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ABSTRACT

This study investigates the spatial distribution of direct solar irradiation on rugged terrain over Pakistan. Digital
elevation model (DEM), observational data of solar radiation from 6 meteorological observatories located in Pa-
kistan and 5 meteorological observatories located in China were used in the present study. This conjunction is
based on the same climatic conditions. MODIS Level-2 (L2) cloud fraction products and observational data of
cloud cover from 21 meteorological observatories in Pakistan were incorporated to quantify the cloud cover in-
fluences on solar radiation amount and spatial distribution. The emerging field of remote sensing and GIS makes
it possible to calculate solar radiation with finer spatial resolution and better understanding of terrain and cloud
effects. ArcGIS with RS platform were used to simulate the model for direct solar radiation for the first time
over Pakistan region. The results show clear quantitative influences of local topography and cloud cover on the
DSR. Similarly, the area (east of Indus river) affected by monsoon receives less solar radiation during summer
compared to the west of the Indus River.
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1. Introduction reasons, analysis of the incoming solar radiation distribu-
tion in Pakistan is important. As seasonal and latitudinal
variations are well understood and described; only recent
studies analyzed topographic variability in diurnal and
seasonal radiation patterns over a region or locally [7].
Topography is one of the major factors determining
the amount of incident solar energy radiation at a parti-
cular location [8]. The complexity of topography due to
variations in altitude, slope, aspect and surface nature
makes the radiation spatial distribution more complicated
[9]. Pakistan’s north-south extension with complex and

Distributing modeling is the emerging technique to ana-
lyze the spatial and temporal variability of solar radiation,
particularly over the rugged terrain. The knowledge of
the solar radiation distribution over time and space is
becoming more and more vital due to the growing inter-
est in solar energy utilization [1]. Incoming direct solar
radiation (DSR) is the main contributor of incoming solar
radiation to earth because it adds the most to the energy
balance and also the other components depend on it [2].

The understanding of the DSR distribution both tempo-
rally and spatially is one of the imperative needs for un-
derstanding of thermodynamic or dynamic processes
involved in energy exchange, which can be applicable in
agricultural planning [3], architectural design [4], and
engineering [5]. Solar radiation energy exchange also
plays a key role in surface water circulation [6]. For these
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diversified terrain conditions and scarce network of ob-
servatories makes it difficult to measure the distribution
of incoming solar radiation through an existing ground
based network of observations.

So far, many domestic and international solar radiation
estimation models based on flat surface observed data
have been established [10]. There are many factors which
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make topographic solar radiation modeling more com-
plex, such as complexity of physical based solar radiation
formulation, insufficient observed data and lack of suita-
ble modeling tools [8]. Since the late seventies of the last
century, a series of distributed models for land surface
have been developed rapidly, but the progress in the solar
radiation estimation over the rugged terrain is not much
significant [11-13]. Therefore, to explore new ways of
estimating solar radiation over the undulating terrain and
other space-time spatial and temporal distribution of vo-
latile elements is of great theoretical significance and has
wide application prospects. Till now, there is no pub-
lished work on the distribution of DSR linked with ter-
rain effect over Pakistan.

2. Study Area

Pakistan lies between latitudes 24°N - 37°N and longi-
tudes 62°E - 75°E, covering a total land area of 796,096
km? (www.gov.pk). The geography of Pakistan is a blend
of landscapes varying from plains to deserts, forests, hills,
and plateaus ranging from the coastal areas of the Ara-
bian Sea in the south to the mountains of the Hindu-
Kush, Karakoram Himalaya range in the north. Pakistan
is divided into three major geographic areas: the northern
highlands; the Indus River plain, and the Baluchistan
Plateau. The northern highlands of Pakistan contain the
Karakoram, Hindu Kush and Pamir mountain ranges and
some of the world’s highest peaks, including K2 (8611 m
/28,251 ft) and Nanga Parbat (8126 m/26,660 ft). The
Baluchistan Plateau lies to the west, and the Thar Desert
in the east. An expanse of alluvial plains lies in Punjab
and Sindh along the Indus River. The 1609 km (1000 mi)
Indus River and its tributaries flow through the country
from the Kashmir region to the Arabian Sea [14,15] Fur-
thermore, 23.8% area of Pakistan is semi-arid, 56% is
arid, 3.6% is mesodermal with dry winter and 16.1% is
alpine [16] (Figure 1).

3. Data and Method
3.1. Meteorological Data

About 22 years data of daily global incoming solar radia-
tion (1978-2000), 29 years data of monthly cloud cover
and monthly sunshine duration (1979-2008) are provided
by Pakistan Meteorological Department. The data for
cloud cover and sunshine duration were processed for 21
stations, while for solar radiation, 6 meteorological ob-
servatories data from Pakistan (only Global Solar Radia-
tion) and 5 meteorological stations from China (Direct
and Global Solar Radiation) were processed. Data from
Pakistan remain the pronounced concern of apprehension
throughout the research period in terms of quality and
availability. The continuity the data of solar radiation can
be categorized into two groups, one from 1979 to 2000
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Figure 1. Landform details for Pakistan.

and other from 2001 to 2008. The data in group one is
used for simulation due to relatively better consistency in
terms of availability, while the data from 2001 to 2008 is
used to compare the results (only for Global Radiation).

3.2. Satellite and DEM Data

DEM over Pakistan is obtained from SRTM (Shuttle
Radar Topography Mission at the website
ftp://eOmss21u.ecs.nasa.gov/srtm. The data of 3 Arc-
Second, which was obtained almost with 90m cell size, is
employed in this paper. Moderate Resolution Imaging
Spectroradiometer (MODIS) Level-2 cloud fraction pro-
duct data were used to estimate cloud cover over Pakis-
tan at a resolution of about 900 mx900 m ..

4. Methodology

To incorporate the cloud cover effect on DSR, MODIS
cloud fraction data were processed and rectified using
ground observed data of cloud cover on monthly mean
basis using ArcGIS. Also, possible sunshine duration was
corrected by DEM and used with rectified MODIS cloud
fraction data to calculate the linear regression for obtain-
ing fitted empirical coefficients for direct solar radiation.
According to the model given by [17] based on the
theory of direct solar radiation over inclined surface [18],
we have the following relation,
H H
—Dap _ _bap (1)
HO Hb
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where

Hoy,s is the extraterrestrial solar radiation (ESR)
quantity on slope, H,,, is incoming direct solar radia-
tion (DSR) over rugged terrain, H, is ESR on flat sur-
face and H, is direct incident solar radiation on flat
surface. Given the values of H,,, H, and H,, we
get the distribution of direct solar radiation over rugged
terrain.

Here, H,,, Iis calculated by using the methodology
given by [19], i.e.,

2
ou =;—n[%j lo[usin& (@, -, )+vcos S (sina,

—sina, )+ wcos 5 (cosm, —cosa,, ) |

where

2
1 . . . .
[—J is sun-earth distance correction factor, & is
Yo

solar declination, @, is solar hour angle at the begin-
ning time of the possible sunshine duration (PSD),
is solar hour angle at the ending time of the PSD, H,,
is ESR quantity falling on the slope from o, to o,
and T is the total time length of one day, i.e. 1440 min.
The physical meaning of this equation is that ESR on a
slope is determined by geographic, topographic and as-
tronomic factors. Using PSD as the range of integration
[a)sr'wss] .
H, is calculated by theoretical formulae [20], i.e.,

2
H, :LEEJ I, COS ¢ 0SS (Sin @, — e, COS @y )
n\p
where

H, is ESR amount on horizontal surface, L is the
time spac, 1, is the solar constant and H, is calcu-
lated by meteorological data fitting statistical models
[17], the detail of which is given below.

4.1. Horizontal Direct Incoming Radiation (Hy)
Model

The model used for calculating direct solar radiation is
given by [17].

H, = H (1—a){1—exp{(?ii)D @)

where H is global solar radiation quantity of flat sur-
face, s is relative sunshine duration, a,bandc are
empirical coefficients.

DSR observational data in Pakistan is not sufficient.
Therefore, the compensatory method must be employed.
Monthly DSRs of 5 stations of China were used for cal-
culating DSR in Pakistan. Those 5 stations are located in
China, having the semi-arid climatic conditions.
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In Table 1, the statistical indices are square of correla-
tion coefficient R? and empirical coefficients a, b and ¢
are given. During the study it has been found that mon-
thly models (observational data of all stations of the same
month are used) have higher accuracy and stability as
compared to unified model (observational data of all sta-
tions are used to fit the model).

4.2. Average Global Horizontal Radiation (H)
Model

Various studies show that global solar radiation (H)
and relative sunshine duration (s) are closely related
[21,22] by using Angstrom-Prescott equation:

H=H,(a, +b,s) (3)

where a_ and b, are empirical coefficients.

Using the close-fitting empirical coefficients of the 5
meteorological stations from China as given in Table 1,
we get S (relative sunshine duration) of remote model
and H, horizontal global solar radiation simulation.

By using Equations (2) and (3), we get the following
relation.

Hb:Ho(ac+bc~s)(1—a)(1—exp{%ﬂ @

This equation only needs relative sunshine duration.

4.3. Statistics for Different Model for Global
Solar Radiation

Table 2 shows the statistics of different models to get the

Table 1. Empirical coefficients of monthly models for hori-
zontal direct solar radiation; here n is the sample length.

Months a b c R? n
1 0.1009 0.3579 0.1247 0.934 79
2 0.1518 0.4420 0.5219 0.885 7
3 0.2672 0.6561 0.8493 0.773 77
4 —0.1417 0.1937 —0.2055 0.747 76
5 0.1379 0.3458 —0.0816 0.681 74
6 0.0845 0.2445 —0.8108 0.662 71
7 0.1103 0.2753 —0.5880 0.735 75
8 0.2013 0.3898 —0.2397 0.752 72
9 0.0999 0.1853 —1.4688 0.715 70
10 0.1637 0.2712 -1.1261 0.796 73
11 0.1040 0.2912 —0.1404 0.921 75
12 0.0723 0.3261 0.1340 0.942 74
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Table 2. Statistics for different model for global solar radiation.
Mod. ID a b R n Remarks Abs. Error (Daily account)
1 0.2424 0.4606 0.6588 1206 PKST6 + CHNST3 2.0055
month
2 1 0.2130 0.4956 0.6856 107 PKST6 + CHNST3 14124
2 2 0.2729 0.4169 0.6354 106 PKST6 + CHNST3 1.5985
2 3 0.2261 0.4819 0.6543 108 PKST6 + CHNST3 2.0691
2 4 0.2528 0.4583 0.6510 106 PKST6 + CHNST3 2.2032
2 5 0.2845 0.3974 0.5939 102 PKST6 + CHNST3 2.0099
2 6 0.2702 0.4351 0.5580 94 PKST6 + CHNST3 2.8024
2 7 0.1920 0.5475 0.7445 94 PKST6 + CHNST3 2.1821
2 8 0.2380 0.4725 0.6412 86 PKST6 + CHNST3 2.6348
2 9 0.2185 0.4947 0.5924 99 PKST6 + CHNST3 2.2004
2 10 0.2661 0.4252 0.4761 107 PKST6 + CHNST3 1.9180
2 11 0.2119 0.4959 0.5885 100 PKST6 + CHNST3 1.7900
2 12 0.2484 0.4369 0.6769 97 PKST6 + CHNST3 1.3849
1.9896
3 0.2648 0.3843 0.4873 541 PKST6station 1.9300
month
4 1 0.1872 0.4842 0.6256 48 PKST6station 1.3215
4 2 0.3727 0.2350 0.3273 50 PKST6station 1.4707
4 3 0.3530 0.2289 0.2713 52 PKST6station 2.0150
4 4 0.2839 0.3760 0.3720 50 PKST6station 2.1759
4 5 0.3308 0.2985 0.3150 47 PKST6station 1.8553
4 6 0.2955 0.3562 0.3705 40 PKST6station 2.7463
4 7 0.1681 0.5466 0.6900 37 PKST6station 2.1068
4 8 0.1728 0.5257 0.5419 32 PKST6station 2.5053
4 9 0.1509 0.5388 0.5659 45 PKST6station 2.2034
4 10 0.3574 0.2674 0.2468 52 PKST6station 1.7282
4 11 0.2552 0.3941 0.3216 46 PKST6station 1.6736
4 12 0.4004 0.1784 0.2583 42 PKST6station 1.2734
1.8950
Station
5 41530 0.1373 0.6964 0.8093 12 PKST6station 1.8736
5 41571 0.2280 0.4308 0.4309 8 PKST6station 2.3978
5 41640 0.2239 0.3835 0.4920 118 PKST6station 1.9973
5 41661 0.4065 0.2268 0.3035 138 PKST6station 2.2367
5 41675 0.2924 0.3556 0.4246 118 PKST6station 1.4094
5 41780 0.2450 0.4159 0.6454 97 PKST6station 15772
1.8146
6 0.3350 0.3670 PKST5station 2.3534
7 41780 0.3240 0.4050 PKST_Karachi 2.6350
8 0.3156 0.4520 India 3.2016
OPEN ACCESS JGIS
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optimized values for empirical coefficients a, and b to fit
global radiation model (Equation (3)). Model-1 is the
synthetic model considering 6 stations from Pakistan and
3 stations from China. Models 6-8 are offered by other
scholars. Considering all these factors (e.g. fitting preci-
sion, sample amount, and relativity), Model-4 has the
most optimal values as compared to others. Therefore,
Model-4 values are considered to solve the average glob-
al horizontal radiation model (Equation (3)).

5. Results & Discussion

By using Equation (1), we get the DSR for the years
2006 & 2007 (mean monthly values are considered here)
with resolution of 900 mx900 m grid cell by incorpo-
rating DEM to analyze the terrain effect (Figure 2). The
increasing trend from north to south, that is, latitudinal
dependency is common in all results,

The minimum annual values of DSR lies in Gilgit Bal-
tistan and the surrounding areas, ranging from 727 to
1687 MJ-m2; while the maximum annual values are lo-
cated in deserted areas of Baluchistan, Sindh and Punjab
provinces, ranging from 5036 to 5720 MJ-m 2

Figure 3 shows the distribution of DSR over the
mountainous region of Pakistan in Indus upstream. There
is a clear uneven distribution of DSR due to complex ter-
rain, indicating the effect of local topography factors.
The annual DSR quantity of sunny slope (or southern
slope) of mountains is obviously larger than that of shady
slope (or northern slope).

The observed data for DSR in Pakistan is only availa-
ble for Quetta region. Therefore, results of simulation
were being compared with high resolution solar maps
produced by National Renewable Energy Laboratory [23]
(Figure 4). The results with resolution of 4 km provided

Annual DSR
Unit: M -J -m™

I 727-1687 [ |3548-3821
I 1688-2.000 [ |3822-4,075
[ 2.001-2,254 ] 4076-4,310
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7] 2.490 - 2,724 I 4,566 - 4,819
[12725-2,979 [J 4820 - 5,035
[12980-3253 [}l 5.036- 5,720
[ 13254-3547 =

Kilometers
0

0 70 140 280

Figure 2. Annual distribution of DSR (mean of 2006 & 2007)
over rugged terrain of Pakistan.
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Figure 3. Distribution of direct solar radiation (mean of
2006 & 2007) over the mountainous region of Pakistan
(Gilgit Baltistan).
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Figure 4. Comparison of simulated results of DSR using
Equation (2) and USAID (NREL’s, 2010).

by NREL’s 2010 show a consistent variations except for
Quetta region (North west of Pakistan) for annula DSR.
The model based on equation 2 having resolution of 900
m by 900 m is relatively underestimating the DSR as
compared to the NREL’s model. The possible reasons of
less estimation of DSR are as follows. NREL’s simula-
tion resolution is coarser, about 4 km; NREL’s simula-
tion do not consider corrected cloud cover data; and
NREL’s simulation also do not consider corrected data of
possible sunshine duration based on topography. This is
also revealed by a comparison of actual DSR data of
Quetta region with NREL’s, which is overestimated by
about 38%.

5.1. Seasonal Variations

Figure 5 depicts the mean seasonal variations of DSR for
the year 2006 and 2007 over the rugged terrain of Pakis-
tan. We compare the quantity of DSR during the mon-
soon and winter seasons. It is evident from the result that
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Figure 5. Mean seasonal variations of direct solar radiation for the year of 2006 & 2007.

the quantity of DSR during monsoon season is higher
than that during winter season. The southwestern part of
Pakistan is least influenced by the monsoon and has

of DSI are not so prompt, both in summer and winter,
Therefore, eastern and western slopes receive almost the
same amount of DSR throughout the year.

higher values of DSR as compared to eastern parts of

Pakistan, ranging from 1733 to 1835 MJ-m 2. It is also

6. Conclusion

obvious that the southeastern Sindh of Pakistan has com-

paratively lower values of DSR during summer than its
surrounding areas. One of the reasons is cloud cover due
to monsoonal flows and the other reason might be aero-

sols and dust particles [24].

5.2. Topographic Influences on DSR over the

Rugged Terrain of Pakistan

Figures 6 and 7 show the variations of DSR

ent slopes (5, 10, 15 and 20 degree) and latitudes (26°N,
30°N and 34°N) at different azimuth (90° denotes east
azimuth, 180° south and 270° west azimuth) for the
months of January and July respectively. It has been ob-
served that the variations during January represent the
average trend for winter and those during July represent
the average variation during summer. During January the
effect of aspects over DSR leads to much larger flucta-
tions as compared to July (Figures 6 and 7). Therefore,
we can conclude that during winter southern slopes re-
ceive more DSR as compared to summer due to sun ori-
entation. For eastern and western aspects, the variations

OPEN ACCESS

There is a significant impact of topography on the
distribution of DSR over the northern areas of Pakistan,
particularly in Gilgit Baltistan, Potwar plateau and Blo-
chistan plateau. Overall, southern slopes receive more
DSR as compared to horizontal surface during winter,
and vice versa during summer. Topographic effects for
eastern and western slopes are not significant and they
receive almost the same solar irradiance due to the ori-
entation of topography with respect to sun position and
latitudnal consistency. During the monsoon season, DSR
displays a tendencey of decrease from western side of the
Indus River to eastern side of the Indus River due to
distribution of cloud cover. Therefore, any estimation of
solar energy or estimation of evapotranpiration in north-
ern areas of Pakistan should also consider the topogra-
phic effects (slope, aspect, etc.).

over differ-
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