
Energy Conversion and Management 57 (2012) 23–32
Contents lists available at SciVerse ScienceDirect

Energy Conversion and Management

journal homepage: www.elsevier .com/ locate /enconman
Observation and calculation of the solar radiation on the Tibetan Plateau

Jiandong Liu a,b, Jingmiao Liu c, Hans W. Linderholm a,⇑, Deliang Chen a, Qiang Yu d, Dingrong Wu b,
Shigenori Haginoya e

a Regional Climate Group, Department of Earth Sciences, University of Gothenburg, Gothenburg, Sweden
b Center for Ago-Meteorology, Chinese Academy of Meteorological Sciences, Beijing, China
c Shenyang Institute of Atmospheric Sciences, Shenyang, China
d Plant Functional and Climate Change Cluster, University of Technology, Sydney, Australia
e Meteorological Research Institute, Tsukuba, Ibaraki, Japan

a r t i c l e i n f o
Article history:
Received 14 June 2011
Received in revised form 6 December 2011
Accepted 6 December 2011
Available online 10 January 2012

Keywords:
Calculation
Observation
Solar radiation
Tibetan Plateau
0196-8904/$ - see front matter � 2011 Elsevier Ltd. A
doi:10.1016/j.enconman.2011.12.007

⇑ Corresponding author. Address: Department of
Gothenburg, Box 460, Gothenburg, Sweden. Tel.: +46

E-mail address: hansl@gvc.gu.se (H.W. Linderholm
a b s t r a c t

Distribution of solar radiation is vital to locate the most suitable regions for harvesting solar energy, but
solar radiation is only observed at few stations due to high costs and difficult maintenance. From 2001 to
2005, a set of pyranometer instruments were set up in Gaize, on the Tibetan Plateau, to test the hypothesis
of high solar-radiation levels in this region, and find a suitable method for estimating the radiation. Over
the 5-year observation period, the average daily radiation was 21 MJ m�2day�1 with maximum daily val-
ues of 27 MJ m�2day�1 occurring in June and minimum values of 14 MJ m�2day�1 in December, which is
much higher than those measured in other regions at similar latitudes. The observational data were used
to validate a set of radiation models: five sunshine based and three temperature based. The results showed
that of the five sunshine-based models, a newly developed ‘‘comprehensive’’ model performed the best,
but that the ‘‘vapor revised Angstrom model’’ was recommended to use for its simplicity and easy opera-
tion. The temperature-based models performed worse than the sunshine-based ones, where the Wu
model is to be preferred if a temperature-based model is the only option. Moreover, it was shown that
when estimating the solar radiation based on time-dependent coefficients, consideration of the seasonal
variation of the coefficients has little predictive value and is thus unnecessary. Based on the results of this
study, a strategy for the calculation of solar radiation on the Tibetan Plateau was made for potential users.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Solar radiation is considered to be a safe, effective and economic
energy resource, having the potential to be one of the major energy
sources in the near future [1]. To make full use of solar energy, it is
vital to accurately establish its spatial distribution. However, com-
pared to the large number of routine measurements of meteorolog-
ical parameters, few stations observe solar radiation due to scarcity
of instruments and high cost of maintenance. Therefore, it is com-
mon practice to calculate solar radiation through basic meteoro-
logical variables [2–4].

Based on the relationship between solar radiation and sunshine
hours, the Angstrom model was introduced in 1924 [5] and revised
in 1940 [6], and is likely the most popular empirical model for esti-
mation of solar radiation when sunshine hours are available e.g.
[7–11]. Based on sunshine hours and radiation data from 48 sta-
tions, a worldwide radiation model was developed by Bahel et al.
ll rights reserved.
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[12], which was more complex than the Angstrom model and pro-
viding higher accuracy. Having examined the performance of the
Angstrom and Bahel models at 48 stations over China, Chen devel-
oped a new radiation model considering not only sunshine hours
but also air temperature, which was proved to be more accurate
than both other models [7,13].

In addition to the sunshine-based models mentioned above,
Bristow and Compbell [14], Hargreaves et al. [15], and Allen [16]
developed different temperature-based models as exponential
and square root expression respectively. Using not only tempera-
ture, but also humidity and precipitation, Thornton and Running
[17] reformulated the Bristow and Compbell model, and found that
the new model produced better results. Adding rainfall and dew
point to the Hargreaves model, Wu et al. [13] presented two new
models, and the validation results indicated that the model per-
formed better when rainfall was considered, and performed best
when both rainfall and dew point were considered. Recently, Li
et al. [18] examined the performance of 12 models in Chongqing,
China, finding that the model using all selected variables per-
formed the best. Evaluation of the accuracy of several models for
estimating solar radiation across Australia also indicated that a
model using more variables always performed better [19].

http://dx.doi.org/10.1016/j.enconman.2011.12.007
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Several studies have indicated sunshine based models are supe-
rior to those temperature based ones [7,13,20], and that models
using more variables can always obtained better performance
[7,13,17–19]. However, these hypotheses are drawn mostly from
the low-elevation regions, but have never been tested on the Tibe-
tan Plateau, especially the non-populated high-altitude region in
the western part of the Tibetan Plateau.

Located in the western part of the Tibetan Plateau, Gaize covers
9.74 � 104 km2, with an averaged altitude of 4700 m above sea le-
vel. Average annual sunshine hours is 3168 h, which is far higher
than that in low-land regions at the same latitude [21]. Because
of the high altitude and sunshine hours, meteorologists have as-
sumed that solar radiation in Gaize would be much higher than
that in the plain regions at the similar latitude [22], but as yet no
observations have been made to support this theoretical estimate.

Supported by a joint project between China and Japan, about 5-
year of continuous observations were made in Gaize, from 2001 to
2005. The objectives of this study were: (1) to identify if the solar
radiation in Gaze is as high as previously estimated, (2) to validate
six existing models together with two new developed models to
test the hypothesis mentioned above, that sunshine based models
are superior to those temperature based models and more vari-
ables in the model might lead to a higher accuracy, (3) to provide
recommendations for estimation of solar radiation in the western
part of the Tibetan Plateau based on the modeling results.
2. Experiment and methodology

2.1. Description of the experimental site

Solar-radiation measurements were conducted at Gaize weath-
er station (32� 300 N, 84� 060E, 4420 m above sea level) (Fig. 1).
Gaize belongs to the sub semi-arid Alpine Monsoon Climate Zone
[21], with annual monthly maximum temperature of 11.9 �C in July
and minimum temperature of �12.8 �C in January. The average an-
nual precipitation is 189.6 mm. The soil at the Gaize weather sta-
tion is composed of clay with a certain amount of sand. Sparse
vegetation, mainly consisting of plateau spike-like weeds and des-
ert spike-like weeds, is only present during the rainy season from
June to August, only reaching heights of a few centimeters. The
ground surface around the weather station is quite flat and homo-
geneous, without any obstacle within some tens of kilometer dis-
Fig. 1. Distribution of the weather and radiation stations in Ch
tance. The Air density in Gaize is only half of that at sea level,
due to the high elevation. Being a non-populated region, Gaize
has quite clear air without man-made pollutants.
2.2. Instrument installation and data collection

In October 2000, a MS-80 precision pyranometer for global radi-
ation measurement, was installed at a platform 1.5 meter above
ground inside the Gaize weather station, and immediately cali-
brated. Measurement error of the pyranometer is within ±1.5%.
The instrument was subsequently calibrated every year from
2001 to 2005. Solar radiation was measured at every 5 s and aver-
aged every hour to exclude random errors, and the measured val-
ues recorded automatically by a microcomputer set beside.

In this study, hourly radiation values were first integrated to dai-
ly values, followed by a data-quality control, strictly according to
standards, where (1) measured values should be lower than the ex-
tra-terrestrial solar radiation, and (2) measured values should not
be high in rainy days. Data failing to pass the quality test were to
be excluded from the final data set. However, no data failed the
quality test. Because of instrument calibration, 30 days of data were
missed during the 5-year measurement period, yielding an average
of 6 days of missing data per year. Still, this is much better than in
datasets routinely recorded at radiation stations in China [23],
where the number of missing data usually exceeds 10 per year. In
addition, a number of missing data less than 7/year meets the mete-
orological standard formulated by the China Meteorological
Administration (CMA) [23]. Besides solar radiation, routinely
observed meteorological data was also measured simultaneously
in the Gaize weather station, including sunshine hours (Jordan sun-
shine recorder) (±5%), daily mean, maximum and minimum tem-
perature (CAWS600) (±0.2 �C), air pressure (CAWS600) (±0.2 hPa),
vapor pressure (HPHS) (±2%), wind speed (CAWS) (±0.6 m/s) and
precipitation (CAWS) (±4%). Fog was also observed during 2001–
2005, although it does not belong to the ordinary meteorological
items.

Based on the measured data, a database was established includ-
ing solar radiation and the corresponding meteorological data rou-
tinely observed. Then the database was divided into two data sets.
The first set, containing 1085 days from 2001 to 2003, was used to
calibrate the coefficients of the models, while the second set, con-
taining 701 days from 2004 to 2005, was used for model validation.
ina and the location of the experimental site in this study.
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2.3. Model introduction

There are about 2480 weather stations in China [23], but solar
radiation is only observed at 90 of those. However, sunshine hours
are routinely measured at the basic weather stations and can be
obtained from CMA (website: http://mdss.cma.gov.cn:8080/). In
the fact, sunshine hours are treated as a basic ordinary observed
item, just the same as temperature, by CMA [23]. Previous studies
have indicated that the models based on sunshine hours can pro-
vide more accurate estimations of solar radiation than those based
on other items such as temperature and precipitation, etc.
[7,13,20]. Consequently, this study mainly focused on the sunshine
based models. However, models based on temperature and precip-
itation may be of use in case sunshine data is lacking or cannot be
easily obtained. Thus, eight radiation models, including five sun-
shine-based and three temperature-based, were calibrated and
validated against the measured data in Gaize. Brief introductions
to the used models are as follows:

Model 1: The Angstrom model. Angstrom suggested this simple
model, based on the linear relationship between radiation and sun-
shine hours, in 1942 [5], and it was modified by Prescott in 1940
[6]. The model can be expressed as

RA ¼ RE aþ b
S
S0

� �
ð1Þ

where RA is actual daily solar radiation (MJ m�2 day�1), RE is the dai-
ly extra terrestrial solar radiation (MJ m�2 day�1), S is the actual
sunshine hours and S0 is the potential sunshine hours.

Model 2: The Bahel model. Based on sunshine hours and global
radiation data from 48 stations around the world, Bahel et al. [12]
developed this worldwide model as

RA ¼ RE aþ b
S
S0

� �
þ c

S
S0

� �2

þ d
S
S0

� �3
" #

ð2Þ

Model 3: The Chen model. Chen et al. [7] found a new expression
of the relationship between RA/RE and meteorological variables,
and suggested a new model in which both sunshine hours and
temperature were included.

RA ¼ RE aþ b lnðTmax � TminÞ þ c
S
S0

� �d
" #

ð3Þ

Chen et al. [7] validated his model against data in China and
found that the results were more accurate than those derived from
the Angstrom and Bahel models.

Model 4: The ‘‘Vapor revised Angstrom’’ model. Considering the
important role of vapor in solar radiation, we suggested a new
empirical model as:

RA ¼ RE aþ bþ c
1
E

� �
S
S0

� �
ð4Þ

in which E is the daily vapor pressure (hPa).
Model 5: The ‘‘Comprehensive’’ model. This model is based on

the Chen model and the new developed vapor revised Angstrom
model, resulting in a comprehensive model involving both temper-
ature difference and the vapor pressure, and can be expressed as:

RA ¼ RE aþ b lnðTmax � TminÞ þ c þ d
1
E

� �
S
S0

� �
ð5Þ

Model 6: The Hargreaves model. This model can be used easily
with only temperature as input variable [15], which is more readily
obtained compared to other variables:

RA ¼ REðaþ b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tmax � Tmin

p
Þ ð6Þ

where Tmax is the maximum temperature and Tmin is the minimum
temperature. When the coefficient a equals 0, it becomes the Allen
model [16]. So, the Allen model can be referred to as a special type
of the Hargreaves model.

Model 7: The Bristow and Campbell model. This model also uses
temperature as input variables [14], and expressed the relationship
between solar radiation and temperature difference as an expo-
nential form:

RA ¼ REaf1� exp½�bðTmax � TminÞc�g ð7Þ

Model 8: The Wu Model. Wu et al. [13] developed a model con-
sidering both temperature and precipitation, which proved to be
better than the Bristow and Campbell model:

RA ¼ REðaþ b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tmax � Tmin

p
þ cTa þ dPtÞ ð8Þ

where Ta is the daily average temperature (�C), and Pt is the trans-
formed rainfall data, which was defined as Pt = 1 if P > 0; Pt = 0 if
P = 0, where P is the daily total precipitation (mm).

Additional temperature based models [e.g. [18]] have also been
developed, but they were not used in this study due to their input
variables, e.g. the dew point and fog, etc., not being routinely ob-
served [23]. The daily extra-terrestrial solar radiation was calcu-
lated according to the equations described by Allen et al. [24]
and the coefficient was fitted by numerical iteration methods [25].

2.4. Model evaluation

Three statistics, the Nash–Sutcliffe Equation (NSE), the Mean
Absolute Percentage Error (MAPE), and the Root Mean Squared Er-
ror (RMSE), were used as evaluation criteria in this study, and can
be calculated as follows respectively:

NSE ¼ 1�

Pn
i¼1
ðYoi � YsiÞ2

Pn
i¼1
ðYoi � YoÞ2

ð9Þ

MAPE ¼

Pn
i¼1

jYoi�Ysi j
Yoi
� 100

n
ð10Þ

RMSE ¼ 1
n

Xn

i¼1

ðYoi � YsiÞ2
" #1

2

ð11Þ

where Yoi is the observed value, Ysi is the simulated value, �Yo is the
average value of the observed radiation, and n is the number of data.
NSE was suggested by Nash et al. [26] in 1970 and is currently
widely used as a criterion to evaluate model performance in differ-
ent scientific domains, e.g. hydrology [27], energy [7], and agron-
omy [28]. The value of NSE indicates the model efficiency, i.e. the
variation in measured values accounted for by the model, and a
higher NSE value means a more efficient model. RSME is one of
the global statistics, where a small value indicates high accuracy
of the model prediction. NSE was used as the evaluation criterion
for model calibration. As for the assessment of the prediction, RSME
was used as the main indicator for validation, together with other
criteria such as NSE, intercept, and slope.

The t-statistic is used to identify significant differences between
and within the sunshine based models and the temperature based
ones, and the t value can be calculated as [29–31]:

t ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðn� 1Þ �MBE2

ðRMSE2 �MBE2Þ

s
ð12Þ

where MBE is the mean bias error:

MSE ¼ 1
n

Xn

i¼1

ðYsi � YoiÞ ð13Þ

http://www.mdss.cma.gov.cn:8080/


26 J. Liu et al. / Energy Conversion and Management 57 (2012) 23–32
When the calculated jtjP t0:05 (critical value), the two groups of
data differ significantly, and vice versa [29–31].

3. Results

3.1. Primary statistical analysis of the routinely observed
meteorological variables

The routinely observed meteorological variables, including sun-
shine hours, rainy days, temperature, air pressure, vapor pressure
and wind speed, were analyzed from 2001 to 2005. Averaged
monthly mean values of the meteorological variables are shown
in Fig. 2. Sunshine hours were high in Gaize, with an annual mean
daily value of 8.8 h. Minimum averaged monthly mean daily sun-
shine hours occurred in January, while the maximum occurred in
May, yielding a pattern similar to that of potential sunshine hours
(see Fig. 2a). However, the observed sunshine hours decreased in
June while the potential sunshine hours increased to its maximum
value. Observed sunshine hours in July and August were also lower
than those in May and April, respectively. This phenomenon could
be attributed to the increase in rainy days from June to August,
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Su
ns

hi
ne

 h
ou

rs
 (h

)

0

2

4

6

8

10

12

14

16

18

actual sunshine hours 
potential sunshine hours

(a)

(c)

(e)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Te
m

pe
ra

tu
re

 (o C
)

-25

-20

-15

-10

-5

0

5

10

15

20

25

30
Average temperature
Maximum temperature
Minimum temperature

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Va
po

r p
re

ss
ur

e 
(h

Pa
)

0

1

2

3

4

5

6

7

8

9

10

Fig. 2. Distribution of routinely observed meteorological items in Gaize from 2001 to 2
pressure, and (f) wind speed.
coinciding with the rainy season in Gaize (Fig. 2b). Under the influ-
ence of the Alpine Monsoon climate [21], Gaize has the obvious
alternation of dry and wet climate conditions. In the dry season,
from October to April the next year, the averaged monthly rainy
days never exceeded 2 days. However, the averaged monthly rainy
days increased to more than 10 days in the rainy season from June
to August, with the highest values of about 14 days found in July
and August. Temperatures in Gaize are low (Fig. 2c) with the low-
est monthly mean temperature of �11.9 �C in January and the
highest value of 12.9 �C in July. The diurnal temperature variation,
i.e. the difference between maximum and minimum temperature,
is more than 15 �C throughout the year. The averaged monthly
mean air pressure in Gaize is low, never exceeding 600 hPa. The
averaged monthly vapor in Gaize (Fig. 2e), follows the same sea-
sonal variation as in rainy days and temperature, with the lowest
value of about 0.7 hPa found in January and the highest value of
7.3 hPa found in August. The maximum in averaged monthly wind
speed was 4.1 ms�1 in February and decreased to the minimum
value of 2.3 ms�1 in October. Fog days were also analyzed but
are not shown due to its small values. In fact, there were only five
fog days recorded during the consecutive five years of measure-
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ments, and this can be attributed to the cold temperature, low va-
por pressure and the high wind speed in this highland region.

3.2. Distribution of solar radiation

The averaged diurnal variations of solar radiation in different sea-
sons are given in Fig. 3.a. The variation patterns in different seasons
were similar, with a maximum at noon. The lowest solar radiation
value at noon, 649.8 Jm�2 s�1, was recorded in winter, while the
highest value, 884.6 Jm�2 s�1, was recorded in spring. The solar radi-
ation at noon in summer was 883.6 Jm�2 s�1, just slightly less than
that in spring. Five-year averaged daily radiation changed greatly
from the lowest value of 9.6 MJ m�2 day�1 (January) to the highest
value of 31.0 MJ m�2 day�1 (July) (Fig. 3b). The distribution of the
5-year averaged monthly daily solar radiation is shown in Fig. 3c,
displaying a clear seasonal variation, with a minimum value of
13.6 MJ m�2 day�1 in December and a maximum value of
26.9 MJ m�2 day�1 in June. The curves showing the diurnal varia-
tions of solar radiation (Fig. 3a) are not symmetrical because of the
lower radiation in August in contrast with the higher radiation in
June, due to more rainy days in August. The interannual solar-radia-
tion variation is given in Fig. 3d. The averaged 5-year daily solar radi-
ation was 20.9 MJ m�2 day�1, with the lowest value of 20.5 MJ
m�2 day�1 in 2005 and the highest value of 21.3 MJ m�2 day�1 in
2001. During the 5-year measurement period, the annual daily solar
radiation had a small coefficient of variance (0.013), indicating that
the annual solar radiation is quite stable in Gaize.

3.3. Seasonal variation in the clear sky index

Further investigation was made to identify the sky conditions in
Gaize in different seasons. The clear sky index, Kt, which is the ratio
Local time (h)
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Fig. 3. Distribution of solar radiation in Gaize from 2001 to 2005. (a) Diurnal va
of the actual solar radiation to the extra-terrestrial solar radiation,
was used as the criterion for sky conditions in this study [32].

The monthly mean clear sky index averaged over five years are
shown in Table 1. The index was high in Gaize without any value
lower than 0.6 in any season of the year. The higher index occurred
from October to March next year, corresponding to the lower rainy
days at the same period (Fig. 2b).

3.4. Model performance with fixed coefficients

The data set from 2001 to 2003 was used to calibrate the coef-
ficients of the eight models, and the fitted coefficients, together
with respective values of MAPE and NSE, are listed in Table 2. There
was a distinguished difference between the NSE values of the sun-
shine-based models (models 1–5) compared to those of the tem-
perature-based models (models 6–8). All sunshine-based models
had NSE values higher than 0.9, while none of the temperature-
based models had NSE values exceeding 0.8. A comparison of the
NSE values from the sunshine-based models indicted that the com-
prehensive model (model 5), with a NSE value of 0.928, performed
the best among all selected models. However, it should be noted
that the differences in model performance among the five models
were very small (a difference of 0.007 in NSE values between the
‘‘best’’ and ‘‘worst’’ performing models). The performances of all
temperature-based models were poorer than the sunshine-based
ones, with the best performing temperature-based model being
the Wu model (model 8) yielding a NSE value of 0.752. The differ-
ence among the temperature-based models was 0.02, much larger
than the sunshine based ones.

Subsequently, the calibrated coefficients were used to drive the
second data set from 2004 to 2005 for model validation. Fig. 4
shows the validation results with values of RMSE and NSE for each
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Table 1
Monthly mean clear sky index Kt from 2001 to 2005.

Month January February March April May June July August September October November December

Kt 0.696 0.690 0.698 0.663 0.655 0.653 0.643 0.621 0.702 0.761 0.763 0.732

Table 2
Coefficients and evaluation indicators of the model calibrated with the data from
2001 to 2003.

Model no. a b c d MAPE NSE

1 0.321 0.503 – – 5.952 0.921
2 0.331 0.567 �0.284 0.228 5.921 0.922
3 0.215 0.062 0.433 1.137 5.774 0.927
4 0.329 0.479 0.020 – 5.856 0.924
5 0.208 0.055 0.449 0.011 5.772 0.928
6 0.172 0.130 – – 12.405 0.732
7 0.794 0.073 1.234 – 12.059 0.745
8 0.243 0.115 0.001 �0.067 11.960 0.752

28 J. Liu et al. / Energy Conversion and Management 57 (2012) 23–32
model respectively. The results of the validation were quite similar
to those of the model calibration. It can be clearly seen from Fig. 4,
that all sunshine-based models performed better than the temper-
ature-based models, indicated by lower RMSE and higher NSE val-
ues. Among the sunshine based models, the new comprehensive
model, considering both temperature and vapor, performed the
best (Fig. 4e). The Chen model performed (Fig. 4c) only slightly
worse than the comprehensive model. The new vapor revised Ang-
strom model was slightly less accurate than the comprehensive
and Chen models (Fig. 4d). The Angstrom and Bahel models per-
formed worse than the previous three models with little prediction
difference. Similar to the calibration, the validation results clearly
showed that the temperature-based models performed worse than
the sunshine-based models. The Wu model (model 8) showed the
best performance with a RMSE value of 3.054 and a NSE value of
0.736, much better than those of the other temperature-based
models. This result is consistent with those from Wu et al. [13].
The intercept and slope in Fig. 4, used as indicators to describe
the agreement between observed and simulated values, also sup-
port the advantage of sunshine-based over temperature-based
ones.

The result of the t-test between and within the sunshine-based
models and the temperature-based ones can be seen in Fig. 5. The
t-test value between sunshine and temperature-based models is
higher than the critical value of t0.05, which means that difference
between the sunshine and temperature based models is significant.
However, the result of the t-test among the five sunshine based
models indicates that all of the t values are much lower than the
critical value, showing that the differences between different sun-
shine-based models are not significant. A similar result can also
been seen among the three temperature-based models.

3.5. Model performance with time-dependent coefficients

Further investigation was made to identify the influence of the
calibration timescale on the results of the predictions. The original
calibration dataset was divided into four groups according to 3-
month seasons in the year. Spring was defined as March to May,
summer as June to August, autumn as September to November,
and winter as December to February. Thus, four seasonal datasets
were created for time-dependent coefficient calibration. The sea-
sonal datasets for validation were developed in the same way.

First, the coefficients of the models were calibrated (Table 3),
and then the calibrated coefficients were used to drive the different
seasonal data sets for validation from 2004 to 2005. Finally, the
seasonal coefficients were also used to drive the original annual
dataset as validation. The MAPE, RMSE and NSE values for the val-
idation are given in Table 3 for the evaluation of the predictions.
All models performed the best in autumn, yielding the lowest
MAPE and RMSE values and the highest NSE values. A comparison
of Table 3 with Fig. 4 indicates that predictions using seasonal so-
lar-radiation coefficients do not necessarily provide better results
than if fixed annual ones are used. Regarding the sunshine-based
models, the Angstrom model and the vapor revised Angstrom
model performed slightly better when the seasonal coefficients
were used rather than the fixed ones. However, the values of RMSE
of the other three sunshine based models increased slightly, along
with deceasing values of NSE, showing the negative effects of the
time-dependent coefficients. When making predictions with sea-
sonal coefficients, all temperature-based models performed a
slightly better, indicating again that the effect of the time-depen-
dent coefficients on the results of the prediction was rather small.
4. Discussion

Compared to studies of solar radiation simulations based on
routine observations [2,7,13,19,18,33–35], the lengths of radiation
datasets based on microclimatic observations are much shorter
[36,37], largely due to the expensive cost of such experiments.
Even a 48-month observation has been considered to be a long per-
iod for solar-radiation observations using the microclimate meth-
od [37]. However, in this work we present a solar-radiation
dataset based on five consecutive years of measurements, where
1786 daily samples were collected, making statistical analysis of
solar radiation more reliable. The length of this data set was even
longer than the 4-year long time series used by Chen et al. [7] for
model validation with routinely observed radiation values in
China.

Results from solar radiation studies from different parts of China
along the similar latitude as our study site, were used to contrast
with the observation results of this work. Shanghai (31�200N,
121�430E, 19 m above sea level), which is the biggest city located
in the east part of China, has an average annual mean daily solar radi-
ation of 12.8 MJ m�2 day�1 [38] which is only about 60% of that in
Gaize. Wuhan (30�620N, 114�130E, 27 m above sea level), the capital
of the Hubei Province in the central part of China, has an average an-
nual mean daily solar radiation of 13.2 MJ m�2 day�1 [39], which is
also much more lower than that in Gaize. Situated in the transitional
area between the Tibetan Plateau and the plain on middle and lower
reaches of the Yangtze River, Chongqing has a monthly mean daily
solar radiation ranging from a maximum of 15.1 MJ m�2 day�1 to a
minimum of 3.0 MJ m�2 day�1 [18]. The maximum is only 55% of
that in Gaize and the minimum is only 22% of that in Gaize, respec-
tively. Looking outside China, the results from Tibet can be com-
pared to those from Shiraz (29�360N, 52�320E, 1500 m above sea
level), which received the top rating among 30 sunny locations in
Iran as the most favorable candidate for a thermal power plant site
[40]. In Shiraz the average annual daily solar radiation is
19.3 MJ m�2 day�1 [36], still lower than that at the Gaize station.

Solar radiation at the surface of the Earth is effected by many
environmental factors including aerosols and meteorological vari-
ables such as sunshine hours, vapor, and precipitation. The low
aerosol optical depth (AOD) on the Tibetan Plateau [41] means less
attenuation of solar radiation, due to the clear air in this non-pol-
luted area. Higher sunshine and clear-sky indices compared to
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Fig. 4. Model validation. Measured (the horizontal axis) vs. the predicted (the vertical axis) values of solar radiation from 2004 to 2005. (unit: MJ m�2 day�1).
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other regions [e.g. [18,36]] are also important reasons for higher
radiation in this highland region. In addition, the high radiation
in Gaize also resulted from the lower vapor pressure and very
few fog days compared to other regions [e.g. [18]].

The a coefficients for the Angstrom model in Gaize is slightly
higher than that in Lhasa [7], but much higher than in other re-
gions in China, reflecting that the effect of type and thickness of
prevailing clouds on the Tibetan Plateau is quite different from
those in the lowland plain regions [7]. The b coefficients for the
Angstrom model in Gaize showed no obvious difference to those
used in other regions [7], including Lhasa. This clear difference in
a coefficient between Tibetan Plateau and other regions suggest
that further investigations should be made in different areas of
Tibetan Plateau to provide a more detailed distribution of the coef-
ficients in this special region. The results from both the calibrations
and the validations of the models clearly showed that values of NSE
for the five sunshine-based models were much higher than those of
the temperature-based models, supporting the conclusions made
by other studies [7,13,20] that sunshine-based models generally
has advantages over temperature-based ones.

Among the five selected sunshine-based models, the Chen mod-
el (model 3) performed well in estimating solar radiation in Gaize,
only slightly worse than the comprehensive model (model 5).
Although slightly less accurate than the Chen model, the vapor



Table 3
Coefficients and evaluation indicators of the models in different seasons.

Model no. Season a b c d MAPE NSE RMSE n

1 Spring 0.319 0.514 – – 9.171 0.688 2.439 154
Summer 0.332 0.474 – – 7.126 0.806 2.124 184
Autumn 0.317 0.511 – – 5.233 0.933 1.250 182
Winter 0.323 0.514 – – 5.264 0.875 1.026 181
Year 6.603 0.910 1.780 701

2 Spring 0.283 0.834 �0.703 0.442 9.257 0.682 2.465 154
Summer 0.281 0.950 �1.081 0.693 6.960 0.801 2.147 184
Autumn 0.433 �0.041 0.720 �0.277 5.435 0.930 1.281 182
Winter 0.401 �0.198 1.467 �0.851 5.465 0.867 1.057 181
Year 6.683 0.908 1.805 701

3 Spring 0.187 0.061 0.465 1.038 8.707 0.719 2.316 154
Summer 0.103 0.099 0.421 0.904 6.850 0.825 2.013 184
Autumn 0.310 0.048 0.391 1.509 5.254 0.930 1.280 182
Winter 0.274 0.035 0.464 1.183 5.356 0.886 0.978 181
Year 6.458 0.917 1.707 701

4 Spring 0.329 0.477 0.034 – 9.310 0.693 2.422 154
Summer 0.346 0.407 0.245 – 6.764 0.818 2.057 184
Autumn 0.324 0.492 0.014 – 5.206 0.935 1.237 182
Winter 0.329 0.486 0.012 – 5.174 0.882 0.997 181
Year 6.508 0.914 1.747 701

5 Spring 0.207 0.052 0.452 0.025 8.990 0.710 2.352 154
Summer 0.184 0.075 0.376 0.169 6.655 0.831 1.982 184
Autumn 0.226 0.049 0.458 0.006 5.095 0.934 1.240 182
Winter 0.254 0.031 0.473 0.009 5.216 0.888 0.972 181
Year 6.391 0.918 1.700 701

6 Spring 0.210 0.116 – – 12.839 0.414 3.345 154
Summer �0.076 0.198 – – 11.620 0.485 3.456 184
Autumn 0.231 0.128 – – 12.206 0.660 2.822 182
Winter 0.296 0.097 – – 12.644 0.420 2.208 181
Year 12.304 0.747 2.987 701

7 Spring 0.845 0.144 0.879 – 12.736 0.427 3.308 154
Summer 0.835 0.053 1.302 – 11.681 0.487 3.451 184
Autumn 0.807 0.028 1.702 – 11.168 0.692 2.684 182
Winter 1.451 0.217 0.392 – 12.618 0.419 2.211 181
Year 12.021 0.755 2.943 701

8 Spring 0.251 0.107 0.000 �0.043 12.886 0.418 3.332 154
Summer 0.040 0.168 0.001 �0.055 11.030 0.535 3.286 184
Autumn 0.358 0.099 0.000 �0.107 11.462 0.697 2.663 182
Winter 0.317 0.091 0.000 �0.036 12.748 0.422 2.205 181
Year 11.993 0.763 2.893 701
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revised Angstrom model (model 4) has the advantage of easy oper-
ation because of its simplicity. Also, calibration of coefficients with
models involving exponential functions, as in the Chen model, al-
ways means more difficult work for the potential users. The vapor
revised Angstrom model can be referred to as another form of the
Angstrom model, in which the effect of the vapor on the transmis-
sion characteristics of cloud free atmosphere was considered by
involvement of the vapor pressure. Due to this reason, its coeffi-
cient a was nearly the same as that of the original Angstrom model
[see Table 2]. The coefficient b of the Angstrom model was ex-
pressed as a linear relationship between b and vapor pressure in
the revised model, through which the effect of variations in vapor
pressure on the transmission of cloud free atmosphere was sepa-
rated from the coefficient b and reasonable considered. Vapor is
one of the most important meteorological factors seriously influ-
encing the transmission of solar radiation [42], but few empirical
models have considered this parameter. Wang et al. [43] intro-
duced vapor pressure into an empirical model for estimating the
national distribution of solar radiation in China, and found that
the model performed well with an improvement of the applicabil-
ity of the model. Despite that the extra-terrestrial radiation in this
study was different from the ideal atmosphere radiation used in
the Wang model [43], our results support the conclusions made
by Wang et al. that the introduction of vapor pressure could make
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the model perform better. Since the aerosol content is quite low on
the Tibetan Plateau because of its non-polluted atmosphere, vapor
plays a very important role in the transmission of solar radiation
under cloud free conditions. Despite the low vapor pressure on
the Tibetan Plateau, it has an obvious daily variation, which had al-
ready been proved by GPS measurements [44]. So, adding vapor
pressure to coefficient b meant that the variation of the vapor pres-
sure was considered reasonably, which led to a better calculation
result. When both temperature and vapor pressure were consid-
ered in the sunshine-based models, the comprehensive model
(model 5) performed the best, which is in agreement with previous
results [7,13,17–19] that the more variables considered in the
model, the better performance could be shown in the validation.
This is further supported by the comparison of the validation re-
sults between the three temperature based models (Table 2 and
Fig. 4).

In the view of the statistical analyses, the RMSE values became
smaller when the calibrations were made with seasonal coeffi-
cients rather than fixed annual ones, as the values of the RMSE in
each season would decrease to the minimum according to the least
square method [25]. However, a better calibration does not neces-
sarily mean a better validation/prediction in radiation calculations
[4,45]. Thus, estimations of solar radiation with seasonal coeffi-
cients might not necessarily have an advantage over those based
on fixed ones, which is in agreement with the findings of Liu
et al. [35] in a recent study on the calculation of solar radiation
in North China. Validation of the models with seasonal coefficients
in this work supports the conclusions mentioned above, that con-
sideration of the seasonal variations of the coefficients has little
predictive value and is thus unnecessary.

Models mentioned in the study, especially the newly developed
‘‘vapor revised Angstrom model’’ and the ‘‘comprehensive sun-
shine based model’’, can be used to predict the daily solar radiation
at weather stations in the western part of the Tibetan Plateau un-
der Alpine Monsoon climate conditions. We cautiously envisage
that the models can also be used in the other regions under similar
climate conditions, but only after the successful calibration of the
parameters and validation against the observations. It should be
kept in mind that sunshine hours are not observed in all of the
weather stations in this alpine area, which will surely limit the
popularization of sunshine based models. Moreover, even temper-
atures are not observed in a few stations due to tough living and
working conditions, which means that precipitation is the only
meteorological factor available. So, precipitation based models
should be developed and validated in the future studies to make
sure that daily solar radiation can be calculated at all weather sta-
tions in the western part of the Tibetan Plateau.
5. Summary and conclusions

Observations of solar radiation in Gaize, the Tibetan Plateau,
were made during five consecutive years from 2001 to 2005. Sta-
tistical analysis of the measured data indicated that the average
annual mean daily solar radiation in Gaize was 21 MJ m�2 day�1,
which is much higher than in other regions at similar latitudes.
The high solar radiation was mainly attributed to low atmospheric
aerosol content, lower vapor pressure, higher clear-sky index, and
very few fog days in this Alpine Monsoon climate region. Estima-
tion of solar radiation clearly indicated that sunshine-based mod-
els performed better than temperature-based ones. A newly
developed ‘‘comprehensive sunshine-based model’’, including both
temperature and vapor pressure, showed the best performance,
closely followed by the Chen model. The performance of the newly
developed ‘‘vapor revised Angstrom model’’ was slightly worse
than that of the former two models, but it can be recommended
to use for its simplicity and easy operation. Among the three tem-
perature-based models, the Wu model performed the best. Further
investigation on estimation of solar radiation with time-dependent
coefficients showed that consideration of seasonal variation of the
coefficients has little predictive value and is thus unnecessary.

Based on the results of the present study, the following strategy
is recommended for calculating solar radiation on the Tibetan Pla-
teau: (1) fixed annual coefficients rather than the seasonal ones
should be used for calibration when the daily solar radiation is to
be estimated on the Tibetan Plateau; (2) when sunshine hours,
temperature and vapor pressure are available, newly developed
comprehensive model should be preferred; (3) when both sun-
shine hours and temperature are available, the Chen model is suf-
ficient to make accurate estimates; (4) when both sunshine hours
and vapor pressure are available, the newly developed vapor re-
vised Angstrom model should be used; (5) when only sunshine
hours are available, both the Angstrom and the Bahel model can
be selected with little difference in the prediction accuracy; (6)
when only the ordinary routinely observation meteorological data
can be obtained, the Wu model should be favored.
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