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Evapotranspiration variations in the Yangtze River Basin
from multi-satellite remote sensing data
Xiaojuan Tian and Shuanggen Jin

ABSTRACT

Evapotranspiration (ET) variations in the Yangtze River Basin (YRB) are influenced by environmental
and climate changes related to planting of crops, forest vegetation, water use and other human
activities. However, it is difficult to measure ET variations and analyse influencing factors in the YRB
due to lack of in-situ measurements. In the present study, the ET variations were estimated and
investigated in the whole, the upper, middle and lower reaches of the YRB using the Gravity Recovery
and Climate Experiment (GRACE), optical remote sensing data and hydrological models based on a
water balance method, which was validated by MODerate Resolution Imaging Spectroradiometer
(MODIS) observations and models. Furthermore, GRACE-ET verified the drought events in 2006 and
2011. The long-term variation rate of GRACE-ET is 0.79 mm/yr. The spatial distribution of seasonal ET
variations indicates that ET is highest in summer and lowest in autumn-winter. It also shows that the
completion of the Three Gorges Project has certainly increased ET. Precipitation and temperature
have the largest impact on the ET variations; radiation and soil moisture have moderate effects.
ET variations in the middle and lower reaches are greatly affected by precipitation, and temperature
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plays a more important role in the upper YRB reaches.
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INTRODUCTION

The Yangtze River Basin (YRB) is the third longest river in
the world, and only the Amazon and Congo rivers have
larger water storage capacity. The YRB is the largest river
basin in China, where the population is dense and the econ-
omy rich, and also an important agricultural production
base (Xu et al. 2009). However, the YRB is located in the
eastern part of the Eurasian continent and so is subject to
the impact of the monsoon, and the vapour transportation
system is complex and changeable, resulting in complicated
hydrological conditions in the basin, which makes it prone
to drought and flooding (Hu 1997). Evapotranspiration
(ET) is an important part of the water cycle, through
which most of the surface precipitation returns to the atmos-
phere, thus connecting hydrological, atmospheric and
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ecological components (Najibi & Jin 2013; Bai et al. 2017).
Therefore, a long-term sequence estimation of ET variations
would be beneficial to understanding of the dynamic vari-
ations in the terrestrial water cycle and energy flux. The
effective space-time monitoring of ET and analysis of its
influencing factors are of significance for water resources
management, crop planting, water requirement assessment,
drought and flood defence in the YRB (Wang et al. 2016).
Some studies have shown that influencing factors on ET
were very complex (Yang et al. 2010). In particular, the
YRB (Figure 1) stretches across the three belts of China
with complex and changeable topography, numerous tribu-
tary lakes, and significant difference in precipitation
between the east and the west. Furthermore, it is sensitive
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Figure 1 | Map of the Yangtze River Basin.

to global environmental change, ecologically fragile and
affected by frequent human activities and numerous dams
(Verstraeten et al. 2008), so it is important to investigate
the detailed regional characteristics of ET variations in
YRB as well as its effect factors.

ET has been estimated from traditional field measure-
ments, empirical formulas, algorithms and satellite remote
sensing observations as well as terrestrial hydrological
models and data assimilation methods, but it still has large
uncertainty due to limited in-situ observations and high
costs, e.g. lysimeter, scintillation counter (Monteith 1965).
Traditional field measurement methods do not need to add
complex algorithms and data processing, but require a
great deal of manpower and material resources to maintain
the measuring tools, and also it is difficult to realize long-
term sequences of ET measurement over large areas.
Along with the development of the empirical formula
methods to estimate ET, based on the physical character-
istics of the natural ground, e.g. the Penman-Monteith
(PM) method developed from the Penman method (Antono-
poulos & Antonopoulos 2017), empirical algorithms need to
input some surface physical quantities, such as wind speed,
vapour pressure and humidity, which increases the difficulty
of estimating ET for large areas and long-term sequences.
Therefore, empirical algorithms are generally applied to
ET estimation at a small scale (Baik & Choi 2015). Optical
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satellite remote sensing data also enhances the estimation
of ET, and has been widely used with the help of empirical
algorithms. The thermal infrared band of remote sensing sat-
ellites can monitor ground surface radiation, thus realizing
the energy balance equation (Minacapilli et al. 2009). The
surface radiation is combined with the near infrared and vis-
ible bands of remote sensing satellites to monitor vegetation
cover, and the estimation of ET is realized by the empirical
algorithms (Zhang & Jin 2016). The remote sensing data
greatly improve the efficiency of ET estimation, which is
beneficial to studies of hydrological and environmental cli-
mate changes globally. However, because optical remote
sensing is greatly affected by weather conditions and cloud
cover, the study of a basin needs multiple images to be
spliced, increasing the difficulty of continuous, whole area
observation. Moreover, the remote sensing data are based
on empirical algorithms, in which the coupling conditions
of physical quantities are regional, and different surface
environments require different model parameters. Global
Positioning System (GPS) observations have been used to
estimate the ET variations in the Mississippi River Basin;
this method is novel and sensitive to large-scale ranges,
but it needs more dense and continuous GPS observation
stations to work optimally (Zhang & Jin 2016).

The GRACE (Gravity Recovery and Climate Exper-
iment) gravity satellite, launched in 2002, can estimate



453 X. Tian & S. Jin | ET variations and influence factors in the Yangtze River Basin

Journal of Water and Climate Change | 11.2 | 2020

variations in water storage, which can directly reflect
dynamic changes on the Earth without meteorological
data and experience algorithms (Tapley et al. 2004). Deter-
mination of the Earth’s gravitational field is not influenced
by weather conditions or cloud cover. It has been widely
used in global climate and hydrology, such as monitoring
glacier and snow melting, drought and flood, and ground-
water changes (Jin & Zou 2015; Jin ef al. 2016a, 2016b).
GRACE has also been applied to the study of ET, but few
studies have been done. Combining optical remote sensing
data and hydrological models, with a water balance
method, GRACE-derived ET will provide a new opportunity
to monitor ET variations and analyse the influencing factors.

This study aims to: (1) estimate and compare long
sequence ET changes in the whole YRB as well as the
upper, middle and lower reaches from August 2002 to
August 2016 by GRACE; (2) investigate the interannual vari-
ations, seasonal variations and long-term variations of ET in
YRB from GRACE through the water balance equation
together with Moderate Resolution Imaging Spectroradi-
ometer (MODIS) remote sensing data and hydrological
models, and to discuss its spatial distribution; and (3) ana-
lyse in detail the influencing factors (precipitation, soil
moisture, surface temperature and solar radiation) on ET
variations in the whole, the upper, middle and lower reaches
of YRB.

DATA AND METHODS
Study area

The Yangtze River (Figure 1) is the third longest river in the
world, about 6,300 km long, and the basin area is 1.8
10° km?, stretching across the three belts of China. The
YRB is divided into the upper, middle and lower reaches
from west to east. The topography gradually decreases
from west to east, and the landforms are diverse. The wes-
tern plateau belongs to the cold climate zone, and most of
the basin is the East Asian or South Asian monsoon climate
zone, with four different seasons, controlled by the Asian
monsoon (Zhang et al. 2008). The upper basin of the
Yangtze River originates from the Tuotuo River on the wes-
tern Tibetan Plateau and stretches to Yichang. With
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mountain ranges as the main terrain, there is a significant
vertical climatic spectrum, and hydropower resources are
abundant. The Three Gorges Dam, the world’s largest
dam, is situated on the Yangtze River. From Yichang to
Hukou, comprises the middle basin, with scattered alluvial
plains, low hills and lakes, with an altitude below 200 m.
In the middle reaches, the Jianghan Plain, with a large popu-
lation, is an important agricultural production base in
central China. The lower reaches of the Yangtze River
stretch from Hukou to the Yangtze River Estuary in Shang-
hai on the Yangtze River Delta Plain, with an altitude of
only 2-5m are very sensitive to oceanic storms. It is an
important economic development zone in China, with a
large population density and a highly developed economy.
Although the runoff of the YRB was mainly supplied by pre-
cipitation, more than half of precipitation evaporated, so
ET is one of most important elements of water balance in
the YRB.

Observation data

GRACE

The GRACE satellite, launched in 2002, is a cooperative
project between the National Aeronautics and Space
Administration (NASA) and the German Aerospace
Center. GRACE can estimate Earth’s time-variable gravity
field with monthly temporal resolution and spatial resol-
ution of hundreds of kilometres. The GRACE gravity
products for a total of 156 months from April 2002 to
August 2016 are used in this paper (data missing in June
and July 2002; June 2003; January and June 2011; May
and October 2012; March, August and September 2013;
February, July and December 2014; June, October and
November 2015; April 2016). These products are provided
by Center for Space Research of the University of Texas at
Austin. The highest order of Stokes coefficients of spherical
harmonic function for products of RL05 GSM data is 60.
The anomalous gravity field was deducted from the multi-
year mean gravity field. The impacts of redistribution of
atmospheric and oceanic mass, as well as the effects of
tides have been calculated by means of models, and there-
fore variations in the remaining Earth’s gravity field are
mainly caused by changes in land water mass.



454 X. Tian & S. Jin | ET variations and influence factors in the Yangtze River Basin

Journal of Water and Climate Change | 11.2 | 2020 ‘

Because of the existence of north-south striping noise in
spherical harmonic coefficients, and errors in high-order
Stoke coefficients (Wahr et al. 1998), spatial filtering is
necessary before the spherical harmonic coefficients are
estimated as the mass change of land. In this study, the
P5M6 decorrelation filter was used (Swenson & Wahr
20006). For example, for the coefficients of the harmonic
coefficients ranked sixth-order and above (e.g. Cn,6, n =6,
7, ...,60), we carried out the least squares 5-item processing,
the so-called P5MS6, to perform the Destripe TM Data. Then
the Gauss filter (Jekeli 1981) with an average radius of
400 km was used to remove the rest of the noise. The
monthly variations of gravity field were used to calculate
the land equivalent water height of 1° x 1° grid. Because of
the great uncertainty of the second-order coefficients, the
Cyo term spherical harmonic coefficients were replaced by
the satellite laser ranging of higher quality (Jin ef al. 201m),
and the degree-1 coefficients were provided by Swenson &
Wabhr (2006). The impact of post glacial rebound in YRB is
small and negligible (Peltier 2004).

Precipitation data

As precipitation is the only source of water input in the land
water cycle, it is particularly important in ET estimation. At
the global scale, traditional rainfall data are calculated by
means of the rain gauge network, but regional precipitation
measurements are difficult to achieve. Remote sensing satel-
lites can provide global coverage of precipitation. In this
study, we used the precipitation data from TRMM (Tropical
Rainfall Measuring Mission), a tropical rainfall measuring
mission jointly developed by NASA and Japan’s National
Space Development Agency. The TRMM satellite was
launched at the space centre in Tanegashima, Japan on 28
November 1997, with a track height of 350 km; this satellite
monitors the precipitation conditions of the low and middle
latitudes of the earth (50°N-50°S). Here the grid rainfall
data of TRMM-3B43 from August 2002 to August 2016
were used with the spatial resolution of 0.25°x 0.25°, and
the products were converted from 3 hours data to data
with temporal resolution of 1 month. In order to keep con-
sistent with GRACE data, the rainfall variations of 1° x 1° in
YRB were obtained by averaging and resampling through
the 4 x4 window. Another kind of precipitation data used
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in this paper was from GPCC (Global Precipitation
Climatology Centre), which was developed for material
selection, quality control and analysis of global land precipi-
tation through the objective interpolation system. It was
based on 85,000 rainfall measurement stations worldwide.
The products were from August 2002 to August 2016 with
a spatial resolution of 1°x1° and a time resolution of
1 month.

MODIS data

Remote sensing ET products of MODIS were also used for
comparison and analysis. MODIS is carried out by EOS
(Earth Observation System) satellites which were launched
by NASA. The products are from MOD16 (covering latitude
80°N-60°S, longitude 180°E-180°W), from August 2002 to
August 2014 with 1 month temporal resolution and 0.5° x
0.5° spatial resolution. The products are based on the PM
method which is an energy balance method (Antonopoulos
& Antonopoulos 2017) and is based on surface meteorologi-
cal parameters such as air temperature, humidity, wind
speed and solar radiation.

Hydrological model

The hydrological model of Global Land Data Assimilation
System (GLDAS) is a global hydrological model jointly
developed by NASA’s Goddard Space Flight Center and
NOAA’s National Centers of Environmental Prediction
(NCEP). Surface observation and satellite remote sensing
observation data were used to drive four surface process
models (Mosaic, Noah, CLM and VIC). The input data of
the model were analysis results of precipitation, solar radi-
ation, surface pressure, humidity and surface horizontal
wind speed data provided by NCEP, and obtained by
remote sensing and by surface observation; output results
of the model include soil temperature, soil moisture, ET,
runoff, covering the latitudinal and longitudinal ranges of
90°N-60°S and 180°E-180°W. The soil moisture (four
layers of soil in 0-2 meters added), surface temperature,
solar shortwave radiation and runoff data (used for calcu-
lation of the water balance equation - see below) provided
by the GLDAS-Noah model from August 2002 to August
2016 were used, ET products of four GLDAS models
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(Noah, VIC, CLM and Mosaic) were used for comparison
and analysis, of which the spatial resolutions are 1°x1°,
and the temporal resolution is 1 month.

Methods
Total water storage (TWS) estimation from GRACE
The land mass variations were estimated by using spherical

harmonic coefficients of GRACE gravity field as Wahr et al.
(1998):

o 1
ap gye D 20+1, =
An(6, ¢) = =< Py (cos 8) =—~ (ACy, cos (mg)
+ ASyy, sin (mg)) 1

where a is the mean equatorial radius of the earth, [ and m
are respectively the order and the degree of spherical harmo-
nic coefficients, 6 is the co-latitude, ¢ is the longitude, Cy,
and S;,, are the gravity field coefficients, P, (cos 6) is the
normalized Legendre function, p,,. is the average earth den-
sity (5,517 kg/m>), ACj,, and AS,, are the variations of
spherical harmonic coefficients provided by GRACE, k; is
the loading love number, py, is the density of water
(1,000 kg/m?), and the variations of equivalent water thick-
ness An(0, ) can be transformed from the density variations
in the Earth’s surface. Therefore, the water variations in the
Earth’s surface can be expressed in the form of equivalent
water thickness, i.e. the total water storage (TWS).

Long-term change fitting

Since ET shows significant trend, acceleration, seasonal
variations with annual and semi-annual periods, it was
fitted by the least squares method (Jin & Feng, 2013):

2
ET(t) =a+Dbt+ct®+ ) dycos (ot — gp) +£(2) )
k=1

where a is constant item, b is the long-term variation, c is the
second order item, d}, is the amplitude, ¢, is the phase, wy, is
the frequency (1 year and 0.5 year), and £(f) is the residual
item. When k is 1, dy is annual amplitude and ¢, is
annual phase. When k is 2, dj is semi-annual amplitude
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and ¢y, is semi-annual phase. The ‘sum of cos’ is a summary
of annual term + semi-annual term. The fitting accuracy as
sigma was also estimated and is discussed below.

Water balance equation

During the water cycle in a closed system, ET can be esti-
mated based on the water balance equation:

ET =P - R - 0S/ot 3)

where ET is the evapotranspiration, P is the precipitation, R is
the runoff, 89S/t is the variation of average water reserves in
the basin, S is the variation of water storage inverted by
GRACE and ¢ is the time interval of data sampling (here
1 month). Since the TWS estimated by GRACE reserves the
precipitation information of the previous month, the monthly
variations of average water reserves dS/ot were obtained by
using the month’s TWS to subtract the TWS of the previous
month. In this paper, the precipitation data were provided by
TRMM and GPCC, and the runoff data were provided by
GLDAS-Noah hydrological model. All these are grid data
with the same temporal resolutions of 1 month, and the
same spatial resolution of 1° x 1°. The ET calculated by precipi-
tation data from TRMM is called ET-TRMM, and ET-GPCC
represents the ET obtained by GPCC precipitation data.

Through the water balance equation, the ET variations
in time series and spatial distribution in the whole YRB
and the upper, middle and lower YRB reaches were esti-
mated by using the monthly TWS. In this study, TWS from
GRACE was used to calculate the variations of ET in YRB
from August 2002 to August 2016. ET products from
MODIS remote sensing were called ET-MODIS, and ET
products exported by GLDAS models were also compared
and analysed as shown in Figure 2.

RESULTS AND ANALYSIS
ET estimation
Figure 2 shows monthly mean ET in YRB from August 2002

to August 2016 for four kinds of ET products, including ET
deduced from GRACE through the water balance equation,
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Figure 2 | Comparison of monthly ETs in YRB from August 2002 to August 2016.

output results of GLDAS hydrological model and ET pro-
ducts from remote sensing data. It can be seen that the
long-term sequence variations of ET deduced from
GRACE are basically consistent with those of ET products
from the land hydrological model and remote sensing
data. The high(low) values of ET deduced from GRACE
are higher than those of ET products from the land hydrolo-
gical model and remote sensing data, indicating that the
method of water balance equation is more accurate in ET
estimation. This is consistent with the conclusion of Long
et al. (2015) that human factors (e.g. water diversion, agricul-
tural irrigation) were not taken into account in ET
estimation from remote sensing data and the land hydrologi-
cal model thus underestimates the ET. In Figure 2, we can
see that the variation trends of different ET products
throughout 2011, marked out by the black boxes, are unex-
pectedly consistent, and the ordinary phenomenon that high
values of GRACE-derived ET are higher does not appear,
indicating the occurrence of severe drought, which verifies
the severe drought event that year and is consistent with
the conclusion of Zhang et al. (2016).

The YRB covers a vast area (1.8 x 10° km?), with com-
plex and changeable landforms, numerous tributary lakes
and significant difference in precipitation between the east
and west as well as frequent human activities. Controlled
by the monsoon, the precipitation decreases gradually
from the east to west. The YRB was divided into the
upper, middle and lower reaches (Figure 1) for comparison
and analysis. We can see that the overall variation trends in
TWS of the total, upper, middle and lower reaches are basi-
cally consistent from April 2002 to August 2016, but there
are subtle differences. The amplitude in the upper reaches
is the largest, second in the middle reaches and the smallest
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in the lower reaches, which indicates that hydrological vari-
ation of the upper reaches is the largest, and that of the
lower reaches the smallest. However, the parts marked out
by black boxes in Figure 3 show that the TWS variations
for the upper reaches in 2006 were lower than in other
years, and for the middle and lower reaches in 2011 lower
than before and after. The variation in amplitude of TWS
in the upper reaches in 2006 should be stronger, but actually
it is even less than that of the middle and lower reaches, with
the minimum value, which coincides with the drought
events in the southwest of China (the upper reaches) in
2006. The amplitude of TWS in the middle reaches in
2011 should be in the middle position, but actually it has
the minimum amplitude and the minimum value, which is
consistent with the drought events in 2011. In other
words, TWS shows consistent results with drought events
as described by Zhang et al. (2016).

In order to evaluate ET products, we made a correlation
analysis of each ET product. As shown in Figure 4, ET from
the land hydrological model, remote sensing data and
GRACE through the water balance equation has a good cor-
relation, and the correlation coefficients are greater than or
equal to 0.84. As deduced from GRACE through the water
balance equation, both the correlation coefficients of
ET-GRACE-GPCC and ET-GRACE-TRMM reaches 0.99,
which indicates that the precipitation data of TRMM and
GPCC have great similarity.

The water balance equation shows that precipitation,
runoff, ET and water storage change are important links,
and each component is closely linked in the water cycle
(Equation (3)). As shown in Figure 5, there is 1 month
lag between the monthly terrestrial water storage change

o
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Figure 3 | Comparison of monthly TWS time series variations (mm/month) from GRACE in
the whole YRB, the upper, middle and lower reaches from April 2002 to August
2016.
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Figure 4 | Scatter plot of ET in the whole YRB deduced from GRACE-TRMM and other calculation results: (a) ET-GLDAS-Noah, (b) ET-GLDAS-Mosaic, (c) ET-GLDAS-CLM, (d) ET-GLDAS-VIC,

(e) ET-MODIS, (f) ET-GRACE-GPCC.

inverted by GRACE and precipitation, runoff and ET, the
variation trends of precipitation, runoff and ET are basi-
cally the same, and the amplitude variation of runoff is
mild. Initially that there is great correlation between pre-
cipitation and ET, and the amplitudes are basically the
same. More detailed analyses are shown below. From
Figure 5, some values of ET were higher than those of
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precipitation. Firstly, some GRACE data are missing,
which may bring in errors. Secondly, when using GRACE
data, the anomalous gravity field has been extracted from
the multi-year mean gravity field, so relative value possibly
results in higher ET value by GRACE-based water balance
equation than precipitation, but actually it is not higher.
Thirdly, when drought occurs, it is normal that the ET



458 X. Tian & S. Jin | ET variations and influence factors in the Yangtze River Basin

Journal of Water and Climate Change | 11.2 | 2020

NN
o O,
[= R =

)

ey

w

o
T

Equivalent water
thickness (mm/month

()
o o
T

-100 . " . . .
2002 2004 2006 2008 2010 2012 2014 2016
Time (year)

Figure 5 | Comparison of time series variations in monthly mean evapotranspiration (ET),
precipitation (P), runoff (R) and terrestrial water storage (TWS) change deduced
from GRACE-TRMM in the YRB from August 2002 to August 2016.

value is higher than those of precipitation and the runoff
value may be negative at this time.

According to Figure 6, ET products from the water bal-
ance equation, land hydrological model and remote sensing
data show some common rules: the annual ET amplitude in
YRB and the annual variation pattern are basically the
same, the annual ET in the upper reaches is the smallest,
the annual ET in the middle reaches is the largest, and ET
in the lower reaches is slightly less than that in the middle
reaches. The annual ET amplitude in the middle and
lower reaches are large, which may be related to the dense
population and heavy rainfall, but the specific reasons
need to be further analysed. The annual ET in the upper
reaches is small, which may be due to the small amount of
precipitation, relatively lower population, high vegetation
coverage and low plateau temperature, which also need to
be further analysed. But there are differences in the inter-
annual variation of different ET products: the interannual
variations of ET in each region of YRB estimated by the
land hydrological model and remote sensing data are
rather small, while those of ET products from GRACE
through the water balance equation are large. As shown in
black boxes in Figures 6(a) and 6(b), from long-term
sequence interannual variations from 2003 to 2014, the
upper reaches of YRB experienced a trough in 2006,
which verifies the drought events in southwest China (the
upper reaches of the Yangtze River) in 2006; however, the
land hydrological model and remote sensing data do not
detect this phenomenon. The parts marked out by black
boxes in Figures 6(a) and 6(b) also show that the ET of
each region shows distinct troughs, and in the middle
reaches, it is different from that of high values in previous
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years but close to the mean annual ET of the other regions,
which also monitors the drought events in the middle
reaches of YRB in 2011. The land hydrological model and
remote sensing data do not detect this phenomenon. There-
fore, the ET estimation from GRACE through the water
balance equation can monitor the drought events in YRB.

Seasonal variations of ET

YRB is controlled by the monsoon, especially in the middle
and lower reaches, with four different seasons. It is of great
significance to discuss deeply the seasonal variations of ET
in different regions of the YRB. In Figure 7, there are aver-
age ET values for 12 months from land hydrological
models (CLM, Mosaic, Noah and VIC), GRACE with the
water balance equation (TRMM, GPCC) from August 2002
to August 2016 and MODIS products from August 2002 to
December 2014.

According to Figure 7, the values of various ET products
are close in each month, and the low values occur in January
and December. From January in winter, to summer, the
value of ET increases month by month, and then decreases
from the high summer value to December in winter. How-
ever, there are differences between the results derived
from the water balance equation and those from the land
hydrological model and remote sensing data. There are
two high values in the results from the water balance
equation, namely, June and August in summer, while the
rest of ET products have only one high value in July. In gen-
eral, the values of 12 months’ ET estimated from GRACE
through the water balance equation are higher than those
of products from the land hydrological model and remote
sensing data.

Figure 8 shows the seasonal spatial distribution of ET,
precipitation and surface temperature in the whole YRB,
and the upper, middle and lower reaches. In these regions
the spring includes March, April and May, the summer
includes June, July and August, the autumn includes Septem-
ber, October and November, and the winter includes
December, January and February.

Figure 8 al, a2, a3 and a4 show the same pattern as
Figure 7. In addition, the distribution of low values is
shown in all regions in winter, and the distribution of high
values is shown in all regions in summer (except for the
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low values in the upper reaches of the alpine regions in four
seasons), while the distribution for the spring and autumn
exhibits spatial diversity. As shown in Figure 8 a; and as,
ET in the Three Gorges, Dongting Lake basin and Poyang
Lake basin is higher, and the values of ET in Dongting
Lake basin and Poyang Lake basin shown in Figure 8 a;
are even closer to that of summer in Figure 8 as. Also the

seasonal variation of ET is consistent with the spatial distri-
bution of precipitation, especially in spring, and there is a
remarkable consistency in the whole YRB between Figure 8
a; and Figure 8 by, which indicates that the precipitation is
the main controlling factor of ET in spring. It also shows
that ET in the southeast of middle reaches of the Yangtze
River is significantly higher in Figure 8 a;, which may be
due to the monsoon land on the southeast coast in spring,
resulting in more precipitation, and then the ET increases
(Figure 8 aj, by). In summer, although the precipitation in
the upper reaches (Figure 8 b,) is relatively high, ET in the
upper reaches, especially in the alpine regions, does not
rise. This can be seen from Figure 8 c,: the surface tempera-
ture in the upper reaches in summer especially in alpine
region is relatively low (except for the Sichuan basin with
high temperature), leading to the result that ET does not
increase with the increase of precipitation; and ET in the
high temperature Sichuan basin is with higher values.
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In other words, ET in the upper reaches of YRB is much
more controlled by the surface temperature in summer.

Long-term variations of ET

The long-term variations are estimated through the fitting.
Since ET shows significant trend, acceleration, seasonal
variations with annual and semi-annual periods, it was
fitted by Equation (2) with such terms, while ‘sum of cos’
is a summary of the annual term + semi-annual term. The
long-term variations mean the trend at every 1x1 grid for
the total YRB, so it is presented as a spatial distribution.
The long-term variations of ET are respectively estimated by
ET products from GRACE through the water balance
equation (ET-GRACErrmm, ET-GRACEgpcc), the land
hydrological model (ET-GLDASy.an) and remote sensing
data (ET-MODIS) from August 2002 to August 2016, which
are shown in Figure 9. The variation velocities of the whole
YRB, the upper, middle and lower reaches are calculated
and shown in Table 1.

Figure 9 shows that the long-term variation trends of
ET from GRACE through the water balance equation
(ET-GRACE1rMM, ET-GRACEGpcc), the land hydrological

model (ET-GLDASno.n) and remote sensing data (ET-
MODIS) are consistent. Among them, the long-term vari-
ations of ET-GRACEtgmm and ET-GRACEgpcc are
basically the same. Compared with ET-MODIS and ET-
GLDASNoan, the spatial heterogeneity of ET-GRACE is
larger, and slightly larger than ET-GLDASyoan. The trends
of ET-GRACErgryM and ET-GRACEgpcc increase signifi-
cantly in the southeast of middle reaches and lower
reaches of the YRB, reaching over 3.5 mm/yr. The Jianghan
Plain and Dongting Lake basin in the middle reaches (about
—0.5-0 mm/yr) and the alpine region in the upper reaches
(varying in the range 0-0.5 mm/yr) show a consistent law
of long-term variations in each ET product.

The values in Table 1 are the average of the long-term vari-
ations for the total upper, middle and lower basin respectively.
According to Table 1, there are differences in long-term vari-
ations in various regions of YRB, and long-term variations of
each ET product in the lower reaches are consistent, with the
largest values, 0.98 mm/yr for ET-GRACErgrMM, 1.14 mm/yr
for ET-GRACEGpcc and 1.09 mm/yr for ET-GLDASnoan
However, the long-term variations of ET-MODIS are signifi-
cantly lower in each region, but it also shows the most
drastic variation in the lower reaches, with a value of
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Figure 9 | Spatial distribution of the ET long-term variation trends in the whole, the upper, middle and lower reaches of YRB from August 2002 to August 2016: (a) variation velocities of ET
from GRACE-TRMM, (b) variation velocities of ET from GRACE-GPCC, (c) variation velocities of ET from GLDAS, (d) variation velocities of ET from MODIS from August 2002 to

November 2014.
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Table 1 | Average variation trends of ET estimated from GRACE-TRMM, GRACE-GPCC and
GLDAS in the whole YRB, the upper, middle and lower reaches from August
2002 to August 2016, and those of ET from MODIS from August 2002 to Novem-

ber 2014
Area\_mm/yr GRACErmm GRACEgpcc GLDASyoan MODIS
Total basin 0.79 0.75 0.48 -0.12
Upper basin 0.79 0.72 0.38 -0.08
Middle basin 0.74 0.72 0.52 -0.16
Lower basin 0.98 1.14 1.09 -0.23

—0.23 mm/yr. For long-term variations in the whole YRB, ET-
GRACErrmym is 0.79 mm/yr, ET-GRACEGgpcc 0.75 mm/yr,
ET-GLDASNoan 0.48 mm/yr and ET-MODIS —0.12 mm/yr.

Influence factors of ET in YRB
Precipitation

From the above results and analysis, we find that the precipi-
tation has a great impact on ET in YRB. The values of ET-
GRACE and precipitation data from GPCC in each region
of YRB were fitted in a long-term sequence and their corre-
lation coefficients and variances were analysed; these are
shown in Figure 10 and Table 2.

As can be seen from Figure 10, the precipitation and ET
in YRB are in the same order of magnitude, and have the
same seasonal variation trend with similar amplitude. How-
ever, Figure 10(b) shows that the amplitude of precipitation
in the upper reaches is greater than that of ET, which indi-
cates that the values of ET do not increase dramatically
when the precipitation increases significantly. There are
some qualifications, and the relative values are affected by
ground conditions.

According to Table 2, each ET product has a great corre-
lation with the precipitation, and the correlation coefficients
are more than 0.71. Among them, the correlation coefficients
of ET products from the land hydrological model are close to
1, which may be due to the fact that the input data of the land
hydrological model contain precipitation data. The corre-
lation between ET from the water balance equation and
precipitation is of greater reference significance. Combining
Figure 10 and Table 2, we can find that ET in the upper
reaches is less affected by precipitation, but the precipitation
is the dominant factor on ET in the middle and lower reaches
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Figure 10 | Comparison of ET estimated from GRACE-TRMM model and precipitation data

from GPCC in each region of YRB: (a) total YRB, (b) upper YRB, (c) middle YRB,
(d) lower YRB.

Table 2 | Correlation coefficients (r) between ET and precipitation in each region of YRB

Precip Total r upper r Middle r Lower r
ETtrvMMm 0.85 0.78 0.84 0.86
ETgpcc 0.84 0.77 0.83 0.86
ETGidasvic 0.93 0.95 0.74 0.68
ETGldas-Noah 0.92 0.94 0.74 0.66
ETGldas-Mosaic 0.90 0.95 0.66 0.63
ETGldas-cLm 0.95 0.97 0.82 0.78
ETmobis 0.92 0.96 0.71 0.73

where the precipitation is higher with the correlation coeffi-
cients of r=0.84 and r=0.86, respectively. The correlation
coefficient of the upper reaches is slightly smaller, with r =
0.78, which also shows a great correlation.
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Soil moisture

The soil moisture data were provided by GLDAS-Noah; four
layers of soil in 0-2 meters were added. The values of ET-
GRACE and soil moisture data in each region of YRB
were fitted in a long-term sequence and their correlation
coefficients and variances were analysed; these are shown
in Figure 11 and Table 3. There is a large magnitude differ-
ence between ET and soil moisture in each region, the
value of ET is about 100 mm/month, while the value of
soil moisture is around 550 mm/month, but there is a cer-
tain correlation between them in long-term sequence
variations (Figure 11).

Table 3 shows that the correlation coefficients between
the values of each ET product and soil moisture in each
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Figure 11 | Comparison of ET estimated from GRACE-TRMM model and soil moisture
from GLDAS-Noah in each region of YRB: (a) total YRB, (b) upper YRB, (C)
middle YRB, (d) lower YRB.

Downloaded from https://iwaponline.com/jwcc/article-pdf/11/2/451/694732/jwc0110451.pdf

bv auest

Table 3 | Correlation coefficients (r) between ET and soil moisture in each region of YRB

Soil moisture Total r Upper r Middle r Lower r
ETtrvMM 0.45 0.41 0.55 0.45
ETGpcc 0.44 0.41 0.53 0.45
ETGidasvic 0.50 0.28 0.49 0.37
ETGldas-Noah 0.49 0.30 0.50 0.40
ETGldas-Mosaic 0.49 0.33 0.40 0.31
ETGldas-cLm 0.50 0.29 0.56 0.50
ETwmobis 0.53 0.34 0.48 0.50

region around 0.4, showing moderate correlations. All pro-
ducts show the highest correlation coefficient in the
middle reaches with values reaching r=0.56 and the
lowest correlation coefficient in the upstream region with
r=0.28.

Surface temperature

The surface temperature data were from the GLDAS-Noah
model. The values of ET-GRACE and surface temperature
data in each region of the YRB were fitted in a long-term
sequence and their correlation coefficients and variances
were analysed and are shown in Figure 12 and Table 4.
According to Figure 12, the variation trends of surface temp-
erature and ET are basically the same, but the variation of
surface temperature is gentle, and they fit well in the
summer high-value area (consistent with the analysis in ‘Sea-
sonal variations of ET’). The fluctuation of ET is greater,
which may be due to the fact that ET is controlled by the coup-
ling of various factors.

Table 4 shows the correlation coefficients of surface
temperature and ET from the land hydrological model and
remote sensing data are large, which is probably because
the input data of the land hydrological model and remote
sensing data include surface temperature data. The corre-
lation between ET from the water balance equation and
surface temperature is of greater reference significance.
Comparing Table 4 with Table 3, we find that surface temp-
erature has a great impact on ET, but the correlation
coefficient (about 0.7) is slightly smaller than that of precipi-
tation. Moreover, the correlation coefficient decreases
progressively, i.e. upper > middle > lower.
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Figure 12 | Comparison of ET estimated from GRACE-TRMM model and surface temp-

erature from GLDAS-Noah in each region of YRB: (a) total YRB, (b) upper YRB,
(c) middle YRB, (d) lower YRB.

Table 4 | Correlation coefficients (r) between ET and surface temperature in each region

Temp Total r upper r Middle r Lower r
ETtrMM 0.84 0.77 0.69 0.61
ETGpcc 0.84 0.70 0.71 0.61
ETGidasvic 0.97 0.96 0.97 0.96
ETGldas-Noah 0.97 0.96 0.96 0.92
ETGidas-Mosaic 0.98 0.97 0.98 0.95
ETGidas-cLM 0.96 0.96 0.94 0.92
ETmobis 0.96 0.94 0.96 0.94

Solar radiation

The solar radiation data were used from GLDAS-Noah. The
values of ET-GRACE and solar radiation data in each region
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of YRB were fitted in a long-term sequence and their corre-
lation coefficients and variances were analysed and are
shown in Figure 13 and Table 5. From Figure 13, the long-
term sequence variation trend of solar radiation and ET in
each region is basically the same and more consistent
in the high-value area, while ET shows greater fluctuation
in the low-value area, indicating that the surface ET is domi-
nated by other factors rather than solar radiation when it is
cloudy and rainy with low solar radiation.

According to Table 5, the correlation coefficients of
solar radiation and ET from the land hydrological model
and remote sensing data are large, which is probably
because the input data of the land hydrological model and

remote sensing data include solar radiation data.
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Figure 13 | Comparison of ET estimated from GRACE-TRMM model and solar shortwave
radiation from GLDAS-Noah in each region of YRB: (a) total YRB, (b) upper
YRB, (c) middle YRB, (d) lower YRB.



465 X. Tian & S. Jin | ET variations and influence factors in the Yangtze River Basin

Journal of Water and Climate Change | 11.2 | 2020

Table 5 | Correlation coefficients (r) of ET and solar shortwave radiation in each region of

YRB
Solar radiation Total r Upperr Middle r Lower r
ETtrvMm 0.73 0.45 0.69 0.48
ETGpcc 0.73 0.44 0.71 0.50
ETGidasvic 0.90 0.85 0.94 0.84
ETGldas»Nuah 0.91 0.84 0.96 0.94
ETGldas-Mosaic 0.90 0.83 0.94 0.93
ETGldas.cLM 0.91 0.83 0.93 0.85
ETmobis 0.85 0.77 0.90 0.76

Comparing Table 5 with Tables 2-4, the impact of solar
radiation on ET is greater than soil moisture, slightly less
than surface temperature, and much smaller than precipi-
tation. The effect is different from the gradually descending
law of surface temperature, with middle > lower > upper.

From the above influencing factors, we find that precipi-
tation and temperature have the largest impact on the ET
variations in whole YRB, and solar shortwave radiation,
and soil moisture have a moderate impact. ET variations
in the middle and lower YRB reaches are greatly affected
by precipitation, and temperature plays a more important
role in the upper YRB reaches, while the middle YRB
reaches is mainly dominated by solar radiation.

DISCUSSION

In this study, the precipitation of TRMM data was converted
from 0.25x 0.25 grids to 1x 1 grids. The effect on the esti-
mation accuracy of conversion can be explained using a
comparison. We also use GPCC as the precipitation in the
water balance equation to calculate ET, and GPCC data is
for a 1x1 grid. If ET-GRACE-TRMM is similar to ET-
GRACE-GPCC, the accuracy of converting TRMM data
will not be affected. Figure 2 shows us that ET-GRACE-
TRMM is similar to ET-GRACE-GPCC. Furthermore, our
GRACE-ET results are further validated by MODIS
observations.

In addition, Figure 6 shows that GRACE-ET values
reflect the drought events in 2006 and 2011. These two-
year annual ET variations are much lower than other
years from GRACE-ET, but the other products GLDAS-ET
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and MODIS-ET do not show anomalies. The drought
events in 2006 and 2011 are historical events that were
also validated by meteorological data. In addition, the ET
in the YRB cannot be measured because the study area is
too large to be measured by in-situ observations.

Figure 2 shows that in 2011 the GRACE-ET values were
much lower than in other years, except for 2006. ET-
GLDAS and ET-MODIS were not lower than usual in
2011. From the GRACE-ET in Figures 6(a) and 6(b), we
see that in 2006, the drought event mainly happened in
the upper basin of the YRB. The middle basin and lower
basin annual ET values were high in 2006 which make up
the loss of drought in the upper basin of the YRB leading
to a normal ET value in the total basin. Therefore, it is not
difficult to draw the conclusion that GRACE-ET had better
performance than estimated ET by using other methods
due to the higher ET values, but GRACE provides a new
way to estimate ET variations.

Comparison of subgraphs in Figure 8 shows that ET in
the Three Gorges area is high, no matter the distribution
of precipitation and surface temperature, and regardless of
seasons, which indicates that the construction of the Three
Gorges Dam has increased the value of ET in the area. Per-
haps the interception of the Three Gorges Dam increases
the surface area of water, thus increasing the area of evapor-
ation, or the construction of the dam reduces the vegetation
coverage of the area, resulting in the weakening of veg-
etation effects on water retention, thereby increasing ET.
In addition, other possible reasons include that the construc-
tion of the Three Gorges Dam has an impact on human
water, irrigation and water storage.

Table 1 shows that the variation trends of ET-MODIS in
each region are negative, which is not the same with other
ET products (positive). This may be due to the different
time range of data we adopt, i.e. MODIS data does not
include 2015 and 2016.

CONCLUSIONS

Based on precipitation data provided by TRMM and GPCC,
runoff data from GLDAS and GRACE data, ET in the whole
YRB and its upper, middle and lower reaches was estimated
by means of the water balance equation from August 2002 to
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August 2016. The monthly average ET is compared with that
of ET products from GLDAS and MODIS, showing good
agreement. In addition, the interannual, seasonal, long-
term variation and spatial distribution of ET in YRB were
analysed in detail. Firstly, the values of 12 months’ ET esti-
mated from GRACE are higher than those of products
from the land hydrological model and remote sensing
data. Secondly, the GRACE data verify the severe drought
events in 2006 and 2011. Thirdly, the influencing factors
on ET variations in YRB were analysed.

The distribution of low values is shown in all regions in
winter, and the distribution of high values is shown in all
regions in summer (except for the low values in the upper
reaches of the alpine regions in four seasons), while the
distribution for the spring and autumn displays spatial diver-
sity. ET in the Three Gorges, Dongting Lake basin and
Poyang Lake basin is higher. The seasonal variation of ET
is consistent with the spatial distribution of precipitation,
especially in spring, which indicates that the precipitation
is the main controlling factor for ET in spring. ET in the
southeastern middle reaches of YRB is significantly higher
because YRB is controlled by the monsoon, and the south-
west monsoon lands on the southeast coast in spring,
resulting in more precipitation, and then ET also increases.
ET in the upper reaches of the Yangtze River is much more
controlled by the surface temperature in summer.

Precipitation has the largest impact on ET (r=0.85 for
the whole YRB); surface temperature also has a great
effect (r=0.84 for the whole YRB), followed by solar short-
wave radiation (r=0.73 for the whole YRB), and soil
moisture has a moderate impact (r=0.45 for the whole
YRB). ET in the middle and lower reaches of YRB is greatly
affected by precipitation (values of r are 0.84 and 0.86
respectively); temperature has a more important role in
the upper reaches (r=0.77) and the middle reaches are con-
trolled by solar radiation (r=0.71).
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