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Evapotranspiration (ET) from the land surface is an important hydrometeorological factor in the exchange of energy between the
atmosphere and land surface.The accurate quantification for management of water resources and understanding of climate change
are crucial, requiring continuous temporal and spatialmonitoring.Theobjective of this study is to apply and estimate daily actual ET
using semiempiricalmethod, B-method, which is based on surface energy balance over heterogeneous area, Korea. To estimate daily
ET, we used geostationary meteorological satellite data (Communication, Ocean and Meteorological Satellite, COMS) and polar-
orbiting satellite data (Système Pour l’Observation de la Terre, SPOT). Estimated daily ET using only satellite data was relatively
accurate and reflects land surface characteristics. It had high periodicity and spatial resolution over a wide area on clear-sky days.
The daily ET was overestimated by about 1mm/day at the two flux tower measurements sites, but the simulated seasonal variation
and pattern were in good agreement with flux tower measurements. In the mixed forest, the root-mean-square error (RMSE) was
0.94mm/day and the bias was 1.05mm/day, while, in the rice paddy, RMSE was 1.12mm/day and bias was 1.21mm/day.

1. Introduction

Evapotranspiration (ET) from land surfaces, which drives
latent heat flux (expressed in mm/day), is the sum of water
loss from plant transpiration and water evaporation from
land surfaces. An ET of 1mm/day is equivalent to a loss of
10,000 liters per hectare per day [1]. It is a phenomenon in
which liquid water changes to vapor, resulting in the transfer
of water and energy between land surfaces and the atmo-
sphere. As such, it is one of the most important components
in the water cycle, representing total water consumed by
plants and evaporated from water bodies and nonvegetated
surfaces. A recent estimate of global ET components was
obtained using a multimodel output from the Global Soil
Wetness Project (GSWP) 2, which found that 48% of mean
global ET came from transpiration, 36% from soil evapora-
tion, and 16% from canopy ET [2]. ET is an essential variable
for understanding surface energy balance (SEB), the global

water cycle, and water and vegetation dynamics in terrestrial
ecosystems [3–8].

ET plays a critical role in the global water cycle. On a
global basis, the mean land surface ET accounts for approxi-
mately 60% of mean precipitation [9, 10]. At regional scales,
ET consumes > 90% of annual rainfall, and agricultural
regions are of crucial importance for water resource manage-
ment in arid and semiarid climates [11, 12], highlighting the
importance of accurate ET estimates.There are several meth-
ods for in situ measurement of ET including pan evapora-
tion (large/small), atmometers, evapotranspirometers tanks,
lysimeters, Bowen ratio [13] based on meteorological data,
the eddy covariance method using flux tower measurements,
and scintillometers [14]. Although in situmeasuringmethods
provide accurate values at point scales, they offer limited spa-
tiotemporal representation and are complex, labor intensive,
and expensive, particularly in forests where ET retrieval is
more difficultdue to the evident experimental limitations [15].
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Satellite remote-sensing method provides a wide range
of coverage, frequent updates, and consistent quality. Several
methods have been developed to estimate ET from remote-
sensing data including empirical and statistical methods with
remotely sensed vegetation indices [16–18], physical models
that calculate ET as the residual of SEB using remotely
sensed thermal infrared (IR) data [19–25], and other physical
models such as the Penman-Monteith equations [26], the
revised Resistance-Surface energy balance and the Penman-
Monteith (RS-PM) equations [27–29] and Priestley-Taylor
equations [30–32]. On a global or continental scales, the
spatial ET is provided by the European Organization for
the Exploitation of Meteorological Satellites (EUMETSAT)
Satellite Application Facility (SAF) on Land Surface Analysis
(LSA) and the National Aeronautics and Space Administra-
tion (NASA). EUMETSAT LSA SAF has developed ET prod-
ucts over large areas (Europe, Africa, and South America)
using the spinning enhanced visible and IR imager onboard
Meteosat Second Generation (MSG) [33]. It provides 30min
and daily ET estimates with a 3 km spatial resolution at
nadir. It is based on a simplified Soil-Vegetation-Atmosphere
Transfer (SVAT) model that uses a combination of remote-
sensing and meteorological data from the European Center
for Medium-Range Weather Forecast (ECMWF) as inputs.
The range of LSA SAF daily ET values is 0–10mm/day
with 20% uncertainty, and the product is highly correlated
(85–95%) with ECMWF products. Due to limited validation
in dry or very dry conditions (mainly in Africa), care
should be taken when using the product [34]. NASA has
developed ET products over global terrestrial regions using
the MODerate-resolution Imaging Spectrometer (MODIS)
on the Aqua and Terra satellites. It provides 8-day, monthly,
and yearly ET with a 1 km resolution. It is based on Penman-
Monteith equations, which use a combination of remote-
sensing data and meteorological data from NASA’s Global
Modeling and Assimilation Office (GMAO, v4.0.0) as inputs.
MODIS ET has been validated using 46 AmeriFlux towers
[27].

The semiempirical method using remote-sensing data,
well-known approaches, proposed by [35], which is based on
the SEB, uses the linear relationship between the sensible heat
flux and the difference between surface and air temperatures
near the land surface. The net integrated daily ET at the
surface can be obtained from surface and air temperatures
measured near the time of the local maximum (“net inte-
grated daily radiation”), which is considered a semiempirical
method. The B-method is determined either by fitting the
linear least squares to the data or by simulations based on a
SVAT [36–38] or boundary layer model. Many studies using
the B-method have shown that the error of estimated daily
ET is about ±1mm/day; 𝐵 coefficients depend on surface
roughness, wind speed, and atmospheric stability [39, 40].

Remote-sensing basedET estimationusingB-methodhas
been reported in many previous studies. This method can be
used to estimate ET at the continental scale (e.g., for drought
detection, water-reserve estimations for irrigation [41], and
rainfall monitoring in Sahel regions [42, 43]); at the local
scale (e.g., grasslands [12], wheat fields andmeadows [41], and
sugar beets and wheat stump [39]); and at the regional scale

(e.g., barley fields [10 × 10 km] in a semiarid region of Spain
using theAdvancedVeryHighResolutionRadiometer sensor
onboard the National Oceanic Atmosphere Administration
(NOAA) satellite [44], in a northern boreal forest region
of Finland using the MODIS sensor [15], and in western
Québec, Canada (approximately 224,000 km2), using NOAA
visible and GOES thermal IR satellite data [45]). B-method
was designed to simplify surface energy budget through the
semiempirical way, which determine𝐵-coefficient for specific
land type. It means that thismethod has a limitation to obtain
the spatially gridded information over wide area covering
various land types. It could be solved through 𝐵-coefficient
generation model adapting over various land types, which is
firstly proposed for northeast Asia region, in this study.

The objective of this study is (1) to estimate the daily
actual ET using semiempirical method, B-method, consid-
ering various type of land cover and surface roughness in
heterogeneous regions, Korea, by using geostationary mete-
orological satellite data (Communication, Ocean and Mete-
orological Satellite, COMS) and polar-orbiting satellite data
(Système Pour l’Observation de la Terre, SPOT) and (2) to
evaluate estimated daily actual ET derived from B-method
using flux tower ETmeasurements and compare it toMODIS
averaged 8-day ET (MOD16).

2. Theory and Data

2.1. Theory. The simplified semiempirical regression method
used in this study was first proposed by [35] and is based
on the land-SEB equation using thermal IR data, from
which land surface temperature can be extracted. The energy
arriving at the surface is equal to the energy leaving the
surface during the same period. All of the fluxes of energy
should be considered when deriving an SEB equation, which
can be expressed as follows:

Rn = LE + 𝐻 + 𝐺, (1)

where Rn is the net radiation (W/m2), LE is the latent heat
flux (energy consumed by ET; W/m2), 𝐻 is the sensible heat
flux (W/m2), and 𝐺 is the ground heat flux (W/m2). Many
studies estimating daily ET have assumed that ground heat
flux is a negligible part of the daily energy balance, and there-
fore set 𝐺 to 0 because the magnitude of daily or 10-day
soil heat flux is relatively small compared to net radiation
[46]. Therefore, LE is calculated as the remaining difference
between Rn and 𝐻:

ET ≈ LE = Rn − 𝐻. (2)

Although the net radiation can be derived through
remote-sensing data, the sensible heat flux is complex and
cannot be easily obtained. The numerous meteorological
variables involved (e.g., wind speed, relative humidity, and
atmosphere pressure) make it difficult to calculate ET.There-
fore, in this study, we used the simplified method proposed
by [35] to estimate daily actual ET. The method is based on
the linear relationship between the sensible heat flux and
the difference between instantaneous surface and air temper-
atures measured near midday (about 13:00–14:00 local time)
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over diverse surfaces with variable vegetation cover [3]. The
simplified regression method can be expressed as follows:

ET𝑑 − Rn𝑑 = −𝐵𝑑 ⋅ (𝑇𝑆mid
− 𝑇𝑎mid

) , (3)

where ET𝑑 is the daily actual ET (mm/day), Rn𝑑 is the daily
net radiation (mm/day), 𝐵𝑑 is a semiempirical coefficient
(mm/day/K), 𝑇𝑆mid

is the land surface temperature (Ts) (K) of
midday, and 𝑇𝑎mid

is the near-surface air temperature (Ta) (K)
of midday.

2.2. Study Area and Data

2.2.1. Study Area. The study area covered 220,847 km2
(1,100 km from north to south) of the Korea, adjacent to the
western Pacific Ocean (33–43∘N, 122–132∘E; Figure 1). The
climate is considered temperate, with four distinct seasons.
On average, the warmest month is August, while January
is the coldest. The humidity is highest in July, reaching
80–90%, and lowest in January andApril (30–50%).The study
area had various types of land cover, including water,
evergreen coniferous forests (0.06%), deciduous broadleaf
forests (4.07%), mixed forests (56.96%), savannas (0.06%),
grasslands (0.74%), permanent wetlands (0.01%), crop-
lands/natural vegetation mosaics (36.05%), developed urban
areas (2.01%), snow/ice (0.003%), and barren or sparsely
vegetated areas (0.032%), as identified by the MODIS Inter-
national Geosphere Biosphere Programme (IGBP) land cover
map from 2012. There were mainly croplands in the western
region and mixed forests in the eastern region.

2.2.2. Data. Figure 2 shows the components of the surface
energy balance (i.e., net radiation [Rn], air temperature [Ta],
and 𝐵-coefficients) for derived daily actual ET algorithm.We
used the geostationary orbit satellite (COMS) and polar orbit
satellite-based input variables for estimate daily actual ET
algorithms.

(1) COMS Data. COMS, the first Korean geostationary
meteorological satellite, was launched successfully on 27 June
2012 and has been operating at 128.2∘E since April 1,
2012. The meteorological imager (MI) onboard COMS has
five channels, which include one visible channel (1 km;
0.55–0.8 𝜇m) and four IR channels (4 km, shortwave IR
[SWIR]; 3.5–4.0 𝜇m, water vapor; 6.5–7.0 𝜇m, IR1; 10.3–
11.3 𝜇m, IR2; 11.5–12.5 𝜇m) with 15min acquisition inter-
vals over the extended northern hemisphere. Although its
high temporal resolution and ability to provide 96 daily
acquisitions are advantageous, its spatial resolution at nadir
(4 km) is low. The COMS Level 1 product (IR1, IR2, and
visible) andCOMSLevel 2 product (land surface temperature
[LST] and insolation [INS]) were used to estimate daily
ET. Land surface temperatures were estimated using the
split-window technique with a spatial resolution of 4 km.
Compared to MODIS LST product, the COMS LST product
has a root-mean-square error (RMSE) of 3.12 K and a bias
of −1.65 K. It used the mean values 13:00–14:00 local time.
COMS INS product was estimated using the physical model
[47] for clear and cloudy skies with a spatial resolution of
4 km using daily mean values. Compared to pyranometer

measurements, the COMS INS product has an RMSE of
60–140W/m2.

(2) SPOT Data. It is critical to understand the effects of
vegetation when estimating ET. Transpiration is the domi-
nant component of ET across a variety of ecohydrological
systems [2]. Because COMS/MI has no near-IR (NIR) chan-
nels and cannot account for the impact of vegetation, we
considered these variables using the Normalized Difference
Vegetation Index (NDVI) from SPOT satellites, which were
launched by the French Centre National d’Etudes Spatiales to
observe vegetation. The SPOT satellite is a sun-synchronous
polar-orbiting satellite with an inclination of 98.7∘ at an
altitude of 820 km. The VGT sensor onboard SPOT is a
multispectral instrument with a wide swath width (2,280 km)
and a 1 km spatial resolution. The sensor has four spec-
tral bands: blue (0.43–0.47 𝜇m), red (0.61–0.68𝜇m), NIR
(0.78–0.89 𝜇m), and SWIR (1.58–1.74 𝜇m). In this study, the
surface reflectance (i.e., surface albedo) was calculated using
the SPOT/VGT 10-day synthesis (D10) product corrected Bi-
directional Reflectance Distribution function (BRDF) in the
red and NIR channels. The BRDF is a critical tool for reliably
reducing the anisotropy associated with surface scattering
effects, one of the main fluctuating error sources of relative
solar-target-sensor geometry [48]. Albedo was determined
using monthly mean data from 2001 to 2011. NDVI varies
seasonally according to the type of vegetation. To consider of
vegetation status over Korea, the NDVI was calibrated using
multiple polynomial regression [49]. In addition, geo- and
atmosphere-corrected data, as well as S10 data, were used.
The S10 data were synthesized in three 10-day sections per
month, from days 1–10, days 11–20, and day 21 to the last
day, using the maximum value composite method. We also
used the Normalized Difference Water Index (NDWI), using
NIR and SWIR channels as proposed by [50], to estimate the
satellite-based air temperature and account for the effects of
drying and wetting conditions of the surface.

(3) Ancillary Data. To derive daily ET, surface roughness
length (𝑍0), the MODIS land cover map, and a digital ele-
vation model (DEM) were used.𝑍0 is a critical parameter for
estimating aerodynamic resistance between the land surface
and atmosphere, as well as daily ET, because fluxes of mass
and energy in and out of canopies are dependent on turbulent
flow. There are many limitations when measuring 𝑍0 using
satellite data; therefore, it is obtained using indirect methods.
In Europe, these data are provided by land cover. In this
study,𝑍0 of the forest region was estimated using Ecoclimap-
1 DB [51, 52], which is a class-based input for global and
regional climate models produced in Europe that provides
ground information for the same land cover and climate at
a 1 km spatial resolution. In addition, NDVI-based 𝑍0 [53]
was used in nonforested areas.The DEM used the GTOPO30
data provided by the EROS data center of the United States
Geological Survey. GTOPO30 is part of the World Geodetic
System 1984 and has a resolution of 30 arcs (about 1 km or
0.0083333∘).

(4) Data Reprocessing and Matchup Data Base (MDB). To
reprocess the data for estimating the COMS ET, the remote-
sensing data (i.e., air temperature, surface temperature, INS,
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Figure 1: Location of Korea in this study area. The blue points represent the Global Telecommunication System (GTS) over North-East Asia
regions. The right figure represents MODIS land cover types map over Korea (1: water bodies; 2: evergreen needleleaf forest; 3: evergreen
broadleaf forest; 4: deciduous needleleaf forest; 5: deciduous broadleaf forest; 6: mixed forest; 7: closed shrublands; 8: open shrublands; 9:
woody savannas; 10: savannas; 11: grasslands; 12: permanent wetlands; 13: croplands; 14: urban and built-up; 15: cropland/natural vegetation
mosaics; 16: snow/ice; 17: barren or sparsely vegetated).
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Figure 2:The geostationary orbit satellite (COMS), polar orbit satellite (SPOT), and ancillary data (ECOCLIMAP-1DB) based input variables
for estimate daily actual evapotranspiration (ET) algorithms.

albedo, outgoing radiation, vegetation index, land cover
map, 𝑍0 map, and DEM) and meteorological data (i.e.,
temperature, wind speed, relative humidity, and atmospheric
pressure) must have coincident temporal and spatial reso-
lutions (1 km). All of the data were standardized to a Plate
Carrée projection (Geographic/WGS84 projection) with a
1 km spatial resolution in the course of 1 year (April 2011 to
March 2012) in Korea (33–43∘N, 122–132∘E). Meteorological
observations were collected from a total of 93 observatories
(manned observation stations) in Korea. The satellite and

auxiliary data were standardized with the meteorological
observations by averaging the nearest time and distance
(within 1 km) around the observation station. The data were
analyzed by linear regression of the difference between ET
and Rn and the difference between the surface (Ts) and air
temperatures (Ta) observed from 13:00 to 14:00.

(5) Validation Data. To evaluate the accuracy of the COMS
daily ET, we used flux tower measurement data and MODIS
ET (MOD16) [28]. The flux tower measurements were
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Figure 3: Flowchart of themethodology for estimating the Communication, Ocean andMeteorological Satellite (COMS) daily evapotranspi-
ration (ET).

obtained by converting the latent heat flux observed every
30min from the tower using the eddy covariance method
to measure directly the vertical fluxes of heat, water vapor,
and CO2 between the surface and atmosphere. This was
transformed as follows:

ET = LE𝜆 , (4)

where 𝜆 is the latent heat of vaporization (J/kg).This assumes
ideal conditions in which the ground is horizontally uniform
and flat, there is no sink or source, and the average vertical
flux due to turbulence is defined as 𝐹 = 𝜔𝑐 (where 𝜔
is vertical wind speed and 𝑐 is physical quantity). Wind
velocity was measured in the 𝑥, 𝑦, and 𝑧 directions and CO2,
H2O, and temperature were measured at a rate of 10Hz to
understand the amount of watermovement over time. Table 1
summarizes the information about the flux towers used in
this study.The Seolmacheon flux tower (SMK)was in amixed
forest in the middle part of the river basin at an elevation of
293m. The average height of the trees was 15m. More than
90% of the forest is composed of 20–40-year-old coniferous
and broadleaf trees. Their ability to replenish water is low
due to the shallow topography, and the rocks and gravel
are scattered on mountain slopes [54]. The Cheongmicheon
flux tower (CFK) was in a rice paddy. The surrounding area
was homogeneous and the terrain flat. The 500m radius
around the tower mostly consisted of rice, and the soil was
dominated by sandy loam. The MODIS ET is based on the
Penman-Monteith equation, which considers aerodynamic
resistance and surface resistance and uses daily meteorolog-
ical reanalysis data (air pressure, air temperature, humidity,
radiation, etc.) and remotely sensed vegetation data (Leaf
Area Index, the Fraction of Absorbed Photosynthetically
Active Radiation, albedo, and land cover) fromMODIS.This

algorithmestimates ET and accounts for canopy conductivity,
environmental factors (e.g., minimum temperature and dif-
ference in saturatedwater vapor pressure), and evaporation in
the soil. The MODIS ET was accumulated at 8-day, monthly,
yearly, and 1 km resolutions.

3. Methodology

Figure 3 shows the flowchart for estimating daily ET. First,
we estimated the satellite-based air temperature (Section 3.1),
daily Rn using net shortwave and longwave radiation
(Section 3.2), and sensible heat flux (Section 3.3). The spa-
tial and temporal resolutions of each input variable from
the satellite data (e.g., air temperature, daily Rn, and land
surface temperature) andmeteorologicalmeasurements (e.g.,
humidity, temperature, and wind speed) were standardized
using the matchup database (MDB). Then the 𝐵-coefficients
were estimated by considering the relationship between
sensible heat flux and the difference between land surface
and air temperatures based on theMDB (Section 3.4). Finally,
daily ET was estimated using the 𝐵-coefficients (Section 3.5).

3.1. Estimation of Daily Air Temperature (Ta). Near-surface
air temperature (Ta) is a critical variable for estimating daily
ET. Remote-sensing data can be used to estimate Rn and
land surface temperature; however, it is difficult to estimate
temperature using satellite data. Generally, Ta values are
obtained frommeteorological stations 2m above the ground,
although this can be difficult in mountainous terrain. Due to
the limited distribution ofmeteorological stations, we used an
algorithm for satellite-basedmidday air temperature retrieval
over northeast Asia [55]. This algorithm uses COMS Level
1B brightness temperature the difference between the IR 1
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Table 1: Flux tower measurement information.

Flux Site Location/position Vegetation Type Elevation
Annual mean
precipitation

(mm)

Annual mean
Air temperature

(∘C)

Canopy Height
(m)

SMK
(KoFlux
Seolmacheon
Site)

Paju, South
Korea/37∘5619N,

126∘5717E
Mixed Forest 293m above

sea level 1332mm 11.5∘C 15m

CFK
(KoFlux
Cheongmicheon
Site)

Yeuju, South
Korea/37∘935N,

127∘3910E
Rice paddy 141m 1170mm 11.5∘C 1m

and IR 2 channels, land surface temperature, SPOT/VGT
NDWI, andNDVI. Validated to groundmeasurements, these
estimates have an 𝑅2 value of 0.9401, a RMSE of 2.89K, and a
bias of 0.49K for 13,542 matchup cases points.

3.2. Estimation of Daily Net Radiation (Rn). Daily Rn is
one of the important parameters of total heat energy for
estimating daily ET. It can be estimated using the sum of
the difference between the incoming shortwave (Rs) and
reflected outgoing shortwave solar radiation (0.15–5𝜇m), and
the difference between the downwelling atmospheric and the
surface emitted and reflected longwave radiation (3–100𝜇m).
The daily Rn can be expressed as follows:

Rn = Rn𝑠 + Rn𝑙 = Rs ⋅ (1 − 𝛼) + Rn𝑙, (5)

where Rn𝑠 is net shortwave radiation (W/m2), Rn𝑙 is net
longwave radiation (W/m2), Rs is incoming solar radiation
(W/m2), and 𝛼 is surface albedo (dimensionless). Rn𝑠 is the
difference between incoming and reflected solar radiation.
Rs (i.e., surface solar radiation [insolation]) was estimated
based on a physical model [48].The reflectance of the surface
(i.e., surface albedo) was calculated according to a previous
study [56] to derive the narrowband-to-broadband albedo
as the mean value of normalized reflectance in visible and
NIR channels obtained from SPOT/VGT satellites. Rn𝑙 is
the difference between outgoing longwave radiation from
upwelling surface radiation and incident downwelling atmo-
spheric radiation. It is calculated with the Stefa-Boltzmann
law and Brunt equation [57] using a combined 𝜀bulk between
the air and land surface with maximum and minimum air
temperatures:

Rn𝑙 = 𝐿 ↓ − 𝐿 ↑= 𝜀bulk ⋅ 𝜎 ⋅ (𝑇max
4 + 𝑇min

4

2 ) , (6)

where 𝜀bulk is the net emissivity, 𝜎 is the Stefan-Boltzmann
constant (5.67 × 10−8W/m2/K4), 𝑇max is daily maximum
temperature (K), and𝑇min is dailyminimum temperature (K).𝜀bulk [58, 59] was calculated as follows:

𝜀bulk = −(𝑎 ⋅ ( 𝑅𝑆𝑅SO
+ 𝑏) ⋅ (𝑎1 + 𝑏1 ⋅ √𝑒𝑎) , (7)

where 𝑎 and 𝑏 are regression coefficients to correct for
cloudiness, 𝑎1 and 𝑏1 are regression coefficients to correct

for water in the air, 𝑒𝑎 is actual vapor pressure (kPa), 𝑅so
is clear-sky radiation (W/m2), 𝑅𝑠 is actual solar radiation
(W/m2), and 𝑅𝑠/𝑅so is relative short wave radiation (W/m2).
The coefficients 𝑎, 𝑏, 𝑎1, and 𝑏1 can be expressed as follows
[60]:

𝑎 = 1.126,
𝑏 = −0.07,

If 𝑅𝑠𝑅so > 0.7,
𝑎 = 1.017,
𝑏 = −0.06,

If 𝑅𝑠𝑅so ≤ 0.7,
𝑎1 = 0.26 + 0.1

⋅ exp {− [0.0154 ⋅ (30 ⋅ 𝑚 + 𝑁 − 207)]2} ,
𝑏1 = −0.139,

(8)

where 𝑚 is the number of the month (i.e., 1 for January in
the northern hemisphere) and 𝑁 is day of the month. The
daily clear-sky solar radiation uses an exponential model and
a cosine model [61] as follows:

𝑅so = 𝐴 ⋅ exp[−( JD − 𝐶𝐵 )2] ,
𝐴 = 31.25 + 0.001113 ⋅ 𝑍,
𝐵 = 270 − 3.008 ⋅ 𝐿,

(9)

where 𝐴 is the peak radiation, 𝐵 is width of the curve, 𝐶
is Julian day of the day when the maximum solar radiation
occurs (usually around day 172), JD is Julian day, 𝑍 is
elevation above sea level (m), and 𝐿 is latitude (∘).

3.3. Estimation of Sensible Heat Flux (H). The calculation
of sensible heat flux (𝐻) is the most complex component
of the surface energy budget. 𝐻 is the energy emitted from
the surface to the atmosphere by the heat transfer processes
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(convection and conduction) due to temperature differences
between the surface and the atmosphere [62]. It is estimated
following Ohm’s Law. 𝐻 can be calculated by the following
bulk aerodynamic resistance equation [63] as follows:

𝐻 = 𝜌 ⋅ 𝐶𝑃 ⋅ (𝑇𝑆 − 𝑇𝑎)𝑟𝑎 , (10)

where𝐻 is sensible heat flux,𝜌 is the air density (kg/m3),𝐶𝑃 is
the specific heat of air at constant pressure (J/kg/K), 𝑇𝑎 is the
air temperature at reference height (2m), 𝑇𝑆 is the land sur-
face temperature, and 𝑟𝑎 is the aerodynamic resistance for the
heat transport (s/m). Estimating sensible heat flux using the
slope between the surface and air temperatures is complicated
and many meteorological parameters (surface/air tempera-
ture, relative humidity, wind speed, aerodynamic resistance,
and surface roughness length) are required. Therefore, it is
difficult to apply to a wide area. In this study,𝐻was simplified
as follows:

𝐻 = 𝐵𝑑 ⋅ (𝑇𝑆𝑑 − 𝑇𝑎𝑑) , (11)

where 𝐵𝑑 is a semiempirical coefficient that varies with land
characteristics. It is defined as an “exchange coefficient,”
which is weighted by Rn𝑑/Rn𝑖 ratio and shows the instan-
taneous Rn contribution at midday for daily radiation on
clear days. Rn𝑑/Rn𝑖 is affected by the change in solar energy
depending upon surface conditions and season. It is approxi-
mately 0.33 in barren regions [12]. 𝐵𝑑 is calculated as follows:

𝐵𝑑 ≈ Rn𝑑
Rn𝑖

⋅ 𝜌𝑚 ⋅ 𝐶𝑝𝑟𝑎 ⋅ 1𝜆 ,
𝜌𝑚 = 𝑃

RT
,

𝑃 = 101.3 − 0.01055 ⋅ 𝑍,
𝑇 = 𝑇1 − 0.378 (𝑒𝑎/𝑃) ,

(12)

where 𝜆 is the latent heat of vaporization (kJ/kg), the sub-
scripts 𝑑 and 𝑖 represent the values observed at daily and
instantaneously at noon, respectively, 𝑃 is atmospheric pres-
sure (kPa), 𝑅 is the specific gas constant for dry air
(0.287 kJ/kg/K),𝑇 is the virtual temperature (K), and 𝑒𝑎 is the
actual vapor pressure of the air (kPa). The actual vapor
pressure is computed as follows:

𝑒𝑎 = 𝑒𝑜𝑑𝑝 = RH ⋅ 𝑒𝑜db, (13)

where RH is relative humidity (%) and 𝑒𝑜db is the saturation
vapor pressure at dew point temperature (kPa). The latent
heat of vaporization is the heat required to change a unit
mass of water from a liquid to a vapor at a constant pressure
and temperature. In thermodynamic references, it is also
known as the enthalpy of vaporization [64, 65]. Latent heat
of vaporization can be estimated using the following linear
regression equation [66] as follows:

𝜆 = 2501 − 2.3601 ⋅ 𝑇, (14)

where 𝑇 is air temperature (∘C). Aerodynamic resistance, 𝑟𝑎,
is resistance to heat transport between the land surface and
the canopy and is affected by many factors including surface
roughness (vegetation height and structure), wind speed,
and atmospheric stability. Various methods for calculating 𝑟𝑎
have been developed ranging from extremely elementary (a
function of wind speed only) to quite rigorous (accounting
for atmospheric stability, wind speed, surface aerodynamic
roughness, etc.) [67]. Based on the Monin-Obukhov Similar-
ityTheory for the atmospheric surface layer, the aerodynamic
resistance is computed by the following equation [68–71] as
follows:

𝑟𝑎 = ln ((𝑍 − 𝑑) /𝑍0) ln ((𝑧 − 𝑑) /𝑍0ℎ)𝐾2 ⋅ 𝑈 , (15)

where 𝐾 is the Karman constant (=0.41), 𝑍 is height of the
anemometer (=10m), 𝑈 is wind velocity at height 𝑍 (m/s),𝑍0 is surface roughness length for momentum transfer
(m), 𝑑 is the zero-plane displacement height (m), and 𝑍0ℎ
is surface roughness length for the transfer of heat and
vapor (m). Aerodynamic resistance is affected by numerous
factors (e.g., surface roughness [vegetation height, vegetation
structure], wind speed, and atmospheric stability). Although
it is impossible tomeasure broad vegetation height accurately,
it can be estimated using surface roughness as follows:

ℎ = 𝑍00.123 ,
𝑑 = 0.67 ⋅ ℎ,

𝑍0ℎ = 0.1 ⋅ 𝑍0,
(16)

where ℎ is vegetation height (m) and 𝑍0 is surface roughness
length (m). In this study, 𝑍0 for densely vegetated areas
was calculated using ECOCLIMAP-DB 1. Areas with low
vegetation height were estimated using the vegetation index
[53] as follows:

𝑍0 = exp (−5.5 + 5.8 ⋅ NDVI) . (17)

The 𝐵-coefficients change according to the ratio of Rn, the
density of wet air, and the aerodynamic resistance (i.e., the
change in surface vegetation). 𝐵-coefficients depend on
surface roughness, wind speed, and atmospheric stability.

3.4. Estimation of B-Coefficients. In this study, the 𝐵-
coefficients from [35] were calculated using the spatiotem-
poral coincidence MDB composed of the ground-based data
and satellite data. The 𝐵-coefficients determined values of
the slopes from the regression between ET and Rn and Ts
and Ta. There was a negative correlation with 𝑍0. Figure 4
shows a linear relationship between ET − Rn and Ts − Ta,
which demonstrates their dependence on 𝑍0. It also presents
the variation in the slopes for 𝑍0. The larger the surface
roughness, the greater the deviation in 𝐵 values. The
slopes decreased with increasing surface roughness length
(Table 2). In this study, the 𝐵-coefficients were representative
of the surface roughness range as follows: 𝑍0, 0.0207m
(0.0048–0.0597m), 0.1044m (0.0602–0.1695m), 0.2110m
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Figure 4: The relationship between ET − Rn and Ts − Ta using
different surface roughness lengths (𝑍0).
Table 2: Surface roughness length value according to𝐵-coefficients.

𝑍0 (m) 𝐵-coefficient
0.0207 0.1629
0.1044 0.2449
0.2110 0.3157
0.3200 0.3905
0.8800 0.6718
0.9700 0.7029
1.9500 0.8435

(0.1710–0.2486m), 0.3200m (0.2540–0.4864m), 0.8800m
(0.8600–0.9100m), 0.9700m (0.9200–1.000m), and 1.9500m
(1.9200–1.9700m). The 𝐵-coefficient model was calculated
using representative 𝐵 values, which were derived using
an exponential function model and reflected the surface
characteristics of the region:

𝐵 = 𝑎1 ⋅ 1 − exp (−𝑎2 ⋅ 𝑍0) + 𝑎3, (18)

where 𝑎1 = 0.8224, 𝑎2 = 1.3153, and 𝑎3 = 0.1381.
3.5. Estimation of Daily ET. We developed a method for
estimating daily ET using the 𝐵-coefficient model, which
reflected vegetation and𝑍0.This algorithm only used satellite
data, specifically COMS satellite data:

ET𝑑 = Rn𝑑 − 𝐵 ⋅ (Ts𝑑 − Ta𝑑) ,
𝐵 = 0.7705 ⋅ (1 − exp (−1.3153 ⋅ 𝑍0)) + 0.1381. (19)

4. Results

4.1. Estimation of Daily COMS ET. The daily COMS ET was
estimated under clear skies, except in the urban and desert
regions. ET was estimated in Korea (33–43∘N, 122–132∘E)
from 1 April 2011 to the present in real time. The daily

COMS ET estimates only used satellite data (e.g., land
surface temperature, air temperature, and solar radiation)
from geostationary meteorological satellites. Therefore, these
data allow for spatial and temporal monitoring of energy and
water cycles over a wide area of Korea.They also reflect vege-
tation changes and regional characteristics of the land surface
using vegetation indices and surface roughness. Figure 5
shows the spatial distribution of the COMS average monthly
ET from January to December 2012. Changes in the growth
and decline of vegetation from spring to winter on the Korea,
which is mainly composed of forests and cultivated areas,
were clearly reflected. The spatial and temporal distributions
of COMS ET based on the seasonal land characteristics were
also clear. In the spring (March, April, and May), the western
plains area had many ET values exceeding 0–4mm/day.
Values over 3-4mm/day increased during April and May,
which was due to the freshwater cultivation of the plains area.
In summer (June, July, and August), ET had a maximum of
about 6mm/day in the eastern part of the Korea. In autumn,
ET was 0–4mm/day in September, 0–3mm/day in October,
and 0–2mm/day in November; this decrease in ET reflected
the vegetation decline and harvest that occurs during these
months. In winter (December, January, and February), ET
was generally 0–2mm/day because the vegetation was inac-
tive.TheCOMSET is characterized by being impacted on the
surface roughness according to the land cover types.

4.2. Validation. To evaluate the accuracy of the daily COMS
ET estimates, we compared them with daily flux tower ET
measurements and MOD16 data via temporal and spatial
analyses.

4.2.1. Validation of Estimated ET with Flux Tower Measure-
ments ET and MODIS ET. In this study, we compared the
COMS daily ET with daily flux tower ET measurements
and the MOD16 data. The study period was from January
to December 2012 and compared COMS data points (1 km)
to the nearest the flux tower measurements in forests and
cropland. Figures 6(a) and 6(b) show the results of time series
comparisons of COMS daily ET, flux tower ET measure-
ments, andMOD16. Figure 6(a) shows the results of daily ET
in amixed forest; flux tower ETwas 0–4mm/day, COMSdaily
ET was 0–4.5mm/day, and MOD16 was 0–8mm/day. COMS
ET had similar seasonal patterns to flux tower ET measure-
ments. Conversely, MOD16 was estimated to be 4–8mm/day
from May to August, which was higher than the flux tower
measurements. Figure 6(b) shows the results of daily ET in a
rice paddy, where flux tower ET was 0–5.5mm/day, COMS
daily ET was 0–5.5mm/day, and MOD16 was 0–4.5mm/day.
The COMS daily ET was higher than the flux tower ET
measurements by about 1mm/day in spring (March–May)
when vegetation was growing and in winter (December
and January) when vegetation was inactive after harvest.
Freshwater cultivation was mainly conducted in rice paddies
from April to September; the ET tended to decrease after
harvest time in September. Because rice paddies are filled
with water during planting, the ET is somewhat higher than
that of mixed forests. In addition, in August, flux tower



Journal of Sensors 9

131130129128127126125124123

42

41

40

39

38

37

36

35

34

42

41

40

39

38

37

36

35

34

Evapotranspiration (mm/day)
76543210

131130129128127126125124123

42

41

40

39

38

37

36

35

34

42

41

40

39

38

37

36

35

34

Evapotranspiration (mm/day)
76543210

March
131130129128127126125124123

February
131130129128127126125124123

January

131130129128127126125124123

131130129128127126125124123

42

41

40

39

38

37

36

35

34

42

41

40

39

38

37

36

35

34

Evapotranspiration (mm/day)
76543210

131130129128127126125124123

42

41

40

39

38

37

36

35

34

42

41

40

39

38

37

36

35

34

Evapotranspiration (mm/day)
76543210

131130129128127126125124123

42

41

40

39

38

37

36

35

34

42

41

40

39

38

37

36

35

34

Evapotranspiration (mm/day)
76543210

June

131130129128127126125124123

May

131130129128127126125124123

April

131130129128127126125124123

131130129128127126125124123

42

41

40

39

38

37

36

35

34

42

41

40

39

38

37

36

35

34

Evapotranspiration (mm/day)
76543210

131130129128127126125124123

42

41

40

39

38

37

36

35

34

42

41

40

39

38

37

36

35

34

Evapotranspiration (mm/day)
76543210

131130129128127126125124123

42

41

40

39

38

37

36

35

34

42

41

40

39

38

37

36

35

34

Evapotranspiration (mm/day)
76543210

September

131130129128127126125124123

August

131130129128127126125124123

July

131130129128127126125124123

131130129128127126125124123

42

41

40

39

38

37

36

35

34

42

41

40

39

38

37

36

35

34

Evapotranspiration (mm/day)
76543210

Figure 5: Continued.



10 Journal of Sensors

December
131130129128127126125124123

131130129128127126125124123

42

41

40

39

38

37

36

35

34

42

41

40

39

38

37

36

35

34

Evapotranspiration (mm/day)
76543210

November
131130129128127126125124123

131130129128127126125124123

42

41

40

39

38

37

36

35

34

42

41

40

39

38

37

36

35

34

Evapotranspiration (mm/day)
76543210

October
131130129128127126125124123

131130129128127126125124123

42

41

40

39

38

37

36

35

34

42

41

40

39

38

37

36

35

34

Evapotranspiration (mm/day)
76543210

Figure 5: Spatial distribution of Communication, Ocean and Meteorological Satellite (COMS) monthly mean evapotranspiration (ET;
mm/day) over Korea in 2012.
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Figure 6: Time series of the Communication, Ocean and Meteorological Satellite (COMS; blue points), MODerate-resolution Imaging
Spectrometer (MODIS; gray points and line), and daily flux tower (black triangle) evapotranspiration (ET) measurements during 2012 at
flux tower measurements sites in (a) a mixed forest (Seolmacheon, SMK) and (b) a rice paddy (Cheongmicheon, CFK).
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Figure 7: Comparison between flux tower measurements of daily evapotranspiration (ET; mm/day) and Communication, Ocean and
Meteorological Satellite (COMS; blue circles) ET, as well as MODerate-resolution Imaging Spectrometer (MODIS; black triangles) ET over
Korea at flux tower sites in (a) a mixed forest (Seolmacheon, SMK) and (b) a rice paddy (Cheongmicheon, CFK).

ET measurements were higher than the COMS daily ET
estimates. We assumed that this included a small number
of observations affected by clouds, the observation error of
instantaneous ET due to remaining water at the surface and
being cut off by the evaporation of water by rainfall and
vegetation in the summer. Figure 7 shows a scatterplot com-
paring the daily COMS ET and MOD16 data with flux tower
ET measurements from the nearest flux tower measurement
sites; the flux tower ET measurements were 0–4mm/day, the
COMS daily ET estimates were 0–5mm/day, and MOD16
values were 0–8mm/day. MOD16 values tended to be more
than twice as high as the COMS ET estimates. The correla-
tion of flux tower measurements with COMS ET estimates
(RMSE: 0.94mm/day, bias: 1.05mm/day) was lower than that
withMOD16 values (RMSE: 1.74mm/day, bias: 2.47mm/day)
by 0.1. However, the RMSE and bias of COMS ET esti-
mates were better than those of MOD16 by 0.8mm/day and
1.42mm/day, respectively (Table 3). Figure 7(b) shows that,
in the croplands, flux tower ET was 0–5.5mm/day, COMS
daily ET was 0–5.5mm/day, and MOD16 was 0–4.5mm/day.
MOD16 values were slightly lower than the flux tower
measurements in agricultural areas with active water supplies
because of the lack of regional characteristics. In these areas,
the correlation of flux tower measurements with COMS
ET estimates (RMSE: 1.12mm/day, bias: 1.21mm/day) was
higher than that with MOD16 values (RMSE: 0.85mm/day,
bias: 1.18mm/day) by 0.12. However, the RMSE and bias of
COMS ET estimates were worse than those of MOD16 by
0.27mm/day and 0.02mm/day, respectively (Table 4).

Table 3: Comparisons between daily flux tower evapotranspiration
(ET) measurements and Communication, Ocean and Meteorologi-
cal Satellite (COMS) ET estimates, as well as MODerate-resolution
Imaging Spectrometer (MODIS) ET estimates in a mixed forest
(SMK) from January to December 2012.

𝑅 RMSE
(mm/day)

Bias
(mm/day)

Standard
error

(mm/day)

Number of
observations

COMS
ET 0.598 0.941 1.05 0.751 125

MODIS
ET 0.696 1.741 2.47 1.673 300

4.2.2. Comparisons of Estimated ETwithMODISET. Figure 8
shows the spatial distribution of the monthly average COMS
andMODIS ET estimates in Korea. Figure 9 shows the prob-
ability density function (PDF) ofmonthly average COMS and
MODIS ET estimates in January (winter), April (spring), July
(summer), and October (autumn). COMS ET had significant
changes in seasonal ET due to vegetation growth and decline
throughout Korea (Figure 8(a)). It had a normal distribution
function, which ranged from 0 to 5.5mm/day over the entire
season. In January, the estimated COMSETwas 0–2mm/day.
In April, when vegetation was growing, the ET range of
2–4mm/day accounted for more than 50% of total values.
In July, when rainfall and temperature increased, the mode
was about 4mm/daywith range of 0–5.5mm/day. InOctober,
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(a) COMS monthly mean evapotranspiration
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Figure 8: (a)Communication,Ocean andMeteorological Satellite (COMS)monthlymean actual evapotranspiration (ET) and (b)MODerate-
resolution Imaging Spectrometer (MODIS)monthlymeanET. Seasonally representativemonthswere selected for this figure: January (winter),
April (spring), July (summer), and October (autumn).

Table 4: Comparisons between daily flux tower evapotranspiration
(ET) measurements and Communication, Ocean and Meteorologi-
cal Satellite (COMS) ET estimates, as well as MODerate-resolution
Imaging Spectrometer (MODIS) ET estimates in a rice paddy (CFK)
from January to December 2012.

𝑅 RMSE
(mm/day)

Bias
(mm/day)

Standard
error

(mm/day)

Number of
observation

COMS
ET 0.737 1.122 1.205 0.722 132

MODIS
ET 0.620 0.853 1.182 0.7943 301

when vegetation declined, the ET was 0–3mm/day and the >
80% of estimates were below 2mm/day.MODIS ET estimates
ranged from 0 to 6mm/day (Figure 8(b)). In January,MODIS
ET estimates were generally < 1mm/day, and over 80–90% of
values were within 0–2mm/day except in July (Figure 9). In
January, about 80% of values were 0.5mm/day, which was the
same in the spring. In July, values were still low, with those

<1mm/day accounting for 60% of the total. In October, when
vegetation declined, the values of 0–1mm/day accounted for
about 70% of the total.

5. Summary and Concluding

Recently, the importance of ET has been recognized in many
fields of research, including water management, drought
management, and climate change, which require continuous
temporal and spatial monitoring.The flux tower ETmeasure-
ments are disadvantageous because they can be difficult to
interpret due to the expected energy imbalance in inhomo-
geneous and complex terrain. Due to spatial discontinuity
of in situ measurements, effective monitoring of terrestrial
biogeochemical cycles components at the global scale can be
achieved only by satellite observations. To observe ET over
a constant time interval and a wide geographic area, various
studies are being conducted using satellite observations.
Variable parameters (e.g., insolation, land surface tempera-
ture, near-surface temperature, albedo, vegetation, and land
cover map) based on satellite observation are required to
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Figure 9: Probability density functions (PDF) of monthly mean evapotranspiration from the Communication, Ocean and Meteorological
Satellite (COMS; blue line) and MODerate-resolution Imaging Spectrometer (MODIS; the black dash line) over Korea in 2012. Seasonally
representative months were selected in this figure: January (winter), April (spring), July (summer), and October (autumn).

estimate the ET of large area. To observe and quantify ET
continuously over Korea, we developed an algorithm of
simplified daily ET using a combination of geostationary
(COMS) and polar-orbiting satellite data (SPOT/VGT). The
algorithm for estimating ET reflects vegetation, land surface
type, and surface characteristics. The COMS daily ET had
a range of 0–6mm/day in 1 year; seasonal characteristics
were also reflected. To evaluate the accuracy of our estimates,
we compared them with the flux tower measurements and

MODIS ET. In themixed forest, the correlation coefficient (𝑅)
between COMS ET and flux tower measurements was about
0.6, the RMSE was 0.94mm/day, and the bias is 1.05mm/day,
while, in the rice paddy, these values were 0.73, 1.12mm/day,
and 1.21mm/day, respectively. Compared to the flux tower
measurements, the MODIS ET had a RMSE of 2.47mm/day
in the forest and 0.85mm/day in the cropland, which were
higher than those of COMS ET. The values from MODIS
ET also tended to be somewhat higher in the forested area
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(range: 0–8mm/day) than those from COMS. In addition,
the MODIS ET in the flooded cropland ranged from 0
to 4.5mm/day, which was lower than the COMS ET and
flux tower measurements. The spatial distribution of daily
ET estimates tended to change with vegetation growth and
decline. However, MODIS ET, which is an 8-day cumulative
estimate, was 0–2mm/day at the time of vegetation growth
and decline (particularly in spring and autumn) and was not
sensitive to regional characteristics. This suggests that the
results do not fully reflect local characteristics when using
GMAOmodel data as meteorological data.

COMSdaily ETusing only satellite data (e.g., air tempera-
ture, surface temperature, net short- and longwave radiation,
and albedo) were relatively accurate. In addition, the ET
algorithm simplified the generally complex computational
process of sensible heat flux using the 𝐵-coefficients, which
are a function of surface roughness. It had a high periodicity,
a temporal resolution of 1 day, and a spatial resolution of
1 km over a wide area (except urban and desert areas) on
clear-sky days. In this study, 𝐵-coefficient generation model
adapts over various land types, which is firstly proposed
for northeast Asia region. In many studies, the error of ET
estimated using the methods of [35] is about ±1mm/day,
which is consistent with the error found in this study.
This is sufficiently low to provide reliable information for
water management [66]. However, the COMS daily ET was
estimated and applied differently to the surface roughness
based on land cover type. The daily ET was calculated using
surface roughness, whose variability can significantly affect
estimates. Various other necessary input parameters can also
affect ET estimates. That is, input variables can increase the
error and uncertainty of the ET values. In the future, we will
conduct sensitivity analysis to assess these effects. The cycles
and intensities of climate change and droughts are increasing
[71]. COMS ET is an important ecological and hydrological
parameter expressing the characteristics of the surface and
climate through satellite observation. It provides the scientific
basis for water management and policies and will play an
important role in increasing the application of satellite data.
Quantitative observation and monitoring using the spatial
distribution of COMS ET over many years not only helps to
elucidate climate change in Korea but also provides a means
for predicting and investigating the mechanisms of global
energy and water cycles, as well as validating hydrological
and climate models [72] and numerical model inputs [73].
In the future, highly accurate ET estimates can be used for
water resource management (e.g., irrigation for agriculture)
and regional evaluation of drought.
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[72] D. Michel, C. Jiménez, D. G. Miralles et al., “The WACMOS-
ET project - Part 1: Tower-scale evaluation of four remote-
sensing-based evapotranspiration algorithms,” Hydrology and
Earth System Sciences, vol. 20, no. 2, pp. 803–822, 2016.

[73] B. Mueller, S. I. Seneviratne, C. Jimenez et al., “Evaluation
of global observations-based evapotranspiration datasets and
IPCC AR4 simulations,” Geophysical Research Letters, vol. 38,
no. 6, 2011.



Robotics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Active and Passive  
Electronic Components

Control Science
and Engineering

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Rotating
Machinery

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 Journal of

Volume 201

Submit your manuscripts at
https://www.hindawi.com

VLSI Design

Hindawi Publishing Corporation
http://www.hindawi.com Volume 201

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Shock and Vibration

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi Publishing Corporation 
http://www.hindawi.com

Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Sensors
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Modelling & 
Simulation 
in Engineering
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Navigation and 
 Observation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Distributed
Sensor Networks

International Journal of


