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AbStrAct

Knowledge about spatial and temporal variations in surface global solar radiation (GSR) and evaporative water loss from 
the ground are important issues to many researches and applications. In this study empirical relationships suitable for Taiwan 
were established for GSR retrieval from geostationary satellite images using the Heliosat method for the period from 2011 - 
2013. The derived GSR data has been used to generate consecutive maps of 10-day averaged pan evaporation (Epan) as the 
basis to produce regional ET estimation using a strategy that does not require remote sensed land surface temperatures (LST). 
The retrieved daily GSR and the derived 10-day averaged Epan were validated against pyranometer and class-A pan measure-
ments at selected Central Weather Bureau (CWB) stations spread across various climatic regions in Taiwan. Compared with 
the CWB observed data the overall relative mean bias deviations (MBD%) and root mean square differences (RMSD%) in 
daily solar irradiance retrieval were about 5 and 15%, respectively. Seasonally, the largest MBD% and RMSD% of retrieved 
daily solar irradiance occur in spring (9.5 and 21.3% on average), while the least MBD% (-0.3% on average) and RMSD% 
(9.7% on average) occur in autumn and winter, respectively. For 10-day averaged Epan estimation, the mean MBD% and 
RMSD% for stations located in the coastal plain areas were 0.1 and 16.9%, respectively. However, in mountainous areas the 
mean MBD% and RMSD% increased to 30.2 and 34.5%, respectively. This overestimation was due mainly to the large dif-
ferences in surrounding micro-environments between the mountainous and plain areas.

Key words: Geostationary satellite, Solar radiation, Evapotranspiration, Water Resources
Citation: Syu, M. R., P. H. Lee, T. M. Leou, and Y. Shen, 2016: Solar irradiance and pan evaporation estimation from meteorological satellite data. Terr. 
Atmos. Ocean. Sci., 27, 221-239, doi: 10.3319/TAO.2015.11.11.01(A)

1. IntroDuctIon

Solar radiation is the driving force in the transportation 
and exchange of mass, energy and momentum at the inter-
face between the Earth’s surface and the atmosphere, which 
makes it an important input parameter for many meteoro-
logical, climatic and hydrological related models (e.g., Li-
ang et al. 1994; Berbery et al. 1999). As the energy source of 
photosynthesis reaction, solar radiation serves as a critical 
factor in determining the gross primary production of ter-
restrial and marine ecosystems (e.g., Monteith 1972; Roe-
beling et al. 2004). Knowledge of daily irradiation received 
at a particular site is also essential for many energy related 
applications such as solar energy utilization, architectural 

design and building environment planning (e.g., Oliver and 
Jackson 2001; Kumar and Umanand 2005). Accurate data 
on the spatial and temporal variations in surface global solar 
radiation (GSR) are therefore absolutely necessary for many 
basic researches and engineering applications.

Over flat plains and on clear days incoming solar radia-
tion may be calculated from a sophisticated radiative transfer 
model which considers the effects of scattering and absorp-
tion on solar radiation due to water vapor, O3, O2, and CO2, 
as well as other air molecules during its passage through the 
atmosphere together with information on the solar constant, 
the Earth-Sun distance, and the solar zenith angle (e.g., Chou 
and Lee 1996). The calculated solar irradiance is strongly af-
fected by the amount of clouds and aerosol loadings at a giv-
en location and time, which makes the importance of on-site 
GSR measurements irreplaceable. Over complex terrains the 
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significance of terrain shading on the GSR increases with de-
creasing scales of spatial resolution, particularly in the winter 
season and at scales smaller than 5 km (Lai et al. 2010).

Traditionally, the solar radiation received at a place is 
interpolated and/or extrapolated from a pyranometer network. 
Although measurement error for a properly calibrated and 
maintained pyranometer is generally accepted to be 3 - 5%, 
the irradiance error estimated from nearby ground-measuring 
stations increases with the distance between stations. Studies 
by Perez et al. (1997) and Zelenka et al. (1999) indicated that, 
within only 20 - 30 km, the relative root mean square differ-
ences (RMSD%) already reach 10 - 15 and 20 - 25% for daily 
and hourly GSR estimates, respectively. The micro-variabil-
ity in the irradiation field in conjunction with measurement 
uncertainties causes a sharp rise in root mean square differ-
ence (RMSD) within the first 10 km. Hence, extrapolation, 
even from a nearby station, may not be satisfactory for time 
intervals such as hourly and daily.

The averaged distance between Central Weather Bu-
reau (CWB) pyranometer stations in Taiwan is about 20 km 
in the northern region, and about 60 km in the southern and 
eastern regions. Most of these pyranometer stations are lo-
cated in flat urban areas along the coast. There are only three 
CWB pyranometer stations, all concentrated in Central Tai-
wan, measuring incident solar radiation at mountainous ar-
eas that cover almost 2/3 of Taiwan. Considering the spacing 
between pyranometer stations, the geographical distribution 
of mountainous areas on the island, and the spatio-temporal 
heterogeneity of cloud cover caused by the combined effects 
of prevailing winds, diurnal circulation and orographic lift-
ing, it is doubtful that the current pyranometer network in 
Taiwan can provide good estimates of hourly and daily GSR. 
Furthermore, according to Lin et al. (2004), most installed 
pyranometers in Taiwan are not regularly calibrated. The 
accumulated errors of solar irradiance measurements from 
1986 - 2002 were systematically lower by 15 - 30%. There-
fore, a high-quality short-duration solar radiation atlas is not 
yet available for the above mentioned basic researches and 
engineering applications.

Since cloud cover plays a major role in determining the 
transmitted solar irradiance, geostationary meteorological 
satellites have become a valuable tool for estimating GSR 
on large scales because of their capabilities in providing 
high spatial and temporal resolution cloud information. The 
reported RMSD% of GSR estimates derived from satellites 
were typically in the range of 20 - 25% and 10 - 15% at 
hourly and daily intervals, respectively (Beyer et al. 1996; 
Zelenka et al. 1999). These errors are comparable to the ac-
curacies obtained by interpolation from a pyranometer net-
work with stations 20 - 30 km apart. It has been shown that 
GSR estimates made from satellite data offer relatively equal 
quality within the observed area and the accuracy of the es-
timates does not depend on the geographical area (Zelenka 
et al. 1999). Therefore, GSR estimates from geostationary 

satellites, though inherently less accurate than ground-based 
measurements, may be more suitable to generate site/time 
specific data at any arbitrary locations and times.

Currently most of the operational calculation schemes 
to retrieve solar irradiance from geostationary satellite im-
ages are semi-empirical and based on statistical methods. 
The Heliosat algorithm, originally proposed by Cano et al. 
(1986) to estimate GSR from visible band of meteorological 
satellites images, has now become the most popular method-
ology (Pagola et al. 2014). This method has been modified 
and improved with 4 major versions and many minor modi-
fications. Up to Heliosat-3 the basic idea is that the amount 
of GSR over an area is statistically related to the cloud cover 
above. Therefore, a cloud index at each pixel in the image 
should first be calculated based on the measured albedo and 
prior determined reference albedos under clear and thick 
cloud conditions specific to that particular pixel. The GSR is 
then computed from a set of linear relationships describing 
changes in incident extraterrestrial solar radiation transmit-
ted to the ground with the derived cloud cover index. The 
cloud index is basically a relative measure of the reflectivity 
to the darkest and brightest points on the satellite image. In 
Heliosat-2 version a histogram technique is applied to deter-
mine the ground reflectivity for each slot (images acquired 
at the same UTC-time of day belong to the same ‘‘slot’’) and 
month to maintain the sun-ground-satellite angle fairly con-
stant in order to improve the accuracy of the derived cloud 
cover index (Rigollier et al. 2004). In Heliosat-3 version the 
ground reflectivity is parameterized as a function of the co-
scattering angle, i.e., the angle between the directions to the 
sun and satellite as seen from the ground, to replace the time 
consuming histogram technique which has to be applied sep-
arately to each slot and month (Dagestad and Olseth 2007). 
However, Heliosat-4 version is based on direct modeling 
of solar radiation propagation through the atmosphere and 
was developed jointly by MINES ParisTech and the German 
Aerospace Center (DLR). The required inputs for Heliosat-4 
are atmospheric properties for the clear sky, the ground al-
bedo, and cloud properties that are derived from an appro-
priate processing of images taken by the Meteosat Second 
Generation (MSG) satellite (Wald 2014).

Evapotranspiration (ET) describes the rate of water loss 
to the atmosphere through evaporation and transpiration pro-
cesses, and it is a key component in the hydrological cycle 
and surface energy balance computation (Brutsaert 1982). 
On a global basis the mean ET from land surface accounts 
for more than half of the total precipitation (Chahine 1992; 
Oki and Kanae 2006). It is therefore crucial to have reliable 
ET information for applications such as water resources man-
agement, irrigation planning, numerical modeling of atmo-
spheric, and hydrological processes, etc. Factors affecting ET 
rates include solar radiation, wind speed, air temperature and 
humidity, soil water content, vegetation type, growth stage, 
planting density, and management practices (Rosenberg et 
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al. 1983; Monteith and Unsworth 1990). Many ground-based 
techniques, such as weighing lysimeter, Bowen ratio, and 
eddy covariance (Dugas et al. 1991; Wright 1991; Fritschen 
and Fritschen 2005; Meyers and Baldocchi 2005), were de-
veloped to measure ET from a given site. However, these 
point measurements cannot represent ET at regional scales 
when considering the complexities existing over a heteroge-
neous large area. Deployment of a ground-based measure-
ment network is often costly, time consuming, and labor-
intensive. Malfunctions in instruments and accessibility to 
difficult terrain also generate many data collection problems 
for long term observation in remote areas.

Remote sensing techniques have emerged as a very 
useful tool to map regional ET because of its capabilities 
in providing repetitive and spatially contiguous images 
and without site accessibility issues in areas to be surveyed 
(Jiménez et al. 2011). A substantial amount of algorithms, 
varied greatly in input requirements and main assumptions, 
have been proposed over the past few decades to provide 
ET estimations at scales varying from diurnal to annual and 
from local to global (Kalma et al. 2008; Li et al. 2009). Those 
remote sensed ET models can be categorized as empirical or 
physically-based approaches. The empirical approach, gen-
erally for weekly to seasonally estimates, employ empirical 
relationships and input data directly derived from remote 
sensing observations (e.g., Seguin and Itier 1983; Menenti 
and Choudhury 1993; Gillies et al. 1997; Yuan and Bauer 
2007). The physically-based approach, generally developed 
for instantaneous estimates and involved physical processes 
of varying complexity, usually requiring auxiliary ground 
and atmospheric observations that cannot readily be mea-
sured through remote sensing techniques (e.g., Anderson et 
al. 1997; Bastiaanssen et al. 1998; Mecikalski et al. 1999; 
Su 2002; Allen et al. 2007). For both approaches, land sur-
face temperature (LST) is the most essential input. Despite 
considerable progress having been achieved in land sur-
face variables retrieval from remote sensing data (e.g., Li-
ang 2004; Liu et al. 2008, 2014; Trigo et al. 2008; Li et al. 
2013), accuracy in retrieving LST under cloudy conditions 
still needs to be improved (Jiang et al. 2004; Jiménez-Mu-
ñoz et al. 2009; Yu et al. 2009; Benmecheta et al. 2013; Li 
et al. 2013). Therefore, remote sensing strategies that do not 
require remote sensed LST are worth exploring.

To derive ET from crop fields the Food and Agriculture 
Agency (FAO) of The United Nations recommends the fol-
lowing procedures (Allen et al. 1998). First, a potential daily 
ET from a hypothetical reference crop surface (ETo) should 
be computed by the recommended Penman-Monteith equa-
tion. Actual evapotranspiration rates of crops from fields well 
watered and under optimal agronomic conditions (ETc) are 
then determined by multiplying ETo with the corresponding 
crop coefficients (Kc), i.e., ETc = Kc ETo. For crops under 
water and/or other environmental stresses, the evapotranspi-
ration rates of crops are further adjusted (ETcadj) by incor-

porating corresponding stress coefficients (Ks) and adjusted 
crop coefficients (Kcadj) as ETcadj = Ks Kcadj ETo.

However, FAO Penman-Monteith equation calculation 
requires daily data on maximum and minimum air tempera-
tures, vapor pressure, net radiation, and wind speed at 2 m 
above ground level. All of these required inputs are still not 
easily accessed by current remote sensing techniques. Alter-
natively, the use of pan evaporation (Epan) measurements 
to predict ETo for periods of 10 days or longer is warranted 
(Allen et al. 1998). The Epan can be related to the reference 
evapotranspiration (ETo) by empirically derived pan coef-
ficients (Kp) as ETo = Kp Epan. The evapotranspiration pro-
cess is determined by the amount of energy available to va-
porize water. Solar radiation is the primary driving force of 
evapotranspiration from ground surfaces. Therefore, a study 
to relate the estimated GSR from satellite images to Epan 
may provide the basis of algorithms for regional ET estima-
tion which do not require remote sensed LST as an input.

Therefore, the objectives are to establish the empiri-
cal relationships over the Taiwan region for (1) deriving 
reference albedos at various Sun-satellite configurations to 
estimate instantaneous GSR by Heliosat method using vis-
ible images from geostationary satellites and (2) estimating 
Epan at 10-day intervals using the retrieved GSR data with 
the intention to develop a different remote sensing method-
ology for regional ET estimation. Materials including CWB 
weather stations selected for validation and model develop-
ment, satellite used, image preprocessing, and methodolo-
gies in developing the empirical relationships are described 
in section 2. Results from the proposed empirical relation-
ships as well as error analysis discussions with ground mea-
surements are presented in section 3. The paper closes with 
conclusions and recommendations in section 4.

2. MAtErIAlS AnD MEthoDS
2.1 cWb Weather Stations and Ground Measurements

Observations from 12 CWB weather stations distrib-
uted at different regions in Taiwan were used in this study 
(Fig. 1). SML, ALM, and JM are stations located in moun-
tainous areas, while the remaining stations are located in 
plains areas along the coast. The elevations of selected sta-
tions vary from 10 - 3998 m. Incident GSR and air tem-
perature were measured using the Eppley Precision Spectral 
Pyranometer and platinum resistance thermometer, respec-
tively. Measurements are given in the format of hourly val-
ues, e.g., the values at 12:00 means measurements between 
11:30 and 12:30. The Epan data were measured by Class A 
pan and reported on daily basis.

Hourly GSR and air temperature data and daily Epan 
data from 1st January 2011 to 31st December 2013 (the study 
period) at these CWB stations were retrieved from databas-
es archived and maintained by the Data Processing Branch 
of CWB.
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2.2 Satellite and Image Preprocessing

Imageries acquired by the Multi-functional Transport 
Satellite (MTSAT) geostationary satellites, owned and oper-
ated by Japan Meteorological Agency (JMA) and Japanese 
Ministry of Land, Infrastructure, Transport and Tourism 
(MLITT) to observe Asia-Pacific region, have long been 
used by the CWB for its daily weather forecasting along 
with other satellites. MTSAT-2, replaced MTSAT1R for 
routine operation in 2010, is the second satellite in the se-
ries. MTSAT-2 sits in geostationary orbit 35800 km above 
the equator at around 145 degrees east longitude and scans 
the full-disk of the earth once every half-hour. It provides 
images with one visible (VIS, 0.55 - 0.80 μm) and four in-
frared channels (IR1, 10.3 - 11.3 μm; IR2, 11.5 - 12.5 μm; 
IR3, 6.5 - 7.0 μm; IR4, 3.5 - 4.0 μm). At Taiwan region, 
ground resolution of the VIS band is approximately 4 km 
latitude by 2.5 km longitude.

Archived MTSAT-2 images (named as YYYY-MM-
DD_HHMM.IRX.LCC. 2byte.gz) of three consecutive years 
(2011 - 2013), provided by CWB, were used in this study. 
In order to reduce the storage requirement and increase the 
computation speed, subsets of the Taiwan region were first 
extracted from archived images based on the latitude and 
longitude information from a grid data file (lat_lon_LCC.
dat.gz) provided by the Meteorological Satellite Center 
(MSC) of CWB. During the extraction process the reflectiv-
ity of visible channel at each pixel was also converted from 
raw digital counts based on a calibration table provided by 
MSC. All retrieved subset images were then resampled us-
ing an area-weighted average scheme to produce apparent 
reflectivity maps, at grid spacing of 5 × 5 km, within the 
Taiwan Region for following studies. There were a total of 
12029 daytime images available in this study. In general the 
daytime length varies from 5AM to 7PM in summer and 
from 7AM to 5PM in winter.

2.3 Estimation of Instantaneous Solar Irradiation

The Heliosat-3 approach was applied in this study. In 
order to produce a more representative ground albedo refer-
ence ( groundt , representing clear conditions) and thick cloud 
conditions ( cloudt ) for the various sun-satellite configurations, 
the apparent albedo (t) at every pixel from all daytime im-
ages within the studied period (2011 - 2013) were first plot-
ted by month against the co-scattering angle (W), i.e., the 
angle between the directions to the sun and satellite as seen 
from the center of that particular pixel. As discussed by Dag-
estad and Olseth (2007), this scheme avoided the difficulties 
of having few clear situations available for each month/hour 
combination and also reduced the changing sun-ground-sat-
ellite geometry effects with dates of a year and time of a day. 
Third-order polynomials were then fitted to those 4-percen-
tile and 98-percentile values within each 10° bin to derive the 

required functions of groundt  and cloudt  with W  for each pixel, 
respectively, as shown in Eqs. (1a) and (1b).

( ) A A A Aground 0 1 2
2

3
3t } } }W = + + +  (1a)

( ) B B B Bcloud 0 1 2
2

3
3t } } }W = + + +  (1b)

where As and Bs are fitted coefficients. Once the relation-
ships have been derived values for groundt  and cloudt  could 
easily be computed for a given location at specific W  cal-
culated for a particular date and time. These values were 
then used as the lower and upper limits in cloud index (n) 
computation using Eq. (2).

( ) ( )n ground cloud groundt t t t= - -  (2)

Ideally, the n values should be within the range from 0 - 1, 
representing the cloud cover fractions. Because groundt  and 

cloudt  were calculated from functions fitted to the 4-percen-
tile and 98-percentile reflectance values [Eq. (1)], the value 
of n can become negative under very clear conditions (i.e., 
when t < groundt ). On the other hand, the value of n can 
also be greater than 1 under heavy overcast conditions (i.e., 

Fig. 1. Topography and locations of selected weather stations distrib-
uted within the study region. The red lines represent borderlines of geo-
graphical climatic regions for land surface temperature (LST) estimation 
using the empirical formulas of temperature lapse rate (TLR) provide by 
Chiu et al. (2014). NWr: Northwest region, WWr: Windward region, 
LWr: Leeward region, and Er: East region. (Color online only)
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when t > cloudt ).
A clear sky index (k) was further calculated from the 

computed cloud index (n) and the empirical relationships 
proposed by Rigollier and Wald (1998) as shown by Eq. (3).
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This formulation ensures that instantaneous global irradi-
ance (G) equals clear sky global irradiance (Gclear) when n = 0  
and not less than 5% of Gclear even under the thickest clouds 
(n > 1.1). The k = 1 - n relation assumes that atmospheric 
absorptivity does not change from clear to overcast condi-
tions. When the atmosphere is clearer than the “reference 
atmosphere” for which the clear sky model applies, the nega-
tive cloud index would give a global irradiance higher than 
the clear sky model.

The G was computed through multiplying Gclear by k as 
shown in Eq. (4),

G k Gclear=  (4)

The clear sky global irradiance (Gclear) is modeled as Cano et 
al. (1986) by Eq. (5).

sinG I d .
clear a r0

1 15x i=  (5)

where ax  is the atmospheric transmittance, I0 is solar con-
stant, dr is the correction for distance between the Sun and 
Earth, θ is the solar elevation angle. In this study, ax  was set 
as 0.7 (Cano et al. 1986), I0 was set as 1367 W m-2 (Fröhlich 
and Brusa 1981), dr and θ were computed based on the formu-
las given by Michalsky (1988). Compared to the typical range 
(0.66 - 0.68) of ax  used by Lai et al. (2010) for clear days, the 
Gclear calculated using Eq. (5) may differ at most by 6%.

2.4 Development of Empirical relations for Epan  
Estimation

The performance of six radiation-based empirical mod-
els commonly used for ETo estimation (Table 1) were first 
evaluated by comparing with Epan data measured over each 
10-day period at 11 selected weather stations (Epan data 
were not available for station TN). To compare the daily 
global irradiance (Rs) performance estimated from differ-
ent sources, integrated pyranometer measurement values 
at weather stations and those derived from satellite images 
were used, separately, in computation for the 10-day aver-
aged daily evaporation values. The latent heat vaporization 
(λ), slope of saturation vapor pressure curve (Δ), psychro-

metric constant (γ), and atmospheric pressure (P) quantities 
were calculated using formulas given by Allen et al. (1998).
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where T and z are 10-day averaged daily temperatures (in 
°C) and elevation (in meter) above sea level at correspond-
ing station, respectively.

There were a total of 1138 observations from all sta-
tions over the entire study period (2011 - 2013). To develop 
the empirical formula for Epan mapping all the available 
10-day averaged daily Epan measurements at each selected 
CWB station were first arranged chronologically and then 
split in two parts based on the odd or even number in its 
sequencing. Using the split-half method the model was de-
veloped on one half and tested on the other and vice versa. 
As explained later in section 3.6, Epan data from mountain 
stations (i.e., SML, ALM, and JM) were left out from the 
training dataset in developing the model, but were kept in 
the validation test in order to check the developed model 
performance. The odd numbered half contained 439 data 
from plain stations and 135 data from mountain stations, 
while the even numbered half had 432 and 132 data from 
stations located at plain and mountain areas, respectively.

2.5 Error Analysis

In order to evaluate the performance of the derived 
( )groundt W  and ( )cloudt W  functions, distribution statistics for 

the computed cloud indices at pixels corresponding to se-
lected CWB station locations within the study period were 
computed under contrasting timeframes, such as morning 
(from Sunrise to 12PM) and afternoon (from 12PM to Sun-
set) or four seasons (Spring: March to May, Summer: June 
to August, Autumn: September to November, and Winter:  
December to February). The rationality and consistency of 
the computed cloud indices were used to as the basis for 
performance judgements.

The accuracy in estimating the daily global radiation 
and 10-day averaged daily Epan were evaluated using statis-
tical indices including: mean bias deviations and root mean 
square differences (MBD and RMSD) as well as their rela-
tive contributions in percent of the mean observed values 
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where N is the number of days compared, Xi and Xil are 
the estimated and observed values, respectively. For the 
GSR evaluation the observed data are the daily global irra-
diances derived by summing the hourly reported data from 
each selected station while the estimated data are those de-
rived by integrating the retrieved instantaneous irradiations 
at pixels corresponding to the CWB station location with 
time. In order to explore the seasonal effects the evaluations 
were conducted based on the seasons (Spring: March to 
May, Summer: June to August, Autumn: September to No-
vember, and Winter: December to February). For the ETo 
model performance comparison, the observed data were pan 
measurements at each station while the estimated data were 

computed from selected empirical models. For the Epan 
validation the observed and estimated data were those from 
the validation dataset described above.

3. rESultS AnD DIScuSSIonS
3.1 changes of co-Scattering Angle (}) with Days and 

time

Ground reflectivity changes with the sun-ground-sat-
ellite geometry can be represented using the co-scattering 
angle. The geometry changes with the time in a day and 
with seasons, and also changes somewhat even for the same 
time of day during a month. Figure 2 showed co-scattering 
angle variations at Chiayi station. Other locations in Taiwan 
showed similar changes. The co-scattering angle periods 
less than 60 degrees are from early morning to about 3PM 
and 4PM on winter and summer solstice days, respectively. 
In the late afternoon the co-scattering angles are generally 
larger than 60 degrees.

3.2 changes in Apparent reflectivity with  
co-Scattering Angle (})

The lower end of apparent reflectivity ( groundt ) showed 
a decreasing trend with increasing co-scattering angle (})  

Model Equation Form1 reference

Caprio ETo = 0.0061 × Rs × (1.8 × T + 1.0) Caprio (1974)

Jensen-Haise ETo = (0.025 × T + 0.08) × (Rs/λ) Jensen and Haise (1963)

Turc ETo = 0.013 × [T/(T + 15)] × (Rs × 23.8846 + 50) Turc (1961)

Hargreaves ETo = 0.0135 × (T + 17.8) × (Rs/λ) Hargreaves and Samani (1982)

Makkink ETo = 0.61 × [Δ/(Δ + γ)] × (Rs/λ) - 0.12 Makkink (1957)

Hansen ETo = 0.7 × [Δ/(Δ + γ)] × (Rs/λ) Hansen (1984)

Table 1. Potential evapotranspiration estimation models selected for testing.

Note:  1: original coefficients converted to match units of ETo in mm day-1, Rs in MJ m-2 day-1, T in 
°C, γ in kPa °C-1, Δ in kPa °C-1, and λ in MJ kg-1.

(a) (b)

Fig. 2. Changes of co-scattering angles with (a) time and (b) solar elevation angle on days of equinoxes and solstices at Chiayi, Taiwan.
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because the amount of shadows seen on the ground in-
creased with }  (Fig. 3). The reflectivity would reach peak 
value when }  approached zero because no shadows should 
be seen from the satellite, which is also called the opposi-
tion effect (Shkuratov and Helfenstein 2001). Not consider-
ing the opposition effect, a fixed groundt  value, e.g., a mean 
reflectivity of all }  bins, would underestimate the global 
irradiance when }  changes toward zero because a higher 
apparent reflectivity could give a higher cloud index using 
Eq. (2). This would cause global irradiance underestimation 
when the }  values were small, e.g., in the morning (Fig. 2). 
Conversely, the global irradiance would be overestimated 
in late afternoon when }  changes toward the higher end. 
As shown in Fig. 3 the third-order polynomial fitted to the 
4-percentile value within each 10° bin of W  for each month 
could represent the lower bound of reflectivity. Therefore, 
the errors in groundt  estimation due to opposition effects 
could be minimized using the polynomial fitting.

In theory thick clouds were close to a Lambertian re-
flector and should give rather homogeneous back scattering, 
which would produce similar reflectivity for all W  bins at the 
higher end. However, a rapid decrease in apparent reflectiv-
ity at the higher end ( cloudt ) with the co-scattering angle (})  
was observed (Fig. 3). This phenomenon might result from 
the apparent albedo at visible band computing scheme by 
CWB, which is presumably the ratio of reflected solar radi-
ance received by the satellite to Solar Constant (1367 W m-2).  
As shown in Fig. 2a large }  values generally occurred when 
the solar elevation angle was low. Therefore, the rapid de-
cline in apparent reflectivity at the higher end with increasing 
}  angles was due to the rapid decrease in incident solar ir-
radiance following the cosine law. The cloud index would be 
significantly underestimated if a constant value [e.g., 0.8 by 
Dagestad and Olseth (2007)] was used for all }  angles to ex-
pedite the computation speed. As shown in Fig. 3, the third-
order polynomial fitted to the 98-percentile value within each 
10° bin of W  for each month could represent the higher bound 
of reflectivity. Therefore, possible errors resulting from cloudt  
estimation in cloud index computation using Eq. (2) were 
also minimized by adopting the polynomial fitting scheme.

3.3 cloud Index Statistics

The distributions of all computable n values in the 
morning and afternoon periods are shown in Fig. 4. The 
n values distribution is more positively skewed and with 
sharper peak at the lower end, i.e., having smaller n values 
in the morning than in the afternoon. As shown in the fig-
ure the medians in the morning were less than those in the 
afternoon, which indicated that the percent of cloud cover 
was less in the morning than in the afternoon. Negative n 
values (very clear conditions) occurred most often before 
9AM while n values greater than 1 (heavy overcast condi-
tions) occurred most often in the period between 11AM to 

3PM (Fig. 5). This is in agreement with Kerns et al. (2010) 
that skies are generally clearer in the morning than in the 
afternoon. On clear mornings when the sun is able to heat 
the Earth’s surface the conditions for cumulus formation are 
favorable. After reaching a maximum in the afternoon the 
cumulus formation activity decreases and the clouds dis-
solve in the late afternoon or early evening.

The distribution patterns of the n values also varied 
among different seasons and regions. For stations situated 
along the east coast of Taiwan (IL, HL, and TD), the n val-
ues in winter and spring were distinctively higher than those 
in summer and autumn, and also higher than other regions 
(Table 2). For stations situated in the northern region of Tai-
wan (TP and HC), n values in summer and autumn were 
relatively smaller than those in winter and spring. For sta-
tions situated in the western and southern regions of Taiwan 
(TC, CY, TN, and KS), there were no clear distinction in n 
values between seasons but the n values in winter and spring 
were distinctively smaller than other regions. For stations 
situated in mountainous areas (SML, ALM, and JM), the 
distinctions in n values between seasons were not clear.

The above described spatial and temporal variations 
in n values are explainable by the circulation of the East 
Asia monsoon and topographical characteristics in Taiwan. 
The northeast monsoon during the winter half-year and the 
southwest monsoon from the equatorial ocean during the 
summer half-year are the two major prevailing monsoons. 
The Central Mountain Range, which has over 100 peaks 
higher than 3000 m, runs from north to south and divides the 
island into eastern hills and western plains. Therefore, dur-
ing the northeast monsoon prevailing seasons (winter and 
spring), the cloud cover in the eastern and northern regions 
of Taiwan are high resulting from orographic lifting on the 
windward side, while the western and southern regions have 
low cloud cover from being located on the leeward sides 
of mountainous terrain. During the summer local vertical 
mixing enhanced by stronger solar heating in conjunction 
with humid air from the warm ocean favors the formation 
of broken convective cumulus clouds on land, which results 
in a similar cloud cover over the southwestern plain area. 
Cloud formation over the mountainous area results from the 
combined effects of solar heating, orographic lifting, block-
ing of prevailing winds, and their interactions with diurnal 
wind cycle. Therefore, the amount of clouds is more evenly 
distributed over the mountainous area and is higher than 
those over the western coastal plains.

3.4 comparisons between Measured and Estimated 
GSr

Estimated from Eq. (5) the maximum possible (assum-
ing n = 0 all day long) daily GSR in the Taiwan region was 
27.0, 27.1, 24.6, and 20.8 MJ m-2 day-1 for spring, summer, 
autumn, and winter, respectively, while the corresponding 
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(a) (b)

(c) (d)

Fig. 3. Changes in apparent reflectivity with co-scattering angle at Chiayi in (a) March, (b) June, (c) September, and (d) December. Lines at top and 
bottom are the fitted third order polynomial curves used for cloudt  and groundt  estimation of Eq. (2)

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Fig. 4. Histograms of computed cloud indices, separated into morning and afternoon periods, at selected CWB weather stations during years from 
2011 - 2013. (a) IL, (b) HL, (c) TD, (d) TP, (e) HC, (f) TC, (g) CY, (h) TN, (i) KS, (j) SML, (k) ALM, and (l) JM. Numbers in the parenthesis are 
medians.
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minimum (assuming n = 1 all day long) were 1.0, 1.2, 0.8, 
and 0.7 MJ m-2 day-1, respectively. As shown in Table 3 the 
minimums and maximums for the measured daily GSR ex-
ceeded the possible ranges (marked in bold) in many sta-
tions, which is an indication of the lack of proper pyranom-
eter calibration. At the JM station the highest median value 
occurred in autumn. This was inconsistent with the seasonal 
changes at other stations where the highest median value 
occurred in summer instead. Compared with the measured 
values, the distribution patterns of daily GSR retrieved from 
MTSAT images by this study were much more reasonable 
either in the ranges of solar irradiation received or the sea-
sonal consistency (Table 4).

However, linear relations with high R2 values existed 
between the retrieved and the observed values (Table 5). The 

somewhat smaller R2 values for those mountainous stations 
were probably the results of large spatial variations in cloud 
cover due to complex interactions between the terrain and 
atmospheric circulation. This indicated that the pyranom-
eter linear responses at each station to the intensity of inci-
dent solar radiation were still good. However, the relations 
were not close to 1:1 lines. The positive intercepts indicated 
that the solar irradiance observations were systematically  
underestimated, which is in agreement with the findings of 
Lin et al. (2004). The slopes of values less than 1 indicated 
that the observed GSR were underestimated under overcast 
condition, but overestimated for clear conditions, which 
may be the causes of those extraneous observed minimums 
and maximums at many stations.

The overall relative MBD% and RMSD% averaged 

(a) (b)

Fig. 5. Counts of the computed cloud indices had values (a) less than zero and (b) greater than one at selected CWB weather stations during years 
from 2011 - 2013.

Season Items Il hl tD tP hc tc cY tn KS SMl AlM JM

Spring

Median 0.438 0.437 0.375 0.364 0.307 0.260 0.247 0.207 0.186 0.337 0.395 0.377

SD 0.319 0.318 0.317 0.317 0.310 0.299 0.290 0.282 0.303 0.311 0.312 0.317

Skewness 0.114 0.150 0.310 0.300 0.475 0.731 0.837 1.083 1.135 0.393 0.268 0.317

Kurtosis -1.272 -1.218 -1.190 -1.187 -1.028 -0.510 -0.239 0.370 0.346 -0.987 -1.085 -1.097

Summer

Median 0.189 0.142 0.129 0.254 0.187 0.249 0.226 0.227 0.150 0.293 0.394 0.342

SD 0.280 0.283 0.294 0.289 0.279 0.293 0.289 0.287 0.299 0.295 0.323 0.307

Skewness 1.160 1.380 1.348 0.870 1.116 0.901 0.869 0.979 1.134 0.660 0.211 0.387

Kurtosis 0.536 1.096 0.836 0.006 0.355 0.108 -0.144 0.038 0.126 -0.445 -1.025 -0.838

Autumn

Median 0.348 0.283 0.217 0.256 0.154 0.148 0.175 0.171 0.161 0.233 0.331 0.228

SD 0.307 0.303 0.305 0.305 0.279 0.271 0.258 0.254 0.272 0.271 0.291 0.286

Skewness 0.375 0.542 0.802 0.691 1.178 1.493 1.409 1.377 1.430 1.038 0.453 0.811

Kurtosis -1.014 -0.874 -0.460 -0.650 0.525 2.044 1.895 1.692 1.643 0.569 -0.726 -0.265

Winter

Median 0.560 0.466 0.412 0.494 0.403 0.207 0.231 0.218 0.174 0.237 0.275 0.242

SD 0.310 0.304 0.304 0.315 0.313 0.279 0.285 0.276 0.280 0.291 0.290 0.296

Skewness -0.221 0.065 0.231 0.007 0.258 1.040 0.880 1.100 1.202 0.750 0.615 0.711

Kurtosis -1.274 -1.241 -1.137 -1.336 -1.262 0.096 -0.239 0.453 0.600 -0.579 -0.732 -0.650

Table 2. Descriptive statistics of the computed cloud indices, separated into four seasons (Spring: March to May, Summer: 
June to August, Autumn: September to November, and Winter: December to February), at selected CWB weather stations 
during years from 2011 - 2013.
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Season Items Il hl tD tP hc tc cY tn KS SMl AlM JM

Spring

Median 9.3 10.1 12.6 9.1 11.0 15.5 15.9 19.5 16.7 11.2 11.6 15.1

Minimum 0.0 0.0 0.5 0.0 0.0 0.2 0.9 3.2 0.2 0.0 0.0 1.8

Maximum 28.4 23.8 29.6 30.1 24.7 28.2 27.6 30.7 23.9 26.6 26.6 28.3

Skewness 0.341 0.119 0.275 0.356 0.075 -0.203 -0.311 -0.505 -0.683 0.199 0.185 0.091

Kurtosis -0.952 -1.195 -1.015 -0.717 -1.102 -0.914 -0.607 -0.522 -0.463 -0.772 -0.907 -1.179

Summer

Median 20.7 20.9 23.7 15.9 19.0 19.0 18.1 21.6 18.7 13.5 12.1 15.5

Minimum 0.3 0.7 0.2 0.8 1.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Maximum 28.4 41.1 31.5 29.1 25.0 28.6 29.6 31.7 25.0 26.1 27.4 29.8

Skewness -0.801 -0.665 -0.926 -0.107 -0.710 -0.612 -0.509 -0.793 -0.874 -0.177 0.085 0.002

Kurtosis -0.322 0.369 -0.345 -0.457 -0.470 -0.344 -0.179 -0.287 -0.351 -0.240 0.103 -0.442

Autumn

Median 9.5 12.4 13.2 10.8 13.6 15.8 15.3 17.4 15.0 12.1 11.5 18.0

Minimum 0.0 0.0 0.2 0.0 0.7 0.6 0.5 0.4 0.4 1.1 0.7 1.1

Maximum 24.7 40.7 27.4 26.5 22.5 24.8 23.0 26.2 23.2 22.3 22.8 28.7

Skewness 0.366 0.509 0.009 0.318 -0.490 -0.708 -0.677 -0.632 -0.531 -0.136 0.032 -0.398

Kurtosis -1.083 -0.012 -0.876 -0.607 -0.680 0.076 -0.152 -0.057 -0.172 -0.461 -0.261 -0.762

Winter

Median 3.1 5.8 8.5 3.3 5.1 13.1 11.7 14.0 12.2 10.4 11.0 15.6

Minimum 0.0 0.0 0.1 0.0 0.0 1.0 0.3 2.0 1.4 0.4 0.0 0.0

Maximum 18.3 19.7 22.4 19.0 16.6 20.0 21.7 21.5 18.2 19.8 22.6 26.3

Skewness 1.082 0.617 0.330 0.834 0.397 -0.464 -0.094 -0.453 -0.515 -0.053 -0.041 -0.191

Kurtosis 0.101 -0.564 -0.883 -0.381 -1.105 -0.858 -0.752 -0.520 -0.682 -1.112 -1.050 -1.228

Table 3. Descriptive statistics of daily GSR (MJ m-2 day-1) observed at selected CWB weather stations during years from 
2011 - 2013.

Season Items Il hl tD tP hc tc cY tn KS SMl AlM JM

Spring

Median 11.7 11.6 12.9 12.8 14.7 16.2 16.7 18.1 18.5 14.5 13.8 13.2

Minimum 3.1 2.5 3.1 3.2 2.9 2.9 3.3 3.3 2.7 3.1 3.3 3.1

Maximum 25.3 25.5 25.1 25.4 25.6 25.2 25.3 25.2 25.9 26.4 24.1 23.9

Skewness 0.281 0.277 0.130 0.161 0.018 -0.275 -0.450 -0.739 -0.639 -0.132 -0.079 -0.014

Kurtosis -1.163 -1.173 -1.266 -1.242 -1.251 -1.071 -0.674 -0.422 -0.635 -0.985 -1.108 -1.257

Summer

Median 19.7 21.6 21.6 17.5 19.6 18.0 18.7 18.6 21.0 17.1 15.3 16.3

Minimum 3.7 3.4 3.0 3.4 3.9 3.0 2.6 3.2 3.1 2.2 1.9 2.2

Maximum 25.6 26.1 25.5 25.1 25.2 25.5 25.1 25.3 26.0 25.5 25.7 25.8

Skewness -0.839 -1.061 -1.013 -0.500 -0.803 -0.681 -0.897 -0.790 -0.860 -0.627 -0.444 -0.482

Kurtosis -0.309 -0.025 -0.349 -0.519 -0.337 -0.306 0.296 -0.117 -0.502 -0.266 -0.265 -0.609

Autumn

Median 10.4 11.5 13.4 12.3 14.6 15.0 14.9 14.6 15.0 13.9 12.2 13.7

Minimum 2.3 2.1 1.8 2.6 2.6 2.4 2.2 2.3 1.8 2.3 2.4 1.9

Maximum 22.4 23.2 23.7 23.0 22.6 22.8 22.8 22.7 22.7 21.5 20.7 21.7

Skewness 0.411 0.205 -0.116 0.095 -0.509 -0.693 -0.706 -0.679 -0.687 -0.575 -0.335 -0.527

Kurtosis -1.016 -1.208 -1.051 -1.132 -0.666 -0.088 -0.101 0.077 -0.118 -0.146 -0.239 -0.378

Winter

Median 5.3 6.7 8.6 6.0 7.3 11.9 11.6 12.1 13.1 11.2 10.7 11.3

Minimum 2.4 2.2 2.0 2.6 2.5 2.3 2.0 2.1 2.0 2.5 2.0 2.2

Maximum 17.7 19.1 19.3 18.5 17.5 17.9 18.0 17.9 19.3 18.6 17.7 19.4

Skewness 1.084 0.669 0.309 0.846 0.393 -0.424 -0.355 -0.492 -0.558 -0.173 -0.168 -0.144

Kurtosis 0.046 -0.678 -1.055 -0.402 -1.196 -0.845 -0.945 -0.641 -0.640 -1.064 -1.091 -1.192

Table 4. Descriptive statistics for daily GSR (MJ m-2 day-1) retrieved from images at pixels corresponding to locations from 
selected CWB weather stations during years from 2011 - 2013.
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across all stations and four seasons was about 5 and 15%, 
respectively, but the MBD% and RMSD% varied very dif-
ferently among stations and seasons. Seasonally, the largest 
MBD% and RMSD% both occurred in spring (9.5 and 21.3% 
on average), while the least MBD% and RMSD% occurred 
autumn (-0.3% on average) and in winter (9.7% on average), 
respectively. Station TP had the largest MBD% (40.9%) in 
winter and RMSD% (36.7%) in spring. Therefore, before the 
pyranometers are carefully calibrated the values estimated 
from satellite images may be the best surrogates if accurate 
GSR data are required.

3.5 Performance of the Six Empirical Formulas using 
Measured and Estimated GSr as Inputs

The goodness of fit between the 10-day averaged ETo 
values computed from the six empirical formulas with cor-
responding Epan measurements at selected CWB stations 
are listed in Table 6. Judging from the overall MBD and 
RMSD averages and ranges, the Turc, Hargreaves, and 
Hansen models were considered having better performance 
than the other three models. The Makkink model was not 
selected because it had higher estimation errors for stations 
located in plain areas. This indicated that an empirical for-
mula with a format similar to the Turc, Hargreaves, and 

Hansen models may be more suitable for estimating ETpan 
within the island of Taiwan.

The Turc and Hargreaves models require T and Rs as 
explicit inputs but the Hansen model uses only Rs as the 
explicit input. When comparing the MBD% and RMSD% 
using different Rs sources as the model inputs it is clear 
that using Rs retrieved from satellite images would produce 
smaller MBD% and RMSD% for stations located in plain 
areas (Fig. 6). However, in mountainous areas the retrieved 
Rs tend to produce larger MBD% and RMSD%. As dis-
cussed above the retrieved Rs were intended for a 5 × 5 km 
area and thus were not good surrogates for measured values 
at any particular site in the mountains where the cloud cover 
and amount may change very rapidly.

However, no significant benefits were observed by 
explicitly including T as an extra explicit input. Therefore, 
for input data simplicity it may be worthwhile to use Rs 
retrieved from satellite images as the sole input for Epan es-
timation provided the temperature effects can be included in 
computing the latent vaporization heat (λ), saturation vapor 
pressure curve slope (Δ), and psychrometric constant (γ). 
The possibility of using Rs as sole explicit input in comput-
ing Epan has another advantage because it is still difficult, 
if not impossible, to retrieve LST under cloudy conditions 
using remote sensing techniques.

Season Items1 Il hl tD tP hc tc cY tn KS SMl AlM JM

Spring

a 3.67 2.59 2.37 4.12 3.75 2.43 2.84 2.37 0.79 3.65 4.59 3.40

b 0.806 0.930 0.828 0.910 0.931 0.854 0.833 0.790 1.042 0.879 0.712 0.680

R2 0.93 0.94 0.92 0.92 0.96 0.95 0.93 0.92 0.94 0.87 0.82 0.80

MBD% 14.3 17.6 0.8 31.6 26.1 1.6 1.5 -8.0 9.3 18.9 9.0 -9.2

RMSD% 24.3 22.8 16.1 36.7 29.1 11.1 11.5 13.9 13.7 25.8 25.7 25.0

Summer

a 3.06 3.06 2.88 4.74 2.90 2.99 4.66 4.02 2.70 4.24 5.74 4.48

b 0.793 0.852 0.791 0.767 0.890 0.792 0.733 0.673 0.940 0.882 0.745 0.718

R2 0.87 0.82 0.95 0.77 0.92 0.91 0.88 0.88 0.95 0.85 0.73 0.76

MBD% -4.6 1.4 -6.7 7.0 6.0 -4.0 -0.4 -12.4 10.0 19.1 20.3 -0.4

RMSD% 18.9 18.9 20.2 15.7 17.0 17.8 17.7 19.9 16.9 13.8 12.6 15.9

Autumn

a 2.85 3.61 1.75 3.07 1.98 1.39 1.85 1.74 0.39 2.92 4.77 2.84

b 0.793 0.690 0.836 0.837 0.947 0.847 0.871 0.757 0.993 0.852 0.609 0.586

R2 0.96 0.80 0.96 0.89 0.95 0.92 0.92 0.88 0.90 0.77 0.53 0.78

MBD% 7.5 -1.2 -3.4 12.6 10.5 -5.9 0.1 -13.7 2.0 9.8 3.1 -24.7

RMSD% 10.1 12.5 13.5 10.6 12.5 15.0 14.2 16.6 14.3 11.8 11.3 17.1

Winter

a 3.18 2.47 1.39 3.20 2.67 1.12 1.49 0.08 -0.44 2.00 3.25 2.58

b 0.786 0.826 0.844 0.852 0.897 0.816 0.849 0.870 1.099 0.818 0.673 0.585

R2 0.94 0.89 0.95 0.95 0.95 0.94 0.92 0.95 0.97 0.91 0.84 0.78

MBD% 39.3 18.9 -0.4 40.9 29.7 -8.9 -1.3 -13.5 6.0 1.3 -1.8 -22.5

RMSD% 5.2 6.8 9.2 5.7 6.6 12.0 10.9 13.1 11.5 10.3 10.7 13.9

Table 5. Linear relations (Y = a + bX) between the estimated (Y) and observed (X) daily global radiation at selected CWB 
weather stations during years from 2011 - 2013 and discrepancy analysis.

Note: 1: a, Y, and X are in unit of MJ m-2 day-1



Syu et al.232

3.6 Development of Empirical Formulas for Estimating 
Epan using Derived GSr

As discussed above a Hansen type model might be suit-
able for Epan estimation in the Taiwan region. To overcome 
the difficulties in retrieving accurate LST by remote sensing 
techniques, the empirical formulas provided by Chiu et al. 
(2014) for monthly temperature lapse rate (TLR) patterns 
at four geographical climatic regions in Taiwan were tested 
first to estimate the temperature at each studied CWB sta-
tion (Fig. 1). The assigned regions considered both the in-
fluence of the prevailing winter monsoon on the TLR and 
the goodness of fit of the empirical equations to be used. 
Good 1:1 linear relations between the estimated and mea-
sured temperatures indicated that the regional arrangements 
and the empirical formulas selected have properly corrected 
the geography and seasonal change effects on the estimated 
temperatures (Fig. 7).

Based on the previous six selected model performance 
discussion, a Hansen type model was developed using the 
training dataset described in section 2.4. As error analysis 
discussed above (Fig. 6), Epan measurements at mountain 
stations were not closely related to the corresponding GSRs 
retrieved from images because of mismatching in represen-
tative areas. Therefore, data pairs in training dataset from 
mountain stations were left out in deriving the model. Val-
ues of λ, Δ, and γ were computed using temperature esti-
mated by corresponding TLR formula and height above sea 
level. The derived empirical model for Epan estimation was 
listed as Eq. (12).

.Epan R0 7516 s

c mD
D= +  (12)

The validation test results for the developed Epan esti-
mation model at selected CWB stations are shown in Fig. 8.  
The very small MBD% (0.1%) and RMSD% (16.9%) for 
data pairs located in plain areas indicated that the proposed 
empirical model performed well in coastal plain areas. How-
ever, for data pairs located in mountainous areas, the large 
differences in surrounding microenvironments (e.g., percent 
vegetation cover, air humidity, ground surface roughness, 
etc.) between mountainous and plain areas might have re-
sulted in the Epan overestimation and thus gave a very large 
MBD% (30.2%) and the corresponding RMSD% (34.5%). 
However, with proper site-specific pan coefficient (Kp), the 
estimated Epan may be converted into ETo required for fur-
ther applications.

3.7 Spatio-temporal Variation of cloud Index, GSr, 
and Epan in taiwan region

From the analyzed 12029 MTSAT-2 daytime images 

within the study period (2011 - 2013), the monthly clear 
skies frequency occurrence (n ≤ 0.2) (Fig. 9) and cloudy 
skies (n ≥ 0.8) (Fig. 10), and monthly averaged daily GSR 
(Fig. 11) and Epan (Fig. 12) atlases for the Taiwan region 
were compiled. As shown in Fig. 9 the clear skies time over 
land was less than that over the ocean during the summer 
half-year (May to October). This phenomenon is particular-
ly apparent in the summer season (June to August) because 
of stronger atmospheric stability over the colder ocean sur-
face. Resulting from the prevailing southwest monsoon dur-
ing the summer season, the clear skies time decreased with 
increasing height in topography was also vary apparent in 
the western half of Taiwan in this season. The prevailing 
northeast monsoon during the winter season (December to 
February) significantly decreased the clear skies time in the 
north and northeastern regions. The coastal plain area in the 
southwest region experienced more clear skies all year long 
than any other places in Taiwan. The chance for clear skies 
could reach 60% in July.

Very cloudy skies occurred most often over land in the 
north and northeastern regions and the surrounding ocean 
during the winter half-year resulting from prevailing north-
east monsoon and in the mountainous area due to orograph-
ic lifting (Fig. 10). In April and May, frontal systems might 
cause very cloudy skies island wide. In August, strong con-
vective lifting on land in conjunction with humid air from 
the ocean from the southwest monsoon might be the main 
causes for increased chance of very cloudy skies over the 
southwest region of Taiwan. Mountains on the windward 
side of the northeast monsoon experienced more overcast 
skies than any other places in Taiwan. The chance for cloudy 
skies could reach 30% in winter. In July and September, the 
chance for experiencing overcast skies was less than 10% 
island wide except for a few places in the mountains. The 
region near Yuan Yang Lake (24°34’37”N, 121°24’09”E) 
was the place that constantly experienced overcast skies 
more than 10% year round in Taiwan.

As affected by the spatial and temporal variations in 
cloud cover disclosed above, the amounts of incident GSR 
were larger on the western half of Taiwan than on the 
eastern half, and the mountainous area received less solar 
radiation than the plains area (Fig. 11). The coastal plain 
in the southwestern region received the largest amount 
of solar radiation every month. The lowest monthly aver-
aged daily solar radiation was 9 MJ m-2 day-1 in December  
while the highest was 21 MJ m-2 day-1 in June and July. 
The total annual solar irradiation in Taiwan ranged from  
1120 - 1725 kWh m-2 year-1. About 6% of Taiwan received 
solar irradiation less than 1200 kWh m-2 year-1, 71% be-
tween 1200 and 1500 kWh m-2 year-1 and 23% more than 
1500 kWh m-2 year-1. The averaged total annual solar irra-
diation received over the island within the study period was 
about 4.7 × 1013 kWh year-1, which was 200 times more than 
the total annual electric power generated.
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Empirical Model Items Il hl tD tP hc tc cY KS SMl AlM JM All

Caprio
MBD 0.93 0.50 0.69 0.24 -0.03 1.02 0.87 0.56 0.73 0.11 -0.69 0.45

RMSD 1.45 1.20 1.39 0.92 0.50 1.30 1.09 0.82 0.85 0.46 0.88 0.99

Jensen-Haise
MBD 1.03 0.60 0.81 0.33 0.07 1.15 0.99 0.68 0.86 0.30 -0.36 0.59

RMSD 1.53 1.27 1.47 0.96 0.52 1.40 1.20 0.90 0.97 0.54 0.62 1.03

Turc
MBD 0.35 -0.17 -0.21 -0.31 -0.65 0.17 0.05 -0.42 0.54 0.39 -0.24 -0.05

RMSD 0.58 0.57 0.57 0.61 0.83 0.38 0.34 0.57 0.59 0.54 0.57 0.56

Hargreaves
MBD 0.45 -0.03 0.03 -0.23 -0.52 0.41 0.28 -0.15 0.55 0.43 0.17 0.13

RMSD 0.81 0.72 0.77 0.63 0.63 0.60 0.43 0.38 0.61 0.56 0.46 0.60

Makkink
MBD -0.26 -0.79 -0.86 -0.92 -1.26 -0.48 -0.59 -1.09 0.05 0.29 0.34 -0.51

RMSD 0.50 0.95 0.99 1.07 1.39 0.59 0.70 1.17 0.25 0.42 0.52 0.78

Hansen
MBD 0.16 -0.35 -0.36 -0.51 -0.82 0.05 -0.08 -0.57 0.48 0.68 0.83 -0.04

RMSD 0.52 0.67 0.68 0.74 0.95 0.36 0.34 0.67 0.54 0.77 0.92 0.65

Table 6. Error analysis (MBD and RMSD, mm day-1) between the 10-day averaged Epan measurements and the cor-
responding ETo values computed by the six selected empirical models and using observed solar radiation at selected 
CWB weather stations during years from 2011 - 2013.

(a) (b)

(c) (d)

(e) (f)

Fig. 6. Comparisons of the 10-day averaged evaporation pan measurements (Epan) at selected CWB stations and the corresponding ETo values 
computed by different prediction models and sources of solar irradiance. Prediction model: Truc model [(a), (b)], Hargreaves model [(c), (d)], and 
Hansen model [(e), (f)]. Sources of solar irradiance: actual measurements at stations [(a), (c), (e)], retrieved from satellite [(b), (d), (f)]. Blue circle 
data pairs are for stations located at plain area, while red cross pairs are for mountainous stations. (Color online only)



Syu et al.234

Fig. 7. Comparisons of observed air temperatures and temperatures 
estimated using the empirical formulas of temperature lapse rate 
(TLR) provide by Chiu et al. (2014). Blue circle data pairs are for 
stations located at plain area, while red cross pairs are for moun-
tainous stations. (Color online only)

Fig. 8. Validation test of the estimated Epan against observed data 
at selected CWB stations. Blue circle data pairs are for stations 
located at plain area, while red cross pairs are for mountainous sta-
tions. (Color online only)

Fig. 9. Monthly probability map of clear skies, cloud index (n) ≤ 0.2. (Color online only)
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Fig. 10. Monthly probability map of overcast skies, cloud index (n) ≥ 0.8. (Color online only)

Fig. 11. Monthly map of daily GSR (MJ m-2 day-1). (Color online only)
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The daily Epan values were also larger in the western 
half of Taiwan than those in the eastern half, and the val-
ues decreased with increasing heights in mountainous areas  
(Fig. 12). The coastal plain in the southwestern region showed 
the largest value in every month where the lowest monthly 
averaged daily Epan was 2.0 mm day-1 in January while the 
highest was 5.0 mm day-1 in June and July. The total annual 
Epan in Taiwan ranged from 750 - 1300 mm year-1. About 
11% of Taiwan had annual Epan less than 850 mm year-1, 
42% between 850 and 1000 mm year-1, 38% between 1000 
and 1200 mm year-1, and 9% more than 1200 mm year-1. The 
total annual potential evaporative loss over the island was 
about 3.4 × 1010 m3 year-1, which was about 36% of the total 
annual precipitation received.

4. concluSIonS

The empirical relationships for the reference albedos to 
be used in computing cloud indices for Heliosat method ap-
plication in Taiwan were developed using three years’ MT-
SAT-2 daytime images. The computed cloud indices were 
reasonable and consistent with knowledge regarding the spa-
tial and temporal variations in cloud cover over Taiwan. The 
estimated daily solar irradiation derived by integrating in-
stantaneous solar radiation retrieved from MTSAT-2 images 
was evaluated against the measured data from twelve CWB 
stations during years from 2011 - 2013. The overall MBD% 
and RMSD% for daily GSR retrieval were about 5 and 15%, 
respectively. The results clearly showed that the MTSAT-2 

data can be used for mapping global solar irradiation over 
Taiwan with a ground resolution of 5 × 5 km. This accuracy 
is a great achievement when considering the effects of very 
sparse radiometric network in mountainous area on produc-
ing a high quality solar radiation atlas.

A Hansen type empirical model for estimating 10-day 
averaged daily Epan was developed and validated. The em-
pirical model used solar radiation retrieved from MTSAT-2 
images as input in conjunction with latent vaporization heat 
(λ), saturation vapor pressure curve slope (Δ), and psy-
chrometric constant (γ) modified by surface temperatures 
estimated from TLR relationships. The model performed 
quite well in coastal plain areas, but overestimated in moun-
tainous areas. The results showed that the solar radiation 
retrieved from MTSAT-2 images can be used for mapping 
Epan over Taiwan with a ground resolution of 5 × 5 km. The 
results provided insights into the choice of the most suitable 
empirical equation when mapping ET was prevented either 
by lacking adequate ground measurement density required 
by FAO recommended procedures or the unavailability of 
good quality LST data retrieved by remote sensing tech-
niques under clouds.

The achievements in this study pave the road to pro-
duce a more reliable solar irradiation atlas over Taiwan 
since dates when geostationary meteorological satellites im-
ages were available and also presents ground breaking work 
to provide more reliable ET estimation at regional scale for 
better water resources management and planning. Though 
coefficients to convert Epan into ET have been proposed 

Fig. 12. Monthly map of daily Epan (mm day-1). (Color online only)
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for several pan deployment setups and major crops (Allen et 
al. 1998), to further convert from Epan maps into ET maps, 
site-specific pan coefficient (Kp) for converting Epan into 
ETo as well as coefficients similar to crop coefficients (Kc) 
for converting ETo to ET are still needed for every major 
land cover type in Taiwan. ET flux measurements using the 
eddy correlation method over extensive areas may serve as 
ground truth data for testing the accuracy of estimated ET. 
Studies on estimating proper site-specific Kp and Kc coef-
ficients as outlined above have already began.
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