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and soil moisture using remote sensing

Penman-Monteith model
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Abstract: Soil moisture content is an important factor affecting soil evaporation. Analyzing the influence of soil moisture variation

on soil evaporation has a positive effect on water resource management. The remote sensing Penman-Monteith (P-M) model is a

remote sensing based method for evapotranspiration simulation and can calculate soil evaporation and vegetation transpiration

separately. This study calculates the evapotranspiration for Wangdu station and investigates the effects of soil moisture on the

model parameters and soil evaporation. The results showed that the model has a good performance at Wangdu station with a val-

ue of NSE (0. 559). There is an uncertain relationship between soil moisture and model parameters. Comparing with the vegeta-

tion transpiration, the consistency of soil moisture and soil evaporation is stronger in the simulation period for this particular re-

search.

Key words: remote sensing; Penman-Monteith; evapotranspiration; soil moisture

Evapotranspiration is an important component

1, and

of surface energy balance and water balance!
it is an intermediate link connecting the surface
land and air-water exchange. Simultaneously, evap-
otranspiration is also an important element in agri-
cultural water management. Therefore, the accurate
simulation of evapotranspiration has positive sig-
nificance for strengthening water resources man-
[2]

agement*’ and realize the efficient utilization of

water resources-.

Traditional evapotranspiration observations
are mainly based on ground-based station observa-
tions' , but the large-scale spatiotemporal distribu-
tion of evapotranspiration cannot be obtained. The

continuous development of remote sensing technol-
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ogy has provided technical means for large-scale
evapotranspiration monitoring'™ , which mainly in-
cludes two types of a residual method based on the

671 and physical model

principle of energy balance
method based on Penman formula'®’. Among them,
the physical model based on Penman’s formula
uses the P-M model to directly estimate evapo-
transpiration, which is convenient for using large-
scale in situ remote sensing data"®. The leaf sur-
face index-based remote sensing Penman model
(remote sensing P-M) proposed by Cleugh"! and
improved by Mu et al. ') is a typical representative
of such methods.

The remote sensing P-M model based on Pen-

man's formula is a direct method to calculate evap-
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otranspiration by parameterizing the surface con-
ductance G,. By generalizing the canopy structure,
this method can obtain high estimation accuracy'"’
when the canopy is closed. The surface impedance
can be parameterized to improve the simulation
effect when the vegetation is sparse. During appli-
cation process of this model, many scholars have
further improved the model. Mu et al. improved the
calculation of surface conductance by introducing
foliar indices and meteorological elements and met
the need of verification using multi-site observation
data. Leung et al. "'*) developed a model with a bio-
physical basis, also known as the "PML" model.
Zhang"*! and Li Hongxia''* performed evapotrans-
piration simulations in Australia based on the PML
model. Wang Haibo et al. """ also used this model
to analyze the evapotranspiration of the Heihe Riv-
er basin in China. These studies have made great
progress in the parameterization scheme of the sur-
face conductance in the remote sensing PM model
and made the model an important method for the
simulation and monitoring of surface evapotranspi-

051 which also laid a foun-

ration on a global scale
dation for the accurate simulation of evapotranspi-
ration in this study.

Even though the remote sensing PM model
has been applied in different climate and vegetation
coverage areas around the world. The application of
the model is mainly focused on improving the sim-
ulation accuracy of evapotranspiration, and analy-
zing the impact of changes in other factors on the
underlying surface on the model. Sole research of
Zhang et al. "% analyzed the effects of climatic con-
ditions on soil evaporation and vegetation transpi-
ration based on remote sensing PM models. The
change in soil water content has a significant im-
pact on the simulation of evapotranspiration. The
related research by Wang Chaohua shows that the
evapotranspiration of the cultivated layer above 0. 3
m in North China can reach more than 76 % of the
total evapotranspiration"'®’. However, there are few
studies on the effects of surface soil moisture chan-
ges on soil evaporation and vegetation emission
based on remote sensing evapotranspiration mod-

els. In this paper, Wangdu observation station in

North China Plain is taken as the research object,
and studies the effect of soil water content changes
on soil evaporation during evapotranspiration based
on eddy-covariance observations and remote sens-
ing monitoring products of surface soil water con-
tent,in order to provide a reference for the subse-
quent application of the model and the calculation

of soil evaporation.

1 Data and methods

1.1 Data

The Wangdu observation station selected by
the research institute was established in 2016 and
began to carry out eddy-covariance observation in
the second half of 2018. The station is located at
115°6'57" E,38° 42'9" N, covering an area of nearly
2. 67 hm?® at an altitude of 51 m. It is located in the
North China Plain (Fig. 1) and belongs to the tem-
perate monsoon climate zone with an average annu-
al temperature of 11. 8 C. Wangdu station has the
latest eddy-covariance monitoring and remote sens-
ing soil moisture data that can be combined with
the analysis, which is convenient for comparison
and analysis with existing research results in the

region,
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Fig. 1 The location of Wangdu station

In this study meteorological data such as air
temperature, sunshine hours, humidity, pressure in-
cluded the evapotranspiration data of Wangdu sta-
tion from May to October 2018 (lack of missing
observations in July) (Fig. 2). The daily data prod-
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uct obtained by the interpolation method is issued
by the National Meteorological Information Center
(http://data. cma. cn/). The ground observation
data of soil moisture content is selected from the
national soil moisture measurement and prediction
system for the observation data of soil moisture
content at 10cm of the Wangdu surface. The L4
product of SMAP (Soil Moisture Passive and Ac-
tive) soil moisture data is selected as the remote
sensing data. The SMAP soil moisture product has
a high accuracy''™ and has been widely used. The
land use in the observation station is mainly culti-

vated land.
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Fig. 2 Precipitation and temperature change at
Wangdu station from May to October in 2018

1.2 Methods

1. 2.1 Evapotranspiration inversion model
A remote sensing PM model was developed
based on the calculation method of potential evapo-
transpiration from open water and wet underlying
surfaces'"’, The basic idea is to introduce the con-
cept of "surface impedance"!'™ to obtain the P-M
formula of unsaturated underlying evapotranspira-

tion, the basic calculation process is"?

eA+(o,c,/VD. G,
e+14+G,/G,

where E is the evapotranspiration; A is the latent

AE= (L

heat of vaporization;e is the ratio of the slope of
the temperature saturated vapor pressure curve to
the dry-wet surface constant;p, is the air density;c,
is the specific heat of constant air pressure; D, is
the differential pressure of the saturated vapor at
the reference height; A is the available energy,
which is the difference between the net radiation

and the soil heat flux; G, is the aerodynamic con-

c 40 ¢ KXKFR

ductivity; G, is the surface conductance.

In calculation, the evapotranspiration is divid-
ed into two parts, soil evaporation (E.) and vegeta-
tion transpiration (E)M), The basic idea is to de-
compose the absorption of available energy into
canopy absorption and soil absorption**. Specific-
ally expressed as

At (,c,/ VD, G, | feA,
eF11G./G. et 1

where f is the soil evapotranspiration coefficient;

AE=E.+E. = + (2)

A. and A, are the parts of available energy ab-
sorbed by the canopy and soil respectively,and the
energy absorbed by the soil accounts for z times of
available energy.z can be obtained through the em-
pirical relationship of LAIL

The canopy conductance, G., can be obtained
from the relationship between the maximum stom-
atal conductance, g, ,and LLAI

Ge ~g*1 [ :

Q. TQs } 7D
Q, exp(— kA LAD+ Qs :

(3
where kg is the short wave radiation attenuation,
usually 0. 6; k4 is the available radiation attenua-
tion coefficient,taken as 0. 6;Q, is the visible radi-
ation flux above the canopy;Qs, and Ds, are the vis-
ible radiation flux and water vapor pressure differ-
=8u/2 (g«
is the maximum value of g.),usually 2. 6 MJ/(m? « d)

ence when the stomatal conductance g,

and 0. 8 kPa,respectively.

In general, the sensitivity of evapotranspiration to
aerodynamic conductance is weak in the proces% of dai-
ly scale evapotranspiration simulation'”. Therefore,
when the meteorological data with the high spatial res-
olution is incomplete, the value of G, can be assigned
according to different features'*®!. The net radiation
R, is obtained from the surface albedo, solar short-
wave radiation, and net long-wave radiation. The
meteorological parameters such as vaporization la-
tent heat (1) ,dry and wet surface constant (y) are
calculated according to the corresponding formula.
For details, please refer to [20] and [ 21] to calcu-
late the components of meteorological elements re-
quired for vaporization and emission.

In addition to the relatively insensitive param-

eters, the remote sensing P-M model is used to
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simulate the evapotranspiration parameters f and
g, +and the Nash Sutcliffe coefficient (NSE)™ is
usually determined according to the simulated and
measured evapotranspiration. The parameters are
calibrated by the optimization algorithm. Among
them, the larger f is the wetter soil condition and
the value of g, is related to the vegetation type in

the study area®.

1.2.2 Analysis of the relationship between
soil evaporation and surface soil wa-
ter content

In order to deeply analyze the influence of dif-
ferent soil moisture conditions on the soil evapora-
tion coefficient f during the inversion of evapo-
transpiration using a remote sensing P-M model,
this study divided the simulation period into 3 sta-
ges based on the observations of soil moisture dur-
ing the simulation period and the soil moisture con-
tent. The parameters of different stages of the
evapotranspiration process are calibrated. On this
basis, the calibration results of each stage f are
compared with the corresponding soil moisture
content,and the effect of soil moisture changes on
the calibration of remote sensing P-M model pa-
rameters is analyzed. Simultaneously, the soil evap-
oration and vegetation emission in each stage were
summarized to analyze the impact of the change of
soil moisture content on soil evaporation.

1.2.3 Uncertainty analysis of remote sens-
ing P-M model parametersP

In order to analyze the uncertainty of calibra-

tion results of the model parameters, the GLUE
(Generalized Likelihood Uncertainty Estimation)
method?" is used to analyze the uncertainty of the
parameters. The method considers that the closer
the simulated value is to the measured value, the
greater the likelihood degree. When the difference
between the simulated value and the measured val-
ue is greater than the specified threshold value, the
likelihood degree is 0. The calculation process of
the GLUE algorithm is as follows:

Determine the likelihood: The likelihood
function is used to reflect the difference be-

tween the simulated value and the observed val-

ue of the model. The deterministic coefficient
(R?) is one of the commonly used expressions.
Its expression is

LEI (ETO[,,-,Z' _ETsim,i )2
LG |Y)=1—"7 (4

n

Z:l ( ETobs. i ETmean ) :

In the formula, 0; is the parameter of group ;Y
is the value of the parameter group; L is the like-
lihood value in this study is R?; ET,.; is the ob-
servation value of group i parameter; ET,.; is
the simulation value; and ET e 1s the mean val-
ue of observation value.

Parameter probability distribution:In general,
the prior distribution of parameters is difficult to
determine, and it is usually described by the uni-
form distribution. In this paper, the uniform distri-
bution is used to describe the prior distribution of
f and g, parameters in the remote sensing P-M
model.

Analyze the uncertainty: If the likelihood is
lower than the threshold, the likelihood is consid-
ered to be 0. In this study, the threshold of the
likelihood function is set to 0. 5.

In order to analyze the uncertainty interval of
model parameters, this study selected three com-
monly used indexes, namely CR ( Containing
ratio) , B ( Average bandwidth) and S ( Average
asymmetry degree). The meanings and calculation
methods of the three types of indicators are as fol-
lows

CR represents the proportion of observation
samples in the uncertainty interval to the total

samples,and its expression is

n
CR:%xwo% (5)

where 7y is the number of observation samples
in the uncertainty interval;n is the total number of
observation samples.

B refers to the average width of the difference
between the maximum value and the minimum val-
ue of the simulation value in the simulation period,

and its expression is

SCET s~ ET i)

upper., i

B= (6)

n

Where. ET

and ET\,...;are the maximum and

uppers i
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minimum values of simulation values in the uncer-
tainty interval at the ith simulation time,

S is used to characterize the symmetry be-
tween the distribution of the uncertainty interval

and the observed value. The calculation process is

as follows
S=
ijl ‘ ETuppcr.i _ETI )/(ETuppcr.i _ETlowt‘r.i ) - O' 5 |
= P
n

where ET; is the observed value at the i¢th calcula-

tion time.
2 Results and discussion

2.1 Model calibration and simulation results

The model parameters of the evapotranspira-
tion process of Wangdu station are estimated for
October as the validation period and May to Sep-
tember for the year of 2018 as the calibration pe-
riod using remote sensing data, meteorological da-
ta and remote sensing P-M model, based on simu-
lated annealing algorithm'*’. After the calibration
of parameters, the NSE between the observed
evapotranspiration and the simulated value of
Wangdu station is 0. 559, which indicates that the
simulation of remote sensing P-M model in Wang-
du station has better accuracy. The calibration
value of f is 0. 886, which indicates that the soil
of Wangdu station is relatively moist in this period
and the calibration result of g, is 0. 046, respec-
tively.

The comparison between the scatter points of
the simulated P-M evapotranspiration and the ob-
served values at Wangdu Station are shown in
Fig. 3. The correlation coefficient of the scatter plot
is 0. 562 1,and the linear fitting result is closer to
the 1 : 1 line, which indicates that there is a good
correlation between the inversion value and the
measured value,

2.2 Influence of changes in soil water con-
tent on calibrated parameters

The monitoring of soil moisture at Wangdu
station is every 10 days, the measured values of soil

water content cannot obtain on a daily sequence . In
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Fig. 2 Comparison of in situ and simulated evapotranspiration of

Wangdu station from May to October in 2018

this paper, SMAP surface soil moisture data is used
as a reference for assessing the change of surface
soil moisture at Wangdu station. First, the soil
moisture content (10 em depth) of the observation
day in the weather forecasting system is compared
with the SMAP data to verify the validity of the
SMAP data products. From Fig. 4 (a), it can be
seen that the SMAP soil moisture content product
has a certain consistency with the measured value.
The Pearson correlation coefficient is 0. 48 and the
root mean square error is 0. 05 em®/em?®. Consider-
ing that SMAP is a large-scale microwave observa-
tion data product and the error is within the ac-
ceptable range'®). Fig. 4 (b) further shows that al-
though the SMAP data is lower than the measured
value as a whole, it can reflect the changing trend
of surface soil moisture content. The accuracy of
the scatter fitting between SMAP and the meas-
ured soil moisture content is not high. On the one
hand, because the microwave can only observe the
soil moisture near the surface, therefore, the SMAP
data is considered here as an approximation of the
soil moisture content at 10 cm on the ground. The
spatial resolution of the SMAP data is 9 km. Com-
paring the SMAP data of the grid where the Shan-
gqing station is located with the observations, the
average grid is 9 km X9 km grid which has uncer-
tainty. Simultaneously, the comparison of rainfall
and SMAP data further shows that the changes in
SMAP data are consistent with the fluctuations of
rainfall (Fig. 5). Therefore, this study uses SMAP
surface soil moisture content products to character-
ize the actual soil moisture changes at Wangdu sta-

tion.
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Fig. 5 Comparison of SMAP and precipitation at Wangdu station

The study period is arranged in ascending or-
der and divided into three equal parts (stage 1,
stage2,and stage3) according to the size of the soil
moisture obtained from the SMAP surface. Each
stage has lasted about 60 days (representing 60 ob-
servations). The minimum soil moisture content of
the three stages is 0. 044 7 cm®/cm? , the maximum
1 0.212 5 ecm®/cem®, and the critical values of the
three stages are 0.076 8 cm®/cm® and 0.106 4
cem®/em?®, respectively, suggested that higher the
stage,the greater the soil water content. The evap-
otranspiration of three stages and different soil
moisture conditions are used to calibrate the sensi-
tive parameters of the remote sensing P-M model
and simulate the evapotranspiration. The results
are shown in Tab. 1. The calibration results based
on SMAP soil moisture content products show that
the soil evaporation coefficient f is relatively large,
indicating that the soil in the study area is relative-
ly humid during the simulation period. The evapo-
ration coefficient of stage 3 is the largest. Howev-
er,at stage 2, the soil evaporation coefficient 0. 78

obtained by the remote sensing PM model is smal-
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of Wangdu station from May to October in 2018

ler than the result 0. 88 at stage 1, which indicates
that the soil evaporation coefficient of the model
during the simulation period is not a simple linear
correlated with the surface soil moisture content,

and the model calibration results are uncertain.

Tab. 1

Parameter calibration of different periods

Soil moisture Parameter calibration resultsf

interval f Gex

Stage 1 0. 883 9 0.009 7
Stage 2 0.782 9 0.043 3
Stage 3 1 0. 050 0

There are many reasons for the uncertainty of
parameter calibration results. The first is the opti-
mization algorithm. In this paper, a simulated an-
nealing algorithm is used to calibrate the sensitive
parameters of remote sensing P-M. The initial pop-
ulation is set to 50,and the maximum number of it-
erations is set to 20. The selection of different pa-
rameters in the algorithm may have an impact on
the results of calibrated parameters. Secondly, the
accuracy of the SMAP surface soil moisture data
will affect the division of stages. Finally, the selec-
tion of the sensitive parameter interval will also af-
fect the results of parameter calibration. Based on the
existing research results, the interval of f and g is
[0.050,1.000] and[ 0. 002,0. 050 ], respectively.
2. 3  Relationship between changes in soil

water content and evaporation
In order to further analyze the influence of dif-
ferent surface soil moisture content on soil evapo-
ration, the parameters described in Section 2.1 are
used to calculate the soil evaporation and vegeta-
tion emission for each stage. The main crops are

winter wheat and summer corn at Wangdu station.
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However, the stage division in this study is based
on the soil moisture content, and the same stage
may contain different seasons. Therefore, this sec-
tion mainly analyzes the relationship between soil
moisture content and evaporation. Fig. 6 (a) shows
the comparison of soil evaporation in different sta-
ges,where the horizontal axis is the serial number
generated from low to high SMAP soil moisture
content at each stage (excluding non-evapotranspi-
ration observation dates and remote sensing date
when the data is an invalid value). According to the
soil moisture content, different stages are divided
to analyze the changes of soil evaporation and vege-
tation emission under different soil moisture condi-
tions. Judging from the division of the three sta-

ges, the higher the soil moisture content, the grea-
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ter the soil evaporation. This phenomenon is more
obvious in stage 1. The soil moisture content in
stage 1 is the lowest as a whole, and the soil evapo-
ration is also low in the three stages. From the per-
spective of the daily average soil evaporation in
each stage (Tab. 2),the daily average soil evapora-
tion in stage 1 is 0. 139 6 mm /d, which is also the
lowest in the three stages. This is because the soil
evaporation is mainly the water loss process of the
soil,and 0-20 cm is the soil layer strongly affected
by the soil evaporation. When the soil water supply
condition is good, the soil water will be fully evap-
orated. As the continuous state of the capillary, the
soil evaporation will gradually reduce when the soil
water content is less than the field water capaci-

ty>27] .
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Fig. 6 The variation of soil evaporation and vegetation transpiration for different periods at Wangdu station from May to October in 2018

Tab. 2 The average values of soil evaporation and vegetation transpiration in different periods

Soil moisture Soil moisture content

Mean value of soil Mean value of vegetation

interval range/(cm® « cm™®) evaporation/(mm ¢« d1) emission/(mm « d')
Stage 1 (0.044 7,0.076 8) 0.139 6 3.652 1
Stage 2 (0.076 8,0.106 4) 0.2219 2.754°9
Stage 3 (0. 106 4,0.212 5) 0.297 9 2.509 4

During the simulation period, the correlation
between the amount of surface soil water content
and changes in vegetation emission was poor. From
Fig. 6 (b),it can be seen that in stage 1 with the
lowest soil moisture content of SMAP, the simula-
tion results of vegetation emission are the highest
in many simulation days, especially in the first 20
simulation days of stage 1. In addition to soil water
content, vegetation emission is also affected by fac-
tors such as temperature, sunlight, and plant physi-

ological characteristics. Because this study segmen-

e 44 e KX KRR

ted the simulation period according to the SMAP
surface soil water content, the growth period is dis-
continuous within each segment, and meteorologi-
cal conditions are not taken into account during the
stage division, which resulted in insignificant chan-
ges In vegetation emission.

As mentioned above, the soil layer 0-20 cm
above the ground surface is the soil layer with
strong soil evaporation. However, due to the limi-
tation of remote sensing observation depth, the

SMAP microwave product which is selected in this



DUAN Hao,et al Assessment the relationship between soil evaporation and soil

moisture using Remote Sensing Penman-Monteith model

paper cannot reflect the soil water status at 20 cm
depth,only as an approximation of the soil water
content at 10 cm above the ground surface. There-
fore, the analysis of this study only focuses on the
effect of changes in surface soil moisture on evapo-
transpiration,and the study of the relationship be-
tween soil moisture and evapotranspiration at a
depth of 10-20 cm can be based on assimilated
products of soil moisture (such as GLDAS, etc. ),
and related work will be carried out in subsequent
studies.
2.4 Uncertainty analysis of model parame-
ters

In order to further analyze the uncertainty of
the model parameters, this study analyzes the influ-
ence of parameter selection on simulation results
based on the GLUE algorithm. The f and g, pa-
rameters were measured according to the Monte

Carlo method, and a total of 10,000 samples were
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(R
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e
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taken. Fig. 7 shows the comparison between the
values of the two sensitive parameters and the re-
sults of the likelihood function being greater than
the threshold. It can be seen that the parameters f
and g both obey the exponential distribution, and
the value interval of f is concentrated between
0.78 and 0.99. The larger the value of g, the
greater the probability that the model will obtain a
higher likelihood value. In comparison, the parameter {
has greater uncertainty on the model. The results of
the three uncertainty indicators of the model show
CR value is 32,the B value is 0.63 (mm/d),the S
value is 1. 25, respectively, and the correlation be-
tween the evapotranspiration simulation value and
the uncertainty interval also shows that part of
simulation value is outside the uncertainty interval

(the evapotranspiration interruption part in the

figure is the missing date for monitoring) (Fig. 8),
(28]

so the model parameters are uncertain

ih,5d +
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Fig. 7 Scatter plots of likelihood function values for sensitive parameters
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Fig. 8 Uncertainty interval of daily evapotranspiration
at a 90% confidence level
In general, the remote sensing P-M model well
simulates the evapotranspiration process for Wang-

du station and has high simulation accuracy. How-

ever,due to factors such as the prior distribution
selection rules of the model parameters, model
structure, sampling rules, and input data errors,
there are still some uncertainties in the simulation
process,and the model does not fully simulate the

evapotranspiration process.
3 Conclusions

In this paper, the remote sensing P-M model
was used to invert the evapotranspiration of Wang-
du station from May to October,and the effects of
changes in surface soil moisture on the calibration
of model parameters and soil evaporation and vege-
tation emission are analyzed with SMAP surface

soil moisture products. The main conclusions are as

KL KK/ e 4D e
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follows

(1) Based on the remote sensing P-M model,
the evapotranspiration of Wangdu station from
May to October 2018 is simulated. The NSE coeffi-
cient of the simulated and measured values is 0. 56.
This method has a good simulation ability for evap-
otranspiration at Wangdu station.

(2) When the remote sensing P-M model has
the highest soil moisture content, the calibration
result of the soil evaporation coefficient reaches the
maximum value, but there is still uncertainty be-
tween the two.

(3) In the case of only considering the change
of surface soil moisture content, the consistency
between soil moisture content and soil evaporation
is obvious, but the consistency between soil mois-
ture content and vegetation emission is weak under
the influence of meteorological conditions, vegeta-
tion growth period and other factors.

(4) The uncertainty analysis of the model pa-
rameter in calibration shows that although the sim-
ulated evapotranspiration results can better reflect
the actual observation situation, the remote sensing
P-M model has certain uncertainty, and the uncer-

tainty of the sensitive parameter f is greater.
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