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Abstract
In this paper, using two databases of observed weather data for the major cities in China, we developed

models with three variables to estimate hourly solar radiation on the horizontal surfaces for these cities. The
errors in estimating solar radiation in different locations were discussed. Two methods to estimate monthly
solar radiation were developed and compared. Models to estimate yearly solar radiation were also developed
using latitude, elevation and average cloud cover.
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Introduction
Weather is one of the primary determinants of indoor

thermal conditions and space conditioning energy use.
In building simulations, solar radiation is one of the most
important meteorological elements, because solar
radiation influences both heating and cooling loads
significantly.

There are two major barriers in finding observed solar
data in China: (1) although the Chinese weather service
has recorded weather data for all major cities for several
decades, most of the data are not in a digital format,
making their transcription and purchase prohibitively
expensive, (2) solar data, when available, usually consist
of daily total horizontal and diffuse solar radiation, which
is especially true before 1992. Therefore it is necessary
to develop some models to estimate solar radiation in
the major cities in China in order to produce solar data
and add them to the observation databases. Cui et al.1)

tried to estimate solar data for Beijing and Shanghai
using measured dry-bulb temperature, humidity, cloud
cover and wind speed, but encountered problems in
interpolating between the six-hour intervals. The authors
developed models to estimate solar radiation using
measured dry-bulb temperature etc. at three-hour
intervals2). The estimated values of solar radiation agree
with measured values in Beijing and Guangzhou in 1993,
but the accuracy of estimation could not be verified for
other cities due to insufficient observed data.

In this paper, using two databases of observed weather

data for the major cities in China, we developed models
with three variables to estimate hourly solar radiation
on the horizontal surfaces for these cities. The errors in
estimating solar radiation in different locations were
discussed. Two methods to estimate monthly solar
radiation were developed and compared. Models to
estimate yearly solar radiation were also developed using
latitude, elevation and average cover cloud.
Source Data for Solar Models

Two databases of weather data were used in
establishing the solar models: one is the database of
International Surface Weather Observations3) which is
called the ISWO database; another one is the observed
solar data in 1993 for 24 major cities of China4), which
is called OSR database in this study. The ISWO database
consists of dry-bulb temperature, dew point temperature,
the amounts of cloud cover, wind speed etc. from
observation in the period of 1982-1998 at three-hour
intervals, but there are not any solar radiation data
included in the database. The ISWO database covers
more than 70 major cities in China. On the other hand,
only data of observed solar radiation in 1993 are included
in the OSW database with one-hour intervals. Therefore,
it is necessary to combine these two databases to develop
models to estimate solar radiation for the ISWO database
in order to develop the Typical Meteorological Years and
other uses.
Models to Estimate Hourly Solar Radiation

In order to estimate the hourly solar radiation for the
cities included in the ISWO database, it is necessary to
find relations between solar radiation and other variables.
Cui et al.1) showed the correlation between solar radiation
and temperature change from previous hours, the amount
of cloud cover, relative humidity and wind speed at six-
hour intervals, but the accuracy was not sufficient due
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to the large time intervals. It is possible to improve the
accuracy using the data from ISWO database because
the observation intervals are smaller (three hours) than
that of Cui’s. Also it is possible for us to develop models
which are applicable to more locations because there
are solar data included in the OSR database for 24
locations.

In order to select parameters in the models to estimate
solar radiation, the relations between solar radiation and
other variables like the amount of cloud cover,
temperature changes, relative humidity are examined.

It is obvious that increase in ambient temperature is
mainly the results of solar radiation. Therefore there
should be some relations between solar radiation and
temperature changes. Figure 1 shows the relations
between hourly global radiation on the horizontal surface
and temperature change from previous three hours in
Beijing. It is clear that a strong correlation exists between
them.

The amount of cloud cover can be another parameter
to estimate solar radiation because solar radiation
reaching the ground surface is filtered by cloud all the
time. It is reported that the percentage of sunshine has a
strong correlation with the global solar radiation on the
horizontal surface5), but it is difficult to estimate solar
radiation with the percentage of sunshine due to lack of
observed data of this percentage in the ISWO and OSW
databases.

Figure 2 shows the relationship between the global
solar radiation on the horizontal surface and the total
cloud cover. The relationship between the two variables
is approximated by a quadratic equation instead of a
linear equation. The maximum value of solar radiation
does not appear at the point when the cloud cover is
zero but at the amount of three to four. This is because
that the strongest solar radiation appears when the
radiation comes from both the sun and cloud but not
from the sun only.

The relationship between the global solar radiation
on the horizontal surface and relative humidity is also
examined. As shown in Fig.3, relative humidity has a
negative correlation to solar radiation. Therefore relative
humidity can also be considered as one of the variables
to estimate solar radiation.

The relationship between solar radiation and wind
speed is also examined, but little relation can be found
between them, therefore wind speed is not included as a
variable in estimating solar radiation.

Multiple regressions were carried out to establish
models to estimate hourly solar radiation. Based on the
discussion above, dry-bulb temperature changes, total
amount of cloud cover and relative humidity were
adopted as variables as shown in Equation 1.

Fig.1. Correlation between Solar Radiation and
Temperature Difference

Fig.2. Correlation between Solar Radiation and
Cloud Cover

Fig.3. Correlation between Solar Radiation
and Relative Humidity
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Table 1. Variables in Equation 1 for Different Cities

where Ih is the estimated hourly global solar radiation
on the horizontal surface in W/m2; I

0
 is the solar constant,

1354 W/m2; CC is the amount of cloud cover in tenths;
θ 

n and θ n-3 are dry-bulb temperature at hours n and n-3,
respectively; h is the sun’s altitude and the term (I

0
sinh)

means solar radiation on the horizontal surface in the
outer space; φ is relative humidity in %; C

1
…C

5 
and k

are regression coefficients, the values of which differ
from place to place as shown in Table 1. The coefficients
of correlation R for all the 24 locations are between 0.91
and 0.97 with maximum error of 137 W/m2 except for
Lhasa. The error for Lhasa is larger than that for other
locations because the total amount of solar radiation in
Lhasa is also much stronger than other locations.

The relationship between the observed solar radiation
and the values from Equation 1 for Beijing is shown in
Figure 4. The correlation coefficient R is 0.97, and the
root mean square errors of the estimation is 80 W/m2,
which implies that Equation 1 can be used to estimate
the hourly horizontal solar radiation with good accuracy
in Beijing. Similarly, the relationship between the
estimated and observed solar radiation in Guangzhou in
the south and Harbin in the north are shown in Fig.5 and
Fig.6. Based on these figures and Table 1, it is reasonable
to conclude that Equation 1 can be used to estimate
hourly global solar radiation on the horizontal surface
for the 24 Chinese locations.

Models to Estimate Monthly Solar Radiation
Monthly solar radiation is required in some energy

calculations of  buildings. One of the methods to
calculate monthly solar radiation is to sum up hourly
solar radiation estimated with Equation 1 throughout the
month. Figure 7 shows a comparison of monthly solar
radiations from observation and estimation from
Equation 1 for Beijing in 1993. The values from
observation and estimation agree with each other well
in most months throughout the year.

Fig.4. Correlation between Obseved and
Estimated Solar Radiation by Equation1

(Bejing. 1993)
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Fig.5. Correlation between Observed and
Estimated Solar Radiation by Equation1

(Guangzhou 1993)

Fig.6. Correlation between Observed and Estimated
Solar Rediation by Equation1

(Harbin, 1993)

Fig.7. Comparison of Observed and Predicted Solar
Radiation on the Horizontal Surface in Bejing

Table 2 shows the comparison of monthly solar
radiation from observation and estimation with Equation
1 for the 24 Chinese cities in 1993. The data of monthly
solar radiation listed here can also serve as the material
of building energy calculations because very few data
on solar radiation about Chinese locations have been
published up to now. The monthly solar radiation
estimated with Equation 1 and coefficients in Table 1
for each location agrees with observation with minor
errors.

The main problem to estimate monthly solar radiation
using Equation 1 is that one has to calculate solar
radiation hourly, and sum them up throughout the month.
Without hourly observed data of dry-bulb temperature,
relative humidity and cloud cover, it is impossible to
estimate monthly solar radiation with this method. To
simplify the procedure of estimating the monthly solar
radiation, a new equation is developed in the form of
Equation 2, using elevation, latitude and monthly average
cloud cover as variables by multivariate analysis.

where CCm is monthly average cloud cover; d
0
...d

3
 are

regression coefficients shown in Table 3; H is the
elevation of a location in m; Ψ is the latitude; Im is the
monthly accumulated solar radiation on the horizontal
surface in MJ/m2. As shown in Table 3, the values of
d

0
...d

3
 are different for different months. Coefficients of

correlation R and errors of estimation (RMSE) for each
month are also shown in the table. Figure 8 shows an
example of the relationship between monthly solar
radiations from observation and estimation with
Equation 2 for January, 1993. Generally speaking, the
errors of estimation are slightly larger in summer than
that in other seasons.
Models to Estimate Yearly Solar Radiation

The yearly solar radiation can be obtained by summing
up the hourly radiation values from Equation 1, as well
as by summing up the monthly solar radiation from
Equation 2. However, it is impossible to calculate the
yearly solar radiation using Equations 1 or 2 without
knowing the daily or monthly weather data like cloud
cover etc. Therefore an equation was developed to
estimate the yearly solar radiation Iy with the elevation
H, latitude Ψ and yearly average cloud cover ccy as shown
in Equation 3:

The correlation between observation and estimation
of solar radiation by Equation 3 is shown in Fig.9. The
root mean square error of estimation with Equation 3 is
231 MJ/m2, which is about 5% of the average yearly
solar radiation over the 24 locations.

The comparisons of yearly solar radiation from

JAABE vol.2 no.2 Nov. 2003 Qingyuan Zhang
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observation and Equations 1, 2 and 3 are shown in Fig.10.
The results from the equations are close to the
observation; therefore Equation 3 is the simplest way

when only yearly solar radiation is concerned.

Table 2. Comparison of Observed and Estimated Solar Radiation in the Chinese Locations (MJ/m2)

JAABE vol.2 no.2 Nov. 2003 Qingyuan Zhang
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Table 3. Values of Constants in Equation 2

Fig.8. Correlation between Monthly Solar Radiation Values
from Observation and Equation 2 (January)

Fig.9. Correlation between Yearly Solar Radiation
from Observesion and Equation 3

Fig.10. Comparison of  Yearly Solar Radiation from
Observation and Eqations 1,2 and 3

Conclusions
  In order to estimate solar radiation in Chinese

locations, hourly, monthly and yearly models were
developed in this paper. The main conclusions of this
study are as follows:
1. Hourly models were developed for the 24 cities

with variables of cloud cover, temperature
changes and relative humidity.

2. Monthly solar radiation can be obtained by
summing up the hourly radiation, or by Equation
2 and a set of constants.

3. Three methods of estimating yearly solar radiation
were suggested; the results from all the three
methods are close to observation. Equation 3 is
the simplest way to estimate yearly solar radiation.
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