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Evapotranspiration Variations in the Mississippi
River Basin Estimated From GPS Observations

Tengyu Zhang and Shuanggen Jin, Member, IEEE

Abstract—Evapotranspiration (ET) is one of the key variables
in water cycle and ecological systems, whereas it is difficult to
quantify ET variations from traditional observations in large river
basins, e.g., Mississippi River basin (MRB). In this paper, a new
geodetic tool, i.e., Global Positioning System (GPS), is used for the
first time to estimate monthly ET variations at a regional scale.
Based on the water balance equation, the monthly ET variation is
estimated using the GPS-derived terrestrial water storage (TWS)
from January 2006 to July 2015 in MRB. The annual amplitude of
GPS-inferred TWS in MRB agrees well with the results of Gravity
Recovery and Climate Experiment. The ET variations from the
water balance approach agree well with the land surface modeling
and remote sensing data. The correlation of GPS-inferred ET
with other ET products is higher than 0.8, which indicates that
the GPS-estimated ET well characterizes the ET variations in
MRB. The annual amplitude of GPS-inferred ET variations is
47.9 mm/month, which is close to that from land surface modeling
of North American Land Data Assimilation System, and a little
larger than MODerate Resolution Imaging Spectroradiometer.
The mean monthly ET reaches its maximum in June-July and its
minimum in December, which is consistent with the periodic pat-
tern of radiative energy in a year. Furthermore, the ET variations
are mainly dominated by the temperature change in MRB.

Index Terms—Evapotranspiration (ET), Global Positioning
System (GPS), Gravity Recovery and Climate Experiment
(GRACE), Mississippi River basin (MRB), terrestrial water
storage (TWS).

I. INTRODUCTION

HE Mississippi River basin (MRB) is one of the largest
river basins in the world with about 3.2 million km?,
which is one of the most important ecological systems for the
agricultural economy in the United States [1]. It is essential
to monitor and understand the variability of water resources in
MRB. Evapotranspiration (ET) plays a key role in controlling
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the water and energy balance in a region that is the highest
outgoing water flux in the hydrological cycle. ET, including
evaporation and transpiration from the land, contributes to
replenish the atmospheric moisture with the process of pre-
cipitation recycling [2] and controls the hydrological cycle in
the ecosystem. The determination of ET is very helpful for
irrigation design and scheduling [3] and even provides some
additional information for weather forecasting [4]. Therefore,
characterization and quantification of ET in MRB have become
more and more important.

The traditional approach for micrometeorological measure-
ments cannot provide enough observations to monitor ET
variations. Nowadays, satellite remote sensing can monitor the
variability of ET at global and regional scales. The MODerate
Resolution Imaging Spectroradiometer (MODIS) has become
an essential tool to estimate the spatially distributed ET vari-
ations [5], [6]. Based on an empirical method [7] and physical
models [8], two kinds of approaches have been developed to ob-
tain ET products. Vegetation index-based data and land surface
temperature are inputs to energy balance formulation, which
showed some strengths and weaknesses [9]. It is necessary
to calibrate the model results using ancillary data such as air
temperature, wind speed, and surface resistance parameters at
a specific region, which is the limitation for the method [10].
Another indirect method to estimate ET is based on the water
balance equation [11] and the terrestrial water storage (TWS)
change in the region of interest. Since the Gravity Recovery and
Climate Experiment (GRACE) mission has been successfully
launched in 2002, the monthly gravity field data have been ob-
tained and widely used to estimate the large-scale mass change
[12], including global and regional hydrological cycles [13],
[14], and the ET variations at basin scale [15], [16]. The esti-
mated monthly ET showed good consistency with the European
Centre for Medium-Range Weather Forecasts reanalysis and the
Global Land Data Assimilation System (GLDAS) models [17].
However, GRACE has large noises and low temporal—spatial
resolutions, e.g., 300- to 500-km spatial resolutions.

Another important geodetic tool, i.e., Global Positioning
System (GPS) measurement, is very sensitive to large-scale
mass redistribution [18], which has a great potential to estimate
regional TWS changes. Some attempts have been done to
determine the surface loading change [19] and seasonal patterns
[20], which demonstrated that GPS can be independent and ef-
ficient to monitor and quantify TWS change [20], [21]. GRACE
has a limitation for its application at some small regional
scale, whereas dense GPS observations are more sensitive to
hydrological loads at the scale of kilometers to hundreds of
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kilometers. Fu et al. [21] have successfully obtained the water
loading distribution in Washington and Oregon at a small
region. Therefore, continuous GPS observations with a low cost
and a dense network can be an appropriate supplementary tool.

Moreover, it is really essential to understand the sensitivity
of ET variations to soil moisture and temperature, which are
two controlling factors in the coupled land—atmosphere system.
It is a classic ecohydrological problem to distinguish the ET
variations responding to the atmospheric demand from that of
the terrestrial soil moisture at regional and local scales. Due
to the complex ET-soil moisture coupling and ET-temperature
coupling, it is difficult to uncouple the effect of soil moisture
and temperature on ET variations. The ET variation depends
on the surface and subsurface characteristics in response to the
changing atmospheric demand, which has a strong correlation
with surface temperature. On the other hand, with decreasing
soil moisture content, the plant root will have less accessible
moisture, which contributes to reduced ET. Therefore, the
limited soil moisture supply will lead to restricted ET.

In this paper, we aim to estimate ET variations from contin-
uous GPS observations in MRB and compare them with other
models and remote sensing results. In Section II, the data are
introduced as the basic input for estimation of ET variation. In
Section III, the theory of GPS-estimated TWS and ET based
on the water balance equation is presented. The results and
comparison with other models and observations are presented
in Section IV, as well as effects on ET variations. Finally, the
conclusion is summarized in Section V.

II. OBSERVATION DATA
A. GPS and GRACE Observations

Space geodetic observations can estimate surface water vari-
ations, e.g., GRACE and GPS. TWS includes all forms of water
underneath and above the land surface, such as snow, surface
water, soil moisture, and groundwater. The seasonal variations
of hydrological loading in a regional region, e.g., lake [19],
[22] and river basin [23], have been studied by GPS mea-
surements. The continuous GPS observations at 350 stations
with almost 20 years provide unique data to estimate hydro-
logical loading change in MRB (see Fig. 1), which covers from
30° N to 50° N and 78° W to 114° W. The continuous GPS
coordinate time series at precision of millimeters are obtained
from the daily solutions of the Jet Propulsion Laboratory (JPL)
processed by GIPSY software. To estimate water storage vari-
ations, the atmosphere loading should be removed from the
GPS height time series first. Here, we remove the atmosphere
effects using the data of 2.5° x 2.5° from the National Centers
for Environmental Prediction. The atmosphere displacements
are averaged into the daily value as a postprocessed correction
for the GPS daily solution. The amplitude of the displacement
caused by atmosphere loading is usually smaller when com-
pared with hydrological loading [24].

Here, we used a continuous GPS coordinate time series
from January 2006 to July 2015 to estimate TWS change.
The daily time series have been filtered into monthly data
to be consistent with precipitation data and GRACE data.
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Fig. 1. Distribution of continuous GPS stations (yellow stars) in the region
of MRB.

The method to invert TWS change will be introduced in the
next section. The GRACE mission with more than ten years
of observations provides a unique opportunity to estimate
global mass redistribution within the Earth system. Here, we
employed the level-2 monthly spherical harmonic coefficients
of GRACE Release 05 from the Center for Space Research
(CSR) of The University of Texas at Austin with a truncation
degree of up to 60. The monthly gravity coefficients are pro-
vided by CSR (ftp://podaac-ftp.jpl.nasa.gov/allData/grace/L2/
CSR/RLO05/), which are used to obtain the TWS change from
April 2006 to July 2015 for comparison with GPS results.

B. Precipitation and Runoff Data

The precipitation data are vital to the basin-scale ET esti-
mation because it is the only input in the land storage. For the
global scale, the rain gauge networks are installed to provide
the measurement of precipitation, but it is far from assessing
the regional precipitation. The monthly estimates of precip-
itation in MRB can be obtained from Parameter—elevation
Regressions on Independent Slopes Model (PRISM) data,
which were derived by the climate research initiative of Oregon
State University known as the PRISM Climate Group [25]. The
PRISM uses the point data, the digital elevation model, and
other spatial data sets to generate gridded estimates of climatic
parameters [26]. A wide range of observation networks has
been gathered and specific quality control measurements have
been applied to obtain short- and long-term climate patterns.
The precipitation data from PRISM have been validated by
in situ ground-based meteorological observations at reference
stations [27]. PRISM provides the gridded precipitation data
and surface temperature at a spatial resolution of 4 km from
1981 to 2015 (e.g., Fig. 2). Another precipitation data retrieved
from the Tropical Rainfall Measurement Mission (TRMM)
provide precipitation products from low to middle latitudes.
The three hourly products from TRMM with a spatial resolution
of 0.25° x 0.25° are converted into monthly solutions. These
precipitation products are very close to each other with a high
correlation of 0.98 (see Fig. 3).


ftp://podaac-ftp.jpl.nasa.gov/allData/grace/L2/CSR/RL05/
ftp://podaac-ftp.jpl.nasa.gov/allData/grace/L2/CSR/RL05/
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Fig. 2. Distribution of average precipitation from PRISM and average runoff
from VIC.
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Fig. 3. Monthly time series of average precipitation and runoff over MRB from
2006 to July 2015.

The runoff of a river has been widely observed with sufficient
accuracy, but the possibility to divulge information on the
water usage leads to the unavailability of the observation data.
The U.S. Army Corps of Engineers have dense gauge stations
for the MRB, but the runoff data are unavailable in this study.
The runoff data used in this paper are obtained from the North
American Land Data Assimilation System (NLDAS) Variable
Infiltration Capacity (VIC) model, which provides monthly
runoff data at a spatial resolution of 12 km covering the whole
United States. The model runoff has been validated by the
stream flow of all the basins in the conterminous United States
observed by the U.S. Geological Survey [28]. After the cal-
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ibration [29], the VIC simulation parameters were improved
for estimation of more reasonable runoff data. The spatially
distributed average precipitation and runoff are derived from the
released data, which show lower precipitation and runoff in the
MRB and Ohio basin but larger in the whole region (see Fig. 2).
The monthly precipitation and runoff time series have similar
periodic pattern, but the amplitude of precipitation is larger than
that of runoff (see Fig. 3).

C. ET From Models and Remote Sensing Data

The ET from NLDAS [28] and GLDAS [17] is used for
comparison with our results. Using three different land surface
models (LSMs), namely, Noah, Mosaic, and VIC as inputs, it
will generate different models consisting of ET and soil mois-
ture. The NLDAS and GLDAS models provide the products
from 1979 to present, which specify values at 1/8° and 1° inter-
vals of latitude and longitude, respectively. The NLDAS models
assimilate observation data of North America, which provide
simulation products in the United States (125° to 67° W,
25° to 53° N). The products from GLDAS cover globally
from 60° S to 90° N, 180° W to 180° E. The ET products
from MODIS are derived from MODIS-based phonological
and surface variables and obtained from 2006 to 2015 (http://
www.ntsg.umt.edu/project/mod16#data-product). The gridded
ET products from MODIS with a spatial resolution of 1/20° are
used for the comparison.

III. THEORY AND METHODS
A. TWS Estimation From GPS

The Earth’s crust will induce elastic displacements due to the
surface mass loading underlying the solid Earth. The surface
displacement can be accurately measured by GPS in millimeter-
level accuracy. The well-known Green’s functions [30] can be
used to calculate the surface displacement in elastic response
to the load of water, snow, ice, and atmosphere. The mass load
is related to the vertical elastic displacements. Therefore, the
vertical displacements are used to determine the distribution
of the surface load. The elastic displacement can be expressed
by the integration of the mass load and Green’s function [18]
as follows:

_AMXR

u() A

Z hn Pp(cos ) 1)
n=0

where h,, is the elastic Love number, 6 is the angular distance,
P, are the Legendre polynomials, R and M, are the radius and
mass of the Earth, and AM is the disk mass load. The load
Love number is truncated up to degree 500 for the computation
of the displacement. Therefore, TWS change can be estimated
from the vertical displacement measured by GPS [21]. The
regularization method and tradeoff method are applied during
the inversion of TWS change. The details about the method can
be found in [21].


http://www.ntsg.umt.edu/project/mod16#data-product
http://www.ntsg.umt.edu/project/mod16#data-product
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B. TWS Estimation From GRACE

Here, we employed the level-2 monthly spherical harmonic
coefficients from the CSR GRACE Release 05 with a trun-
cation degree of up to 60. The processing strategy includes
decorrelation destriping, smoothing, and filtering [32]. The
Cyo was usually replaced by the results from Satellite Laser
Ranging data [33]. Some missing month data are interpolated
from the adjacent two months. The residual Stokes coeffi-
cients are obtained after removing the mean gravity field for
2006-2015. To be consistent with the GPS processing strategy,
the equivalent water thickness is determined by the approach
in [34] without considering the atmosphere loading effects.
Because the postprocessing of GRACE observations results in
the leakage errors in TWS estimation with the omission of high-
degree spherical harmonic coefficients [35], [36], the land-grid-
scaling method is applied in this paper to restore the attenuating
signal [34].

C. Water Balance Equation

The movement of all water above, on, and below the Earth’s
surface results in the hydrological cycle. The principle of mass
conservation is the basic law in the hydrological cycle. The
inflow, outflow, and water storage change in a region will be
controlled by a simple rule. The flow of water in and out of
a basin can be described by the water balance equation based
on the conservation of mass in a closed system. The terrestrial
water budget in basin scale can be expressed by the water
balance equation as follows:

ET=P—-R—-0S/ot 2)
where ET is the evapotranspiration, P is the precipitation, R is
the total basin discharge, and 9.S/3t is the total water storage
change averaged over space. Here, Ot represents the sampling
rate, which is one month consistent with the time resolution of
data and models. Because precipitation and runoff data are the
accumulation value in one month, 9.S/9t should be calculated
from the TWS change in two months of GRACE measurements.
The details to derive the ET variations from TWS change were
discussed by Rodell et al. [17].

The precipitation data can be obtained from the PRISM
group with one-month interval. The simulated runoff data from
the VIC model are used, which have good spatial distribution
and accuracy [28]. The TWS changes in the MRB are estimated
by continuous GPS measurements, which are the first attempt to
be used for assessing the ET variations in MRB. This is a very
straightforward method to estimate the monthly ET variations
based on the water balance equation [31].

IV. RESULTS AND DISCUSSION
A. TWS Variations From GPS, GRACE, and GLDAS

In order to confirm GPS-inferred TWS variations, the
GRACE-estimated results are used for comparison (see Fig. 4).
The monthly GPS TWS time series are filtered to attenuate the
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Fig. 4. Monthly time series of TWS from GRACE, GLDAS, and GPS for
January 2006-July 2015.
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Fig. 5. Amplitudes of annual TWS variations from GRACE and GPS in MRB.

high-frequency noise. First, the seasonal water storage vari-
ation is derived from GPS measurements using the method
proposed by Argus et al. [20] and the similar fitting method is
employed for GRACE-derived TWS. The correlation of annual
amplitude from GPS-inferred and GRACE-inferred TWS is
0.8. The distribution of annual amplitudes from GPS-inferred
and GRACE-inferred TWS has a similar pattern (see Fig. 5).
The west parts of Missouri, South MRB, and Ohio basin have
slightly larger amplitude, but the central MRB from the GPS-
inferred TWS has the largest amplitude, which is consistent
with their physiographic coverage. On the other hand, GPS
is more sensitive to surface water mass variations in smaller
scale. Therefore, the seasonal amplitude of GPS-inferred TWS
is larger than GRACE-inferred TWS.

Furthermore, the gridded GPS TWS variations are obtained
from January 2006 to July 2015, which are compared with
GRACE results. GLDAS-VIC monthly TWS data are also
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Fig. 6. (a) Scatter plot of GRACE-inferred TWS and GPS-inferred TWS.
(b) Scatter plot of GLDAS TWS and GPS-inferred TWS.

obtained for comparison. GLDAS model is used to calibrate
GRACE-derived TWS due to the signal attenuation and leakage
errors [34]. Since the groundwater and surface water are not
explicitly simulated in GLDAS models, they are not included
in TWS [14]. GLDAS provides gridded data with a spatial
resolution of 1° x 1°. Here, we use monthly GLDAS data from
January 2006 to July 2015 to compare with GPS-inferred TWS.
The GPS-inferred TWS change clearly shows similar sea-
sonal patterns with GRACE-inferred TWS and GLDAS data,
but GPS-inferred TWS time series have some high-frequency
signals [37].

GPS and GRACE have relatively low TWS variations at the
end of 2012 and early 2013, which indicate the dry period in
MRB. GLDAS shows good consistency with GRACE TWS
results. The correlation between GLDAS and GRACE is as
high as 0.88. In order to validate the GPS-inferred TWS,
Fig. 6 shows the scatter plot of monthly GRACE-TWS time
series and GPS-TWS time series, as well as GLDAS-TWS and
GPS-TWS. The correlation between GRACE-inferred TWS
and GPS-inferred TWS is 0.81, whereas GLDAS has a low
correlation of 0.63 with GPS-inferred TWS.

B. ET Variations in MRB

The gridded precipitation data from PRISM and runoff data
from NLDAS are averaged into monthly time series. The ET
change in MRB can be obtained by using the water balance
equation method with a monthly TWS change. We use the
GPS-inferred TWS to analyze the ET changes in MRB from
2006 to July 2015, which are compared with the GRACE results
[15], [17]. The ET products from the LSM and remote sensing
data are also obtained for comparison (see Fig. 7). All these
ET products from different LSMs have good characterization
of ET [38].

In order to evaluate these ET products, the mean value
of these ET variations is subtracted from their time series.
Fig. 7 shows the time series of monthly ET variations from the
water budget approach, LSM simulations, and remote sensing
analysis. Our estimated ET products are consistent with the
results derived by Rodell et al. [39] in MRB. The ET products
from the LSM are highly correlated with each other, and all of
them have similar annual amplitudes and phases. In order to
validate the consistency of GPS-derived ET with other ET pro-
ducts, Fig. 8 provides the scatter plot of monthly GPS-inferred
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ET with other ET estimates. It can be concluded that the ET
estimation from GPS TWS with the water budget approach
can well characterize the ET variations in MRB, which are
highly correlated with LSMs, GRACE, and remote sensing
results. The highest correlation is 0.89 between GPS-inferred
ET and NLDAS-Mosaic ET, and the lowest correlation is 0.84
between GPS ET and MODIS ET. The correlation coefficients
between different ET products are listed in Table I. In order to
decipher the response of ET variations to precipitation changes,
the correlation of ET products with precipitation from PRISM
is calculated in MRB (see Table I). Correlation coefficients
of the monthly precipitation with GPS and GRACE ET vari-
ations are as high as 0.81 and 0.8, respectively. The mean
correlation coefficients between monthly precipitations with
NLDAS LSMs, GLDAS LSMs, and MODIS are 0.67, 0.72,
and 0.65, which indicate that ET products from LSM are
highly correlated with precipitation than remote sensing ET
products. The correlation difference among these ET products
is mainly from different inputs, algorithms, and assumptions.
The stronger correlation between ET products and precipitation
may result from that LSMs are more responsive to soil mois-
ture and, consequently, to precipitation than remote sensing
results [38].

Because of the same category from land surface modeling,
ET products from NLDAS and GLDAS have similar magni-
tudes. However, the magnitude of ET products from MODIS



ZHANG AND JIN: EVAPOTRANSPIRATION VARIATIONS IN THE MRB ESTIMATED FROM GPS OBSERVATIONS

TABLE 1
CORRELATION COEFFICIENTS OF TIME SERIES OF
PRECIPITATION WITH DIFFERENT ET PRODUCTS

Variable P ETI ETZ ET3 ET4 ET5 ETG ET7 ETg ET9
P 1.00 065 075 063 072 073 072 0.80 0.65 0.81
ET; 1.00 096 099 097 09 097 088 098 0.85
ET, 1.000 095 097 098 098 090 094 0.89
ET; 1.00 095 094 095 087 098 0.86
ETy 1.00 099 1.00 090 095 0.85
ETs 1.00 099 090 094 0.86
ETs 1.00 090 096 0.85
ET, 100 086 0.86
ETg 100 0.84
ETo 1.00

ETj.9 are from NLDAS-VIC, NLDAS-MOSAIC, NLDAS-Noah, GLDAS-VIC,
GLDAS-MOSAIC, GLDAS-Noah, GRACE, MODIS and GPS, respectively.

TABLE II
ANNUAL AND SEMIANNUAL TERMS OF
ET ProDUCTS, DOY (DAY OF YEAR)

Annual Semi-Annual

Amplitude Maximum Amplitude Phase

(mm) DOY (mm) (degree)
ETN-vic 46 204.8 12 38
ETN-Mosaic 48 200.8 4 322
ETN-Noah 43 206.8 9 66
ETG.vic 52.6 197.1 11.9 39
ETG-Mosaic 48.2 195.8 8.4 349
ETG-Noah 45.1 195.2 8.4 9.3
ETwmopis 27 201.8 8 59
ETgps 479 210.4 2.7 298
ETGRACE 56.7 198.8 12.9 0.4

The annual and semi-annual terms of monthly ET variations are defined as
Asin(2* pi*(t—t,)/ @+ ¢), where A and ¢ are the amplitude and phase.

is different from LSM. The energy balance or water balance
constraint may result in the difference of ET products from
different categories. For the quantitative comparison of differ-
ent ET products, the annual and semiannual terms of the ET
time series are obtained using the common fitting method in
Table II. The magnitude of ET products from GLDAS LSMs
is larger than that from NLDAS LSMs, and the ET products
from MODIS have the smallest magnitude. Different LSMs
with different data assimilation [28] result in the different
magnitudes of ET products. The magnitude of ET products
from MODIS is relatively smaller than others globally. The
annual amplitude of GPS is close to the ET products from
LSM and a little larger than that from MODIS but smaller than
GRACE ET products. The ET variations are mainly controlled
by annual terms, and therefore, the semiannual amplitude of ET
products is very smaller.

Difference in monthly ET products becomes larger in warm
seasons than in cold seasons. The GPS-inferred ET is noisier
than other ET products, which is mainly from GPS-inferred
TWS. There are also some differences between ET products in
mean monthly ET (see Fig. 9). The periodic pattern of radiative
energy in a year leads to the seasonal pattern of ET products,
which is clearly demonstrated in Fig. 9. The ET estimations
from NLDAS VIC, Noah, and MODIS are maximal in July, and
the others are maximal in June. The ET estimates from GRACE
and GPS are lowest in November, which is different from other
ET products in December. The latency may be due to the noise
in GPS- and GRACE-inferred TWS.
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Fig. 9. Mean monthly ET variations from different ET products.

The uncertainties of ET estimation from LSMs, remote sens-
ing, and GRACE have been discussed in [38]. Uncertainties of
ET estimated from GPS-inferred TWS depend on the reliability
of GPS TWS. The GPS time series consist of signals from
different geophysical processes and systematic errors, which
may not be removed clearly and affect the GPS-inferred water
storage change.

C. Temperature and Soil Moisture Effects

In order to understand the effects of temperature and soil
moisture on ET variations, we collected monthly tempera-
ture data from PRISM and soil moisture data from 2006 to
July 2015. PRISM utilized the data set covering the contermi-
nous United States with station networks of more than 30-year
observation data. These data sets are established by implement-
ing some spatial interpolation techniques with climatologic
information and terrain characteristics. Here, soil moisture data
are obtained from NLDAS-2, which has some improvement
when compared with NLDAS-1. With different LSMs such
as VIC, Noah, and Mosaic, the soil moisture anomalies have
little differences between them; thus, the VIC soil moisture
data are taken as examples for comparison. The VIC model
has three soil layers, and the estimates from models have been
validated by in situ observations. The gridded temperature and
soil moisture data have spatial resolution of 1/24° and 1/8°,
respectively.

The GPS-inferred ET, temperature, and soil moisture anom-
alies are averaged in MRB to show their coherences in Fig. 10.
Pearson’s correlation coefficients have been calculated for
quantitative comparison. The temperature is highly correlated
with ET estimation at a correlation of 0.8, and soil moisture
is negatively correlated with ET estimate at a correlation of
—0.32. To compare the relative importance of temperature
and soil moisture, it is equivalent to distinguish the energy-
limited regime or the soil moisture regime on ET variations.
In dry regions, the ET variations are strongly controlled by
the soil moisture but have little impact on climate change.
In wet regions, soil moisture has limited impact on ET vari-
ations. The MRB has larger soil moisture across the whole
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Fig. 10. Correlation of ET variations with (a) surface temperature and (b) soil
moisture. All estimates are spatially averaged in MRB from 2006 to 2015.

United States, and the temperature is the key factor to control
the ET variations in MRB based on the correlation results.

V. SUMMARY

In this paper, a new GPS tool has been proposed for the first
time to estimate the monthly ET variations in MRB. Based on
the water balance approach, spatially averaged ET variations
from January 2006 to July 2015 in MRB are estimated from
GPS-inferred TWS with precipitation from PRISM and runoff
from VIC as input data. The monthly GPS ET results are com-
pared with ET products from GRACE, LSM, and MODIS. For
the entire study period, the GPS-based ET products have good
correlation with other models’ ET products. The annual ampli-
tude of GPS-inferred ET is 47.9 mm, close to LSM, larger than
MODIS, and smaller than GRACE. The mean monthly ET vari-
ations also show good correlation between GPS-based ET and
models’ ET products. Moreover, the ET products are consistent
with the periodic pattern of radiative energy in a year. In addi-
tion, the correlation of ET variations is —0.32 with soil moisture
and as high as 0.8 with the temperature; thus, the ET variations
in MRB are mainly controlled by the temperature. Therefore,
GPS-inferred water storage changes have potential to validate
and evaluate the models’ ET variations at regional scales.

In the future, more precise and denser observations can
be obtained from Global Navigation Satellite Systems mea-
surements [40], [41], which may provide us more chances to
monitor the hydrological cycle and ET variations in a smaller
scale as a new remote sensing.
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