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Previous biophysical and empirical models of evapotranspiration retrieval are difficult
to parameterize because of the effects of the nonlinear biophysics of plants, terrestrial
and solar radiation and soils, despite attempts made using various satellite products. In
this study, the multilayer feed-forward neural network approach with Levenberg—
Marquardt back propagation (LM-BP) was used to successfully estimate evapotran-
spiration using the input of various satellite-based products. When applying neural
network training, value-added satellite-based products such as normalized difference
vegetation index (NDVI), normalized difference water index (NDWI), land surface
temperature (LST), air temperature and insolation are used instead of only spectral
information from satellite sensors to reflect the spatial representativeness of the neural
network. The evapotranspiration estimated from the neural network with input para-
meters showed better statistical accuracy than the MODIS products (MOD16) and
Priestley—Taylor methods when compared with ground station eddy flux measure-
ments, which were considered as reference data. Additionally, the temporal variation
in neural network evapotranspiration well reflected seasonal patterns of eddy flux
evapotranspiration, especially for the high cloudiness in the summer season.

1. Introduction

Global warming due to enhanced greenhouse effects is considered a major cause of
changes in various climatic variables, such as precipitation, evapotranspiration (ET) and
net terrestrial and global solar radiation (Goyal 2004). ET, which is the process of
converting water into water vapour via surface evaporation and plant transpiration, is an
essential parameter for linking terrestrial water, carbon and surface energy exchanges
(Wang and Dickinson 2012). ET is also a major factor of the post-precipitation hydro-
logical cycle process, and it determines the plant water requirement by returning more
than 60% of the precipitation that reaches land back to the atmosphere (Korzoun and
Sokolov 1978; L’vovich et al. 1990). Although spatially reliable information on ET is
required to understand the hydrological cycle and carbon exchange between the surface
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and atmosphere, it is difficult to obtain in practice because of cost problems associated
with the collection of sufficient field observations to parameterize all ecosystem types,
which hampers the accurate quantification of ET. Here, remote sensing comes into play as
a cost-effective tool/alternative for estimating ET. Generally, a combination of biophysical
models and satellite remote sensing is used for estimating and scaling eddy flux ET
measurements to large areas (Mu, Zhao, and Running 2011). It is important to interpret
the relationship between eddy flux measurements and satellite information with biophy-
sical models or statistical approaches to spatial hydrological information. Kaminsky,
Barad, and Brown (1997) and Cincotti, Marchesi, and Serri (1996) regarded the neural
network approach to be more effective than traditional statistical techniques for use with
remotely sensed data. In this study, the Levenberg—Marquardt neural network (Levenberg
1944; Marquardt 1963) technique is applied to satellite remote sensing to estimate ET by
using surface flux measurements. When training the neutral network for ET, valued-added
satellite-based products that are highly related with ET estimation are retrieved with polar
and geostationary satellites and used as input parameters.

2. Materials and methods
2.1. Data

For the performance of the neural network, the following remote sensing-based input para-
meters were considered and explored for a training network: date, normalized difference
vegetation index (NDVI), normalized difference water index (NDWI), IR1 brightness tem-
perature (10.3 um), IR2 brightness temperature (11.5 pm), land surface temperature (LST), air
temperature (7;) and insolation (R;). When we determined the remote-sensing-based input
parameters, ET-related parameters were selected carefully based on previous studies
(Wanchang, Yamaguchi, and Ogawa 2000; Sanchez et al. 2007; Gao, Long, and Li 2008;
Mu, Zhao, and Running 2011; Sun et al. 2012). Date is used to reflect temporal variation in the
Sun-Earth distance, which determines the extraterrestrial solar radiance. The NDVI and
NDWI, which are estimated primarily using the atmospherically corrected surface reflectance,
were explored to evaluate the status of vegetation growth and vegetation water stress,
respectively. The vegetation indices were selected instead of using the raw near infrared
(NIR) and red bands reflectance to reduce temporally dependent atmospheric effects by using
actual information on vegetation and to reflect the spatial variation in vegetation, as the
normalized band ratios for red, NIR (0.86 um) and NIR (1.24 um) are useful for interpreting
the characteristics of vegetation using satellite data (Rouse et al. 1974; Gao 1996).
Additionally, for more reliable value-added satellite products, atmospheric correction with
the second simulation of the satellite signal in the solar spectrum (6S) code and the semi-
empirical bidirectional reflectance distribution function (BRDF) model are applied to the
observed top-of-atmosphere spectral images by considering two different observation char-
acteristics between polar and geostationary satellites (Roujean, Leroy, and Deschamps 1992;
Vermote et al. 1997). In the case of vegetation indices for plant transpiration, surface BRD
effects, which could be relative solar-target-sensor fluctuation errors, are carefully removed
with the BRDF model based on MODIS nadir BRDF-adjusted reflectance products composite
criteria (Lucht, Schaaf, and Strahler 2000; Schaaf et al. 2002). To interpret the evaporation
from soil and to estimate ET, water storage under canopy height and transpiration of vegeta-
tion, LST, 7,, IR1 band and IR2 band were used as input parameters in a neural network.
When using thermal channels from satellite observations, two satellite products are used to
interpret the complicated temperature-based evaporation and transpiration by canopy inter-
ception and storage: the polar-orbiting MODIS and geostationary Communication, Ocean
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and Meteorological Satellite (COMS). In this study, we estimated the hourly R, one of the
main energy sources for ET, using geostationary COMS MI images to reflect real-time
variation in incident radiance on the canopy (Yeom and Han 2010). Basically, most ET
models combined with satellite imagery have used empirical models such as linear regression,
climate values, etc., due to the complex atmospheric physical processes, especially for the
cloud effect (Heermann, Harrington, and Stahl 1985; Kizu 1998; Isikwue, Amah, and Agada
2012). This study used a physical model that considered atmospheric effects and constituents,
such as Rayleigh scattering, water vapour and total ozone for reliable estimation of R;. By
combining a physical model and satellite imagery, cloud attenuation of irradiance with high
temporal variation can be reflected in the final ET retrieval. The physical model for Ry is
briefly described as follows (Kawamura, Tanahashi, and Takahashi 1998):

Ry = 81+ Sr + Sa (1)
Ry = (81 + Sr + Sa) x (CF) 2

Here, R, S1, Sr, Sa and CF are the total insolation, direct irradiance, diffuse irradiance due to
Rayleigh scattering, diffuse irradiance due to scattering by aerosols and cloud factor (CF),
respectively. Equations (1) and (2) are executed separately depending on whether cloud
exists. For cloud pixels, CF, which is the amount of attenuation due to cloud, is multiplied
by the clear-sky total R; in Equation (2). The R, from COMS MI integrated insolation hourly
based measurement during the daytime is used as the daily value. Finally, the estimation
methods used for the input parameters are presented briefly in Table 1. The data used were
acquired over the Korean Peninsula from 1 April 2011 to 31 December 2012.

A true ET value is a necessary parameter to determine final network weights and biases
when training a neural network. Field-observed values from a flux tower were considered true
values of ET. Field-measured ET values were collected from a 40 m high tower at the KoFlux
Seolmacheon site (SMK) located at Paju, Korea (37° 56' 19" N, 126° 57' 16" E) and a 10 m high
tower at the KoFlux Cheongmicheon farmland site (CFK) located at Yeoju, Korea (37°9'35" N,
127°39' 10" E). Those sites are part of the KoFlux network coordinated under AsiaFlux, which
is dedicated to measuring and studying water, carbon and energy fluxes continuously in key
ecosystems of monsoonal Asia. Detailed information about the KoFlux SMK (mixed forest) and
CFK (rice paddy) sites is summarized in Table 2. In this study, we selected two different land
cover types for estimating ET with the neural network, using mixed forest at SMK site and

Table 1. Estimation methods of input parameters used in this study.

Input Temporal/spatial
parameter Method Developed by resolution
Date Julian day Day
NDVI (NIRg g6 um — Red)/(NIRg g6 um + Red) Rouse et al. (1974) Daily/1 km
NDWI (NIRo_gG um — NIR1_24 H—m)/ Gao (1996) Dally/l km
(NIRo 86 ym + NIR; 24 m)
IR1 Brightness temperature at 10.3 pm Hourly/1 km
IR2 Brightness temperature at 11.5 um Hourly/1 km
LST MODI11A1, MYDI11Al Wan et al. (2002) Daily/1 km
T, Regression method with MOD11 Han, Viau, and Anctil Daily/1 km
(2004)

R Physical model Yeom and Han (2010) Hourly/1 km
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Table 2. Detailed characteristics of the KoFlux sites used for estimating ET.

CFK (Cheongmicheon

AsiaFlux site code SMK (KoFlux Seolmacheon site) Farmland site)
Location Paju, South Korea Yeoju, South Korea
Position 37°56' 19" N, 126° 57" 16" E 37° 935" N, 127° 39' 10" E
Elevation 269 m above sea level 141 m above sea level
Slope N/A 0°
Terrain type Complex Flat
Climate Temperate (snow — winter dry — hot ~ Warm Continental Climate
summer) (Dwa)

Mean annual air 11.5°C 11.5°C

temperature
Mean annual 1332 mm 1170 mm

precipitation
Vegetation type Mixed forest Rice paddy
Canopy height I5m ~l'm

validating the neural network performance using a rice paddy at the CFK site to examine the
spatial representativeness problem. Vegetation at the SMK site consists of mixed forest, and the
site has a complex terrain type, whereas the CFK rice paddy site is flat terrain with mixed land
cover, such as farm roads and houses.

The mean annual air temperature at both the SMK and CFK sites is 11.5°C, and the
respective mean annual precipitation is 1332 and 1170 mm, respectively. Eddy correlation
flux measurements of ET at the KoFlux have been collected since 2011. Hourly measured
flux data at KoFlux during 2011 were aggregated to the daily measurements to correlate
with the MODIS and COMS MI image-based products.

Finally, the presented input parameters are matched temporally with eddy correlation
flux measurements to consider the seasonal variation in ET.

2.2. Neural network for estimating evapotranspiration

In this study, a multilayer neural network consisting of an input layer, an output layer and a
hidden layer is used (Figure 1), because three layers, including one hidden layer, is
sufficient to approximate any complex nonlinear function (Coulibaly, Anctil, and Bobée
2000; Yeom et al. 2008). When determining the appropriate number of hidden layers, trial-
and-error testing was performed by changing the number of hidden layers from 1 to 30 to
make network learning efficient. For neural network training, the Levenberg—Marquardt
back propagation (LM-BP) algorithm was selected because it provides a numerical solution
to the problem of minimizing the sum of nonlinear least squares between observed and
predicted outputs in an iterative manner (Levenberg 1944; Marquardt 1963). The
Levenberg—Marquardt algorithm blends the steepest-descent method and the Gauss—
Newton algorithm. It inherits the speed advantage of the Gauss—Newton algorithm and
the stability of the steepest-descent method (Yu and Wilamowski 2011).

Before training the network, we estimated various input parameters using MODIS
products (MOD09, MYD09, MOD11A1 and MYD11A1) and COMS MI products (IR1
band, IR2 band, R;). Surface meteorological measurements were also used to assist estima-
tion of input parameters. The temporally matched dataset used to estimate ET was split into
three parts: a training dataset (50% of the data) to determine network weights and biases, a
validation dataset (25% of the data) to evaluate network performance and decide when to
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Figure 1. The neural network structure consisting of input, hidden and output layers. M; (i =1, ...,
9) are the input nodes and N, (j = 1, ..., 27) are the hidden nodes. W; i=1,...,9;j=1,...,27) are
the first neuron weights between the input nodes and hidden nodes and Wy; (j =1, ..., 27; k= 1) are
the second neuron weights between hidden nodes and output node.

stop training and a test dataset (the remaining 25% of the data) to validate the effectiveness
of the early stopping criterion and evaluate network operations on the dataset not used in
training and validation (Prechelt 1998; Yeom and Han 2010). Each separate dataset still
reflected the temporal variation by selecting a regular series. In this study, to avoid over-
fitting the network training, an early stopping method was applied using a validation
dataset. Neural network training was stopped when the relative validation error increased,
so we could use a complicated neural network without overfitting (Yeom et al. 2008).

3. Results

Twenty-seven hidden layers were determined by the trial-and-error method for an accurate
estimate of ET over the SMK mixed forest site. We compared composited daily ET eddy flux
measurements and modelled ET values from the LM-BP neural network using only a test
dataset during the study, as shown in Figure 2(a). Additionally, for comparative analysis, the
MODIS ET (MOD16) (Mu, Zhao, and Running 2011) and Priestley—Taylor methods
(Priestley and Taylor 1972) are estimated and compared with the ET eddy flux measurement
for the same period. In Figure 2(a), a scatterplot of ET (red circles) estimated from the LM-BP
neural network showed the best results compared with the other methods: the correlation
coefficient (r), root mean square error (RMSE) and mean bias error (MBE) were 0.958,
0.3555 mm day ' and —0.042 mm day ', respectively (Table 3). Although the MODIS ET
products (blue circles) were distributed mostly along the reference line, the R (0.847) and
RMSE values (0.650 mm day ') showed lower accuracy in comparison with our neural
network results. The Priestley—Taylor ET (grey circles) had the worst accuracy. Considering
the number of collaborated data samples, the neural network LM-BP method is sufficiently
powerful to predict the nonlinear relationships of ET without any explicit knowledge of the
physical behaviour of the system. In this study, to examine the problem of the spatial
representativeness of neural-network-based ET, a temporally matched dataset from the CFK
farmland site was used as a validation study area. When estimating ET at the CFK site to
examine the spatial applicability of the neural network, we simply used the determined neural
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Scatterplots of ET estimated from MODIS (blue circles), Priestley—Taylor methods (grey

circles) and the L-BP neural network (red circles) compared with the flux ET over the Seolmacheon
(a) and Cheongmicheon (b) sites.

Table 3.

A comparison of the error statistics of the ET products from the MODIS, neural network

and Priestley—Taylor methods for the mixed forest and paddy rice areas.

MODIS Neural network ET Priestley—Taylor ET
Error Forest Rice Forest Rice Forest Rice
Correlation coefficient (r) 0.847 0.791 0.958 0.703 0.620 0.302
RMSE (mm day ) 0.650 1.827 0.355 0.937 2.920 2.252
MBE (mm day ") 0.009 1.125 0.042 —0.605 2.602 1.610
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network weight values and structures from the SMK site without retraining the neural network
over CFK. Figure 2(b) shows the ET (red circles) estimated from the LM-BP neural network,
MODIS ET products (blue circles) and Priestley—Taylor ET (grey circles) over the rice paddy
study area. Although the neural-network-based ET and MODIS ET had opposite distributions,
the accuracy was reasonable when compared with the Priestley—Taylor ET. MODIS ET had a
positive bias value of 1.125 mm day ', whereas the neural-network-based ET had a negative
MBE (—0.605 mm day '), as shown in Table 3. We inferred that the accuracy of the rice paddy
ET was reasonable without retraining the network with spatially dependent input parameters,
which are useful for reflecting the spatial variation in different vegetation types, similar to
integrating remote sensing and biophysical models. Additionally, the rice paddy environment,
which had simple vegetation structure and flat terrain compared with the forest, enabled an
accurate estimate of the ET despite not training the neural network.

Figure 3 shows the temporal variation in the ET products derived from the eddy flux
(black line), neural network (red dash-dot line) and MODIS (blue dashed line) over the

———- MODIS
ot Neural network
Eddy flux tower

(a)

ET (mm day™")

1Jan 2011 1Sep2011 1Feb2012 1 Jul 2012 1 Jan 2012

Date
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Figure 3. Temporal variation in ET from flux tower, neural network and MODIS products over the
Seolmacheon (a) and Cheongmicheon (b) sites.
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Seolmacheon (Figure 3(a)) and Cheongmicheon (Figure 3(b)) sites. As shown in Figure 3(a),
the seasonal pattern of ET from the neural network has trends similar to those of the eddy flux
tower measurements. Especially for the summer season, and despite the rainy monsoon period
in the study area, ET from the neural network well describes the ground measurement because
hourly based insolation from COMS MI is effective for retrieval of ET. Although MODIS ET
products also well trace the variation in eddy flux tower ET, there are some discrepancy
periods, especially during summer. These discrepancies between MODIS ET and eddy flux
measurement would have resulted from the high rate of cloudiness during the rainy summer
season, which hampers the acquisition of surface spectral information by optical satellites. All
ofthe ET products show the seasonal pattern remarkably well, indicating that summer has the
highest ET values due to the rapid growing period for vegetation, and that winter has the
lowest values because of the dry and cold weather condition. In the study area, the summer
season usually has not only high incident irradiation but also rainy monsoon conditions. These
weather conditions are optimal for forest growth, resulting in high plant transpiration.
Furthermore, during the rainy summer season, the high precipitation value over the forest
area plays a source role in the evaporative conversion of surface water to water vapour.
Figure 3(b) shows that the rice paddy displayed similar seasonal patterns for all ET
products, which had the highest values in summer and the lowest in winter. In the case of
MODIS (blue dashed line), overestimated patterns are shown when compared with the eddy
correlation measurement ET values (black line). Although the neural network ET (red dash-
dot line) has underestimated values, its seasonal variation is reasonable. Although the problem
of the spatial representativeness of the neural network ET emerges with different land cover
types, the feasibility of the neural network ET for spatial representativeness is demonstrated.

4. Summary and conclusions

Despite the use of the combination of the conventional methods and MODIS data, the accuracy
of ET estimation over regional areas still needs to be improved because it is difficult to represent
the local environment using a global spatial-scale ET product. The LM-BP-based neural net-
work approach presented here successfully estimated ET products with high accuracy when
compared with previous studies (Yuan et al. 2010; Mu, Zhao, and Running 2011). In the present
study, value-added products from polar-orbit and geostationary satellites were used to retrieve
ET and its seasonal variation using ground station eddy flux measurements. The statistical
results, such as RMSE and MBE, showed good results when compared with eddy flux-based
ET measurements. Considering temporal variation, the neural-network-based ET showed
variation more similar to eddy flux ET measurements than did MODIS ET products. To
examine the spatial representativeness of the neural network, it was applied to a rice paddy
site, and it gave reasonable results without retraining the network due to the spatially dependent
input parameters. Consequently, ET estimation from a neutral network should be considered as
an alternative method to retrieve ET over a regional area with value-added satellite products.
Nevertheless, the reliability of the results of the neural network ET has two limitations: (1) the
problem of spatial representativeness of neural networks remains, although the spatially depen-
dent input parameters gave reasonable results over the rice paddy, which has a simple vegetation
structure and flat terrain; and (2) despite the outstanding performance of the neural network on a
regional scale, errors inherent to the eddy correlation measurement should be considered
carefully, as propagated error from eddy correlation measurements could affect the output
results of the neural network model. According to Allen et al. (2011), typical errors in eddy
correlation measurements are between 10% and 30%. In this study, we assumed that the eddy
correlation measurements were true values to determine neuron weights similar to the general



Downloaded by [Korea Polar Research Institute], [Hyun-cheol Kim] at 17:20 03 May 2015

Remote Sensing Letters 437

ET. Future work will handle the spatial representativeness and propagating error of the eddy
correlation measurements by considering various land cover types and the systemic character-
istics of eddy flux measurements for accurate ET estimation.
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