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Abstract— Numerous studies have developed algorithms for
estimating the net radiation by satellite remote sensing data
obtained under clear sky conditions using polar orbiting
meteorological satellite. However, estimating net radiation
under cloudy sky conditions using geostationary
meteorological satellites with remote sensing sensors
remains a significant challenge. In this paper, we developed
algorithms to estimate net radiation through the day under
all cloud covered conditions using the data from the visible
and infrared spin scan radiometer, which is onboard the
Chinese  geostationary meteorological satellite. The
geostationary sensor can be utilized to regularly generate
temporally consistent top-of-atmosphere (TOA) and the
temperature of brightness blackbody, both at hourly scales
because of its frequent temporal sampling (at 1 hour
interval). Under the clear sky condition, FengYun-2D (FY-
2D) data are used to derive the hourly net radiation. For
cloudy case, the transmission coefficient is calculated using
TOA reflectance and the attenuation of solar radiation in
the atmosphere. Then, amounts of solar radiation under
different atmospheric and cloud covered conditions are
recorded. The methodology is applied over the source of the
Yellow River on September 2009. Compared with ground-
based measurements, the root mean square errors of the net
radiation estimated under clear and cloudy conditions using
the FY-2D data are 27.0W-m-2 and 38.0W-m-2, respectively.
The proposed methodology can rely exclusively on remote
sensing data in the absence of ancillary ground observations;
thus, it can potentially estimate the surface energy budget
regionally.

Index Terms—net radiation, cloudy; the source region of the
Yellow River, Geostationary Meteorological Satellite

1. INTRODUCTION

Net radiation (Rn) is defined as the difference between
the incoming and outgoing radiation fluxes, including
both shortwave and long radiation, at the Earth’s surface.
Downwelling short-wave radiation (RS]) at the surface
are resulted from scattering, emission, and absorption
within the entire atmospheric column, whereas upwelling
short-wave radiation is produced by RS| and surface
albedo. Downwelling long-wave (RL]) and upwelling
long-wave radiation (RL?) are characterized by near-
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surface air temperature, air emissivity, land surface
temperature (LST), and surface emissivity [1]. Rn is a
key quantity for estimating the surface energy budget and
is an important flux that links evaporation, photosynthesis,
and heating of soil and air.

Estimating surface net radiation at a high spatial and
temporal resolution is challenging. The methodologies for
estimating surface Rn or its components (RL|, RL{, and
RS|) from satellite data can be classified into two broad
categories based on the data used: 1) near-surface data
(e.g., land surface temperature, surface albedo, and land
surface emissivity); 2) TOA radiation. Several empirical
parameterizations have been developed to estimate Rn
from near surface data [2-4]. Land surface temperature is
commonly obtained directly from remote sensing
observation [5] ; land surface albedo and land surface
emissivity currents are estimated by radiative transfer
models, ancillary ground measurements, and assumptions
about certain parameters [6-7]. Downwelling long-wave,
one of the main components of Rn, is more difficult to
estimate directly from the radiant energy measured using
satellite instrument because it is largely decoupled from
the radiation measured at the TOA, and mainly comes
from the near-surface layers of atmosphere. Studies using
TOA radiance involve developing a statistical regression
model that incorporates dependence on solar zenith angle
and satellite viewing angles [8-9].

Satellites can be either polar orbiting, seeing the same
swath of the Earth every 12 hours, or geostationary,
hovering over the same spot on Earth by orbiting over the
equator while moving at the speed of the Earth's rotation.
Various remote sensing platforms are the basis for polar
orbiting meteorological satellites, which includes
geostationary  operational  environmental satellites,
Advanced Very High Resolution Radiometer (AVHRR),
and the MODerate resolution Imaging Spectroradiometer
(MODIS). They have been used to estimate components
of the surface energy budget [10-13]. Polar orbiting
meteorological satellites provide data pertaining to land
and atmospheric states with a high-spatial, but low-
temporal resolution, compared to ground-based
measurements. The geostationary sensor can be utilized
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to regularly generate temporally consistent fluxes both at
hourly and daily time scales because of its frequent
temporal sampling (at 60 min or 30 min intervals) [14].
FY-2D is the present on-orbit Chinese geostationary
meteorological satellite launched on 8 Dec, 2006 and
located at 86.5°E. The major payload is a five-channel
Visible Infrared Spin Scan Radiometer (VISSR). This
radiometer consists of one broad visible band (VIS; 0.55
pm to 0.90 pm) with 1.25 km spatial resolution, one
water vapor band (WV; 6.30 um to 7.60 pm), and three
thermal infrared (IR; 3.50 um to 4.00 um, 10.30 um to
11.30 um, and 11.50 pm to 12.50 um) bands, each with a
spatial resolution of 5 km [15].

The source region of the Yellow River, located in the
middle east of the Tibetan Plateau, significantly affects
the climate and ecosystem evolution over the East Asian
continent. In the past 30 years, the source of the Yellow
River has directly lost 17% of its glaciers and 2.39 billion
cubic meters of water. The rate of melting of the ice is 10
times faster than it was in the previous 300 years [16]. Rn
is important for the development of the planetary
boundary layer, and its quantification over the source of
the Yellow River is crucial for studying land—atmosphere
interactions. The energy fluxes have been successfully
estimated from MODIS data over the Tibetan Plateau
[17]. However, few studies have estimated the Rn over
the source of the Yellow River using FY-2D
geostationary meteorological satellite.

The objective of this study is to improve the
understanding of Rn in the source of the Yellow River,
especially under cloudy conditions. Thus, we present a
method that provides simplified satellite-based Rn
estimation using geostationary satellite imagery over
large areas. The proposed methodology is intended to
avoid numerous surface meteorological observations that
are not readily available over large areas. All the data are
collected during an experimental campaign in September
2009. Section II presents the framework for estimating
Rn under all cloud cover conditions by separately treating
clear and cloudy pixels within the FY-2D overpass.
Section III describes the study site and the data used,
including ground measurements and the FY-2D data
products. The instantaneous Rn results using the FY-2D
products for all cloud covered conditions are presented
and validated in Section 1V, also including final results
analyzed and discussed.

II. METHODOLOGY

The net radiation is given by the following equation:
R=(I-a)Q+L{-LT (1)
Where o is the surface albedo, which can be
determined using satellite remote sensing data; Q is the
solar global radiation (W-m-2); L| and L1 are the
downward and upward long-wave radiation (W-m-2)
respectively.
The downward and upward short-wave and long-wave
radiation are calculated with clear sky conditions. On the
other hand, only the downward and upward short-wave is
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calculated with cloudy sky conditions because the values
of the downward and upward long-wave are similar [18].

A. Clear Sky Conditions

For the clear skies, (1) is expressed in terms of

downward and upward radiation as:
R,=(1-a)-Q+é&Ryy—¢-0-T 2

Where Rlwd is the downward long-wave radiation, ¢ is
the emissivity of the surface, ¢ is the Stefan—Boltzmann
constant (5.669x10—8 W-m-2 k-4), and Ts is the surface
radiative temperature. o, &, and Ts can be derived using
remote sensing data from the visible to the thermal
infrared spectral range.

The simplest form to calculate the downward solar
radiation Q can be estimated with the method founded by
Bastiaanssen and Menenti [19]. ¢ is the land surface
effective emissivity, which can be expressed as follows
[20]:

£=1.0094+0.047In(NDVI) 3)

The downward long-wave radiation cannot be

measured directly. It can be calculated as
Rug =&,-0° T, 4)

Where Ta is the air temperature at the reference height,
and the emissivity of the atmosphere can be estimated by
Campbell and Norman [21] as:

£,=9.2x10"° (T, +273.13) ®)

In summary, the steps for calculating the net radiation
under clear sky conditions are: first, the downward short-
wave radiation are determined by combining the
estimated solar radiation and albedo data using polar
orbiting meteorological satellite (FY-3A). Second, the
atmospheric downward long-wave radiation is calculated
by using the emissivity of the atmosphere, the Stefan—
Boltzmann constant, air temperature, and surface
emissivity. Finally, the land surface temperature, surface
emissivity, and the Stefan—Boltzmann constant are used
to estimate the upward long-wave radiation.

B. Cloudy Sky Conditions

An acceptable clear sky remote sensing image is
defined as one wherein 75% of the area is cloud free; thus
it is a satisfactory candidate for applying clear sky Rn
estimation methodology over the cloud-free portion of the
overpass [22]. Only 7% of the NOAA/AVHRR data is
available in day and night under acceptable clear sky
conditions. Thus, for a large share of remotely sensed
data, the Rn cannot be computed using existing
methodologies because they are only suitable for clear
conditions.

In optics and spectroscopy, transmittance t is the
fraction of the incident radiation at a specified
wavelength that passes through a sample. Its formula is as
follows:

wd

_Q (©)
Qo
Where Qg is the solar radiation received by the land
surface, Qo is the total solar radiation before passing
through the atmosphere boundary, and kx is the optical

depth.

T
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Figure 1. The scheme of energy transmission measured by a sensor.

Fig. 1 shows the scheme of energy measured with a
satellite radiometer. According to this scheme, the energy
measured by the satellite radiometer is partitioned as
follows:

0aQy =Qy 7 - T+ (1-7)Q, (7
Where, aroa is the TOA reflectance; Qqaros is the
energy by received the satellite sensor; «, is the land

surface albedo, Q,re,r represents the energy that passes
through the atmosphere, reflected by the target, and
directly transmitted to the sensor; and (1-1)Q, represents
the energy directly reflected back to the sensor at the top
of the atmosphere. According to the (7), transmission 7
is given by:

7:1_ 1-4a,-(1-a0) ®)

2,

S

Where, apoa and o, can be obtained from the FY-2D
remote sensing data.

Therefore, the solar radiation that reaches the Earth's
surface can be obtained by the following expression:

Q =(1-a)Q,.r ©

The transmission 7 in this equation is not only the
transmission that affects the solar radiation but it also
incorporates the interaction between absorption and
scattering effects.

In summary, the steps to calculate net radiation under
cloudy conditions are: the function of transmission and
TOA is obtained using the relationship between solar
radiation and that received by the satellite sensor. The
transmission under any cloud cover and thickness is
calculated by the same relationship. Areas with TOA>0.3
and TBB<273 are the areas covered by clouds. The net
radiation is calculated using the transmission equation
under any cloud cover condition.

III. CASE STUDY

A. Area of Study

The region drained by the Yellow River is situated in
the eastern part of the Qinghai-Tibet Plateau (31.5°—
36.5 N, 95.5°-103.5 E), which has an average altitude of
approximately 3000 m and a typical continental monsoon
climate.

Fig. 2 shows the land use classification of the study
area. The Bayan Har Mountain is on the northwest, and
bushes and grass mixed areas surround the Yellow River.
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It has complex geomorphic features consisting of diverse
landscapes, including mixed forest, shrub land, grassland,
sparsely pastures, and water bodies. Among these lakes,
Lake Gyaring and Lake Ngoring are the biggest.

The experimental site experiences clammy plateau
weather. The mean annual temperature is 274.3 K, with a
mean minimum of 264.5 K and a mean maximum of
284.5 K. The annual frost-free period is 19 days, whereas
and the annual precipitation is 560 mm. The vegetation in
the area is typical alpine meadow dominated by
graminaceous species, with a canopy height of less than
0.15 m. The main types of soil are alpine meadow soil

and swamp soil [23-24].
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Figure 2. The location of the Yellow River source area and the land
use information of the study area

B. Meteorological Data

The Maqu Climate and Environment Comprehensive
Observation  Station (33 53'22.7"N, 102 08'27.5"E;
elevation, 3443m), located in the Maqu Grassland of the
Gannan Tibetan autonomous prefectures in Gansu
Province, is in the eastern rimland on the Tibetan Plateau.
Among the various Tibet Plateau landscapes, the Gannan
Tibetan, wherein the field experimentsare conducted, it is
characterized by large flat grass, which has a length from
40 km to 120 km.

The experiment was conducted in September 2009 at
the Maqu site. A boundary layer meteorological tower at
the station was deployed in 5 levels (1m, 2m, 4m, 8m,
and 16m) to measure wind speed and direction, air
temperature, and humidity. A solar radiation quantum
sensor was mounted at a height of 3.0 m. The eddy
covariance instrumentation was oriented to the north,
which was the predominant wind direction during the
summer season. All the EC system measurement data
were routinely checked for quality assurance; various
filtering techniques were applied in data pre-processing.
The net radiation fluxes were derived from observations
by the CRN-1 radiometer systems installed at the site.
The soil heat flux was measured using heat transducers
(HFTO1) at 2.5 cm and 10 cm depths. The flux data were
then examined at 10-day intervals, and extreme values
and values greater than £3 standard deviations were
removed. For the missing values, the daytime gaps were
filled via linear interpolation between the nearest
temporal measurements. In addition, an automatic
weather station was installed. The measurements included



JOURNAL OF SOFTWARE, VOL. §, NO. 10, OCTOBER 2013

the wind velocity and direction at a height of 2.0 m, as
well as the temperature and humidity at 1.5 m height
during the experimental period.

C. Satellite Data

Many advances in instrument design and processing
algorithms for earth observation have been achieved in
the last decade. The geostationary sensor can be utilized
to regularly generate temporally consistent energy fluxes
hourly and daily because of its frequent temporal
sampling (at 30 minute intervals).

The present on-orbit geostationary satellite FY-2D,
located at 86.5° E, was chosen for this study. The FY-2D
is a spin-stabilized satellite launched on 8™ Dec 2006.
The major payload for each satellite was a five-channel
VISSR. The satellite raw data were handled in a pre-
processing system. After quality control, image
navigation/registration, calibration, and remapping, the
satellite raw data were remapped into normalized image
projection. All the information for meteorological product
derivation, such as observation time, calibration table,
solar zenith angle, satellite view zenith angle, relative
azimuth angle, ocean mask, and so on, were attached in a
dataset called normalized geostationary dataset(NOM).
The NOM dataset was the basis of the FY2 ground
system. The 1.25 km visible dataset provides Skm images
for all FY2 channels.

FengYun-3A (FY-3A), launched on 27" May 2008, is
the second Chinese generation  polar-orbiting
meteorological satellite. Its missions include monitoring
global disasters and environment changes. FY-3A has
more powerful spatial resolution than FY-2D because it
has sounding capabilities and natural color imagery, with
a higher spatial resolution of 250 m. Therefore, the FY-
3A data was used to estimate the NDVI, ¢, and a4 in our
study.

A detailed description of the FY-2D and FY-3A data
products is presented as FY-2 satellite products and data
format [25] and Yang et al. , 2009 [26]. Additionally, in
the present study, we utilized the FY-2D TBB product to
determine the land surface temperature [27].

IV. RESULTS AND VALIDATION

The steps for net radiation estimate are: firstly, the
NDVI was used to retrieve emissivity from FY-3A data.
Secondly, the land surface albedo was estimated using
FY-2D data, and land surface temperature was estimated
from FY-2D level 2 TBB and emissivity data. Thirdly,
the estimated surface albedo and temperature were used
to partition componential values of solar radiation that the
land surface received under clean and cloudy conditions
by (8) and (9). Finally, with the aid of meteorological
variables, net radiation was estimated during the day over
the source region of the Yellow River.

A. Land Surface Emissivity

NDVI was calculated using two infrared bands
(0.58um to 0.68pm and 0.84pum to 0.89 pm), and land
surface emissivity was obtained by NDVI and Van’s
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method (Van, 1993). Fig. 3 shows the estimated NDVI
and emissivity on 7™ September 2009 over the source
region of the Yellow River by FY-3A and FY-2D data,
respectively. The estimated NDVI decreases from north
to south, which corresponds to the land use map. The
regions of higher value are concentrated on the Maqu
area, and its values reached more than 0.50. However, the
values were less than 0.10 in the Northeast regions. The

Figure 3. Maps of NDVI and emissivity over the source region of the
Yellow River derived from FY-3A and FY-2D on 7th September, 2009
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Figure 4. land surface albedo over the source region of the Yellow
River from FY-2D on 7th September, 2009

emissivity values were higher in the vegetation area in the
southeast and lower in the saline area in the northwest.

B. Land Surface Albedo

Fig. 4 shows the estimated albedo over the source
region of the Yellow River from FY-2D on 7 September
2009. The estimated albedo decreases from north to south,
which corresponds to the land use map. The regions of
higher value are concentrated at the northwest area
because of its saline landscape, and its values could reach
more than 0.20. On the other hand, the values were less
than 0.10 in the southeast regions, where Maqu station
was located.

C. Land Surface Temperature

Land surface temperature is one of the key parameters
in the physics of land surface processes, combining
surface-atmosphere interactions and the energy fluxes
between the atmosphere and the ground [28]. One month
of FY-2D level 2 brightness temperature data from
September 1 to 30, 2009, which were obtained from the
FENGYUN Satellite Center Data Center.



2486

W fZE HE WE WE ZE HE
Land surface temperature °C

———______ |
5 100 150 00 10

Figure 5. Maps of land surface temperature at different times over the
source region of the Yellow River on 7th September, 2009

The product is the 5 km x 5 km grid data re-sampled
from FY-2D MWRI. Figure 5 shows the land surface
temperature at different times on 7 September 2009,
according to brightness temperature data and Planck's law.
White parts represent the cloud-covered areas, where
temperature is lower than 273 K and albedo is higher than
0.3. The land surface temperatures can vary throughout
the day and can range from 5.0 °C to 25.0 °C. Each
image from the northwest area exhibits high temperature
mainly due to saline and bare soil land. Some of the low
temperature zones are also seen near the Yellow River
mainly due to wetland use.

D. Instantaneous Net Radiation
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Figure 6. Maps of net radiation at different times estimated by FY-2D
over the source region of the Yellow River on 7th September, 2009
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Fig. 6 shows the maps of net radiation at different
times on 7" September 2009. The results show that the
hourly average variation of net radiation is related to land
surface temperature, and the dispersion of hourly net
radiation fluctuation is low during 9:15 and 16:15, which
are the times for sunrise and sunset, respectively. In the
Magqu area, as sun elevation angle changes, the value can
reach 350.0 W-m-2 at 10:15 and 650W-m-2 at
approximately 12:15 (midday). The spatial distribution of
net radiation is quite uniform over the whole source
region of the Yellow River. The values for cloudy
covered areas have distinguishable differences and are
generally between 30.0 W-m-2 to 80.0 W-m-2 over the
northern lakes basin area from 09:00 to 15:00.
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E. Validation

To validate the net radiations of the different times
during the day, we need to compare them with ground-
based observations from a regional perspective. Ground
measurements can provide accurate information and are
critical to quantitatively assess remote sensing
interactions with land surface properties. However, due to
the complexity of natural surfaces, it is more critical for
coarse resolution geostationary meteorological satellite
measurements at Skm especially.
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Figure 7. Land surface temperature and net radiation scatters between
FY-2D estimates and ground measured.

Fig. 7 shows the inter-compassion of FY-2D estimates
and ground-measured surface temperature and net
radiation. The remote sensing estimated actual land
surface temperature and net radiation show a consistent
relationship with simultaneous values of ground
measurement. We can also conclude that the error is
smaller through this method. The minimum and
maximum relative errors are 3.0% and 43.9% for land
surface temperature. Without considering the impact of
mixed pixel, emissivity, and blackbody, brightness
temperature data were used to estimate surface
temperature in this paper, which can cause inevitable
errors.

The minimum and maximum relative errors were 4.0%
and 44.0% for net radiation, whereas the correlation
coefficient was 0.88. The low values estimated using our
method for grassland were concentrated at sunrise or
sunset at which the measured values were less than zero,
but the estimates were more than zero. Dew may cause
positive bias in surface albedo measurement from
moisture condensation because temperature declines in
swamp. The albedo, which follows an upward trend from
sunrise to mid-day and follows a downward trend after
mid-day, appeared to have an asymmetric distribution
with the change in sun elevation angle. These
comparisons imply that the net radiation assessed using
the FY-2D data is in accordance with the field
observations.
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