis data, the satellite-based MODIS global ET product, and

anomalies in both downward surface solar radiation and ET

the SEBS model have generated quality-controlled data.

occurred in 1989. For the monthly data, the downward sur-

Using correlation analysis, the ERA-Interim data were

face solar radiation changed from 11,421,470 W/m2 in

shown to be superior to the observations from the EC

2

December 1995 to 26,240,590 W/m in April 1982, and

system in the Yellow River source region. Temporally and

the ET reﬂected this change, with values of 21.37 and

spatially consistent terrestrial data, including ET and other

10.10 mm in the same respective months. The partial corre-

variables that affect evaporation and transpiration, were

lation between ET and sunshine duration is 0.35 from

also analyzed from the ERA-Interim data. The annual mean

1979 to 2014. The maximum and minimum monthly mean

ET from 1979 to 2014 in the Yellow River source region

values of sunshine duration were 38,745 s in June 1990

was 551.3 mm, and the maximum and minimum values

and 28,440 s in September 2011, and the corresponding

were 595.9 mm in 2002 and 485.9 mm in 1989. The results

ET values were 97.10 and 50.35 mm, respectively. The

show that the Yellow River source region catchment experi-

anomalies in both ET and sunshine duration reached mini-

enced a statistical decrease in ET at a rate of 0.50 mm/yr

mum values in 1989 and maximum values in 2002.

in the upstream area and an increase of 1.65 mm/yr in the

The land surface temperature is considered more inﬂu-

runoff and outlet areas from 1979 to 2014.

ential in determining the energy ﬂuxes than are the other

At the Maqu station where our instruments were located,

input parameters, such as vegetation parameters or surface

both the moving t-test and the SQMK test were able to detect

albedo, that are derived from remote sensing data and

an abrupt change in ET in 1985. The absolute values of the

used to estimate ET because the land surface temperature

partial correlation coefﬁcients between ET and nine climate

provides an indication of the net effect of land–atmosphere

variables indicate that precipitation played the most impor-

interactions, which result in ET. However, according to our

tant role in the changes in ET in the Yellow River source

research (Table 2), the land surface temperature does not

region, followed by albedo, solar radiation, and downward

closely correspond to changes in ET, with a partial corre-

surface solar radiation, while land surface temperature was

lation of 0.04. The maximum and minimum values of the

the least sensitive factor among the climate variables.

anomalies in the land surface temperature occurred in
1998 and 1980, with values of 14.23 and 14.64 K, respectively. During these 2 years, the values of the anomalies in ET
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