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Abstract

Solar radiation plays an essential role in all interior physical processes and the radiative budget of the
earth-atmosphere system. However, information about the spatial distribution of global solar radiation
or its components is limited and exclusive at some scientific centers that specialized in solar radiation
physics. Based on daily data of global solar radiation from (1984) to (2004) available at (16) locations
in Iraq retrieved from NASA e-archive, this study aims to determine the optimal parameters of the
experimental model to estimate the amount of global solar radiation on a horizontal surface as a
function of latitude only. The results showed that the suggested model which is mathematically
expressed by the sum of sine of latitude is highly appropriate for estimation of global solar radiation
in clear sky conditions after adjusting the parameters according to geographical location. Through
comparison between modeled output and an independent measured, globally used, and satellite
available data and based on overall results besides some validity metrics: MBE, RMSE, pPRMSD, NSE,
R?, and r; It can be concluded the proposed model is achievable with high accurate practically
performance to calculate and estimate the horizontal global solar radiation (Gr) in Iraq region.

Keywords: global horizontal solar radiation, spatial distribution, modeling, Iraq.
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Station lat(d) long(d)  Jan Feb Mar  Apr  May  Jun Jul Aug Sep Oct Nov  Dec  o0e 2 r ngﬁ;n
Kirkuk 35.47 44.40 9.670 13.09 17.22 20.18 23.72 27.89 26.51 24.56 20.31 13.67 10.29 9.73 0.350 0.3204 0.990 Bsh
Baghdad 33.23 44.23 10.64 14.51 17.88 19.46 23.32 27.28 25.16 24.15 19.99 14.30 10.70 9.89 0.494 0.5876 0.986 Bwh
Zakho 37.13 42.68 8.090 10.91 14.92 18.94 23.62 27.58 27.07 24.79 20.25 13.76 9.830 8.26 0.354 0.0923 0.996 Csa
Kanagen 34.30 45.43 10.35 13.77 17.43 19.48 24.10 28.01 26.49 24.52 20.48 13.87 10.28 9.50 0.425 0.3733 0.989 Bsh
Trybyl 32.72 38.73 11.01 13.89 17.93 22.31 25.74 29.03 28.09 25.41 21.56 15.46 11.43 104 0.356 0.3373 0.994 Bwh
Nukhaib 32.03 42.25 9.840 13.40 17.61 21.56 25.37 29.56 27.98 25.59 21.58 15.11 10.30 9.44 0.391 0.1669 0.995 Bwh
Tikreet 34.58 44.30 10.25 13.97 17.65 20.00 24.61 28.68 27.03 24.80 20.84 13.83 9.830 9.21 0.448 0.3258 0.988 Bsh
Kut 32.17 46.05 11.30 14.58 17.29 19.98 23.90 27.89 26.52 24.39 20.56 14.08 10.66 10.2 0.510 0.5544 0.987 Bwh
Sulaymaniyah 35.55 45.45 9.610 12.57 16.44 19.43 23.94 27.60 26.34 24.27 20.34 14.13 10.26 9.13 0.422 0.2045 0.995 Csa
Nasiriyah 31.08 46.23 11.60 15.02 17.56 20.30 23.83 27.43 26.05 24.72 20.74 14.89 11.15 10.5 0.473 0.6696 0.990 Bwh
Basrah 30.57 47.78 11.43 14.91 17.48 19.86 23.34 27.11 25.79 23.77 20.45 14.74 10.89 104 0.535 0.7024 0.989 Bwh
Mosul 36.32 43.15 8.950 12.09 16.30 19.84 23.91 27.60 26.48 24.39 19.83 13.67 10.12 9.00 0.350 0.1698 0.994 Bsh
Najaf 31.98 44.32 10.08 13.49 17.70 21.14 24.90 29.21 27.96 25.43 21.55 15.28 10.49 9.38 0.481 0.1843 0.995 Bwh
Arbil 36.62 44.22 8.770 11.59 15.80 19.43 23.90 27.62 26.53 24.13 20.23 14.01 10.03 8.77 0.369 0.1134 0.996 Csa
Smawa 31.30 45.27 11.01 14.12 17.60 20.69 24.28 28.13 26.83 24.69 21.20 14.87 10.84 10.2 0.423 0.4332 0.993 Bwh
Alsulman 30.50 44,53 10.77 14.29 18.42 22.04 25.55 29.01 28.34 2591 22.19 16.36 11.10 9.45 0.459 0.2263 0.996 Bwh

Mean 10.33 13.64 17.29 20.35 24.28 28.13  26.86 24.81 20.91 14.71 10.65 9.66
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.C)ﬁu&\ Gs}‘.m gl dacelia dlec
Month al a2 a3 bl b2 b3 cl c2 c3 SSE RMSE
Jan 4248 2657 0.1837 9.434 13.93 9394 9.7840 23.03 3.174  2.4550 0.5539
Feb 5471 3199 0.2998 8.456 13.52 93.25 10.420 23.37 3.222 21110 0.5137
Mar 2357 7830 22560 1419 36.86 56.65 6.1310 8.834 25.47 0.8797 0.3316
Apr 50.75 31.00 04563 8975 11.71 1085 8.6620 22.65 -3.585 7.3820 0.9606
May 1324 1764 68.670 26.09 3266 37.88 -0.8648 11.10 36.42 10.180 1.1280
Jun 52.16 179.6 15550 21.96 4161 4271 1.3470 5.701 33.35 19.830 1.5750
Jul 80.43 103.7 50.180 2430 3523 39.92 0.0363 9.469 35.09 18.510 1.5210
Aug 62.84 241.3 20490 22.00 3469 35.71 1.4820 10.06 37.79 13.760 1.3110
Sep 45.09 127.3 103.20 2223 38.17 39.64 1.3370 7.985 35.45 15.850 1.4080
Oct 1418 106.0 3.9440 1236 17.88 52.85 8.1780 20.67 28.35 2.8730 0.5992
Nov 79.14 4046 2.1270 8.323 18.29 55.82 10.610 20.52 26.64 1.2410 0.3939
Dec 38.63 2249 04529 9.871 16.73 67.34 9.5280 21.37 20.05 2.0690 0.5086
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slodl Cigyl 3 Aalially Aosuenal) Y] SH contl) g Lot dpell canall 3lhall gsiall (asl) Jagia (3) Jsaal
Gyl akaidd Llall

Station Jan Feb Mar Apr May  Jun Jul Aug Sep Oct Nov Dec
Kirkuk 0.51 224 172 1.19 4.26 2.58 3.52 8.18 0.89 8.12 0.22 595
Baghdad 0.68 2.25 0.01 5.63 497 2.62 6.11 2.38 2.08 3.98 2.85 2.24
Zakho 0.28 1.18 0.31 0.31 176 6.01 3.34 11.8 7.02  8.11 1.49 1.93
Kanagen 0.49 1.37 1.18 041 1.10 0.48 0.43 6.45 2.61 7.30 2.23  1.41
Trybyl 3.14 0.82 0.78 574 446 2.36 4.01 1.67 2.92  9.67 3.03 5.73
Nukhaib 7.67 3.19 0.28 2.39 2.78 234 221 6.36 0.74 7.43 6.35 3.59
Tikreet 0.17 1.76 091 227 0.82 236 1.09 8.49 4.00 8.36 5.80 0.95
Kut 6.24 5.13 1.85 5.63 3.18 3.17 293 10.6 4.95 0.58 3.21  2.38
Sulaymaniyah 0-42  1.12° 2.60 276 3.44 3.81 4.41 7.02 0.99 10.9 0.64 0.05
Nasiriyah 5.65 4.97 0.01 1.67 234 539 5.08 13.5 791 4.68 2.47  6.48
Basrah 0.50 0.69 2.50 4.73 2.69 3.72 3.95 16.3 8.55 2.40 4.38 2.75
Mosul 0.69 1.36 0.36 0.66 3.55 3.16 4.82 6.82 3.68 5.26 3.33  1.00
Najaf 5.17 252 0.85 0.51 0.95 1.08 2.08 7.34 1.09 8.49 4.34  4.19
Arbil 0.42 0.12 0.56 0.08 2.33 1.08 3.57 6.28 0.06 7.18 3.85 0.73
Smawa 1.89 0.24 0.60 0.04 0.92 321 239 13.5 5.31 5.63 0.20 3.64
Alsulman 6.30 4.12 235 542 6.51 3.64 5.84 6.15 0.22  6.50 3.53  7.44
Mean 2.51 2.07 1.05 247 2838 294 3.49 8.30 3.31 6.54 3.00 3.15
Max 7.67 5.13 2.6 5.74 6.51 6.01 6.11 16.3 8.55 10.9 6.35 7.44
Min 0.17 0.12 0.01 0.04 0.82 048 0.43 1.67 0.06 0.58 0.2 0.05
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Lguanal) EY) A andl) g iU djedll e el 1 & R? <E pRMSD (RMSE (MBE (e S ai (4) Jsaal
L3l Al ddlial) clecdl Cagyla b

Station MBE RMSE pPRMSD E R? r

Kirkuk 0.1424 0.8309 0.3831 0.9833 0.9866 0.9933
Baghdad -0.3965 0.7358 0.3387 0.9841 0.9954 0.9977
Zakho 0.7179 1.1408 0.5485 0.9735 0.9894 0.9947
Kanagen 0.1887 0.5825 0.2669 0.9916 0.9926 0.9963
Trybyl 0.6044 0.8232 0.3545 0.9844 0.9930 0.9965
Nukhaib -0.0217 0.7559 0.3325 0.9884 0.9890 0.9945
Tikreet 0.4574 0.7997 0.3623 0.9856 0.9920 0.9960
Kut -0.5024 1.0098 0.4566 0.9725 0.9916 0.9958
Sulaymaniyah -0.0942 0.8633 0.4033 0.9821 0.9853 0.9926
Nasiriyah -0.4673 1.2950 0.5786 0.9501 0.9888 0.9944
Basrah -0.8355 1.3516 0.6140 0.9432 0.9822 0.9910
Mosul -0.1084 0.7689 0.3624 0.9865 0.9887 0.9943
Najaf -0.0934 0.7357 0.3246 0.9884 0.9886 0.9943
Arbil 0.0318 0.6303 0.2990 0.9911 0.9916 0.9958
Smawa -0.3866 1.1010 0.4906 0.9686 0.9856 0.9928
Alsulman 0.2631 1.0549 0.4519 0.9755 0.9808 0.9903
Mean -0.0313 0.9050 0.4105 0.9781 0.9888 0.9944
Max 0.7179 1.3516 0.6140 0.9916 0.9954 0.9977
Min -0.8355 0.5825 0.2669 0.9432 0.9808 0.9903
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%Matlab code to run sum of sins model
cle
close all
parameter=[

42.48 26.57 0.1837 9.434 1393 93.94 9.7840 23.03 3.174

5471 31.99 0.2998 8.456 13.52 93.25 10420 23.37 3.222

2357 7.830 2.2560 14.19 36.86 56.65 6.1310 8.834 25.47

50.75 31.00 0.4563 8.975 11.71 1085 8.6620 22.65 -3.585

1324 1764 68.670 26.09 32.66 37.88 -0.8648 11.10 36.42

52.16 179.6 15550 21.96 41.61 4271 13470 5701 33.35

80.43 103.7 50.180 24.30 35.23 39.92 0.0363 9.469 35.09

62.84 241.3 20490 22.00 34.69 3571 14820 10.06 37.79

45.09 1273 103.20 22.23 38.17 39.64 13370 7.985 35.45

141.8 106.0 3.9440 1236 17.88 52.85 8.1780 20.67 28.35

79.14 40.46 2.1270 8.323 1829 5582 10.610 20.52 26.64

38.63 2249 04529 9.871 16.73 67.34 95280 21.37 20.05

I;
lat=(pi/180)*[29:0.25:38]);
for k=1:length(lat);
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x=lat(k,:);
for i=1:12;
al= parameter (i,1);a2= parameter (i,2);a3= parameter (i,3);
b1= parameter (i,4);b2= parameter (i,5);b3= parameter (i,6);
cl= parameter (i,7);c2= parameter (i,8);c3= parameter (i,9);
GHSRest=al*sin(b1*x+cl) + a2*sin(b2*x+c2) + a3*sin(b3*x+c3);
disp([k GHSRest])

end
end
(2) gl
) b Al sland) iy by snall (MI/M?day) 389) S ool 5 Lad & sgll ¥anall

Station lat(rad) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Kirkuk 0.6191 9.6220 12.798 16.924 19.941 24.733 28.614 27.443 22.551 20.493 12.56 10.313  9.1502
Baghdad 0.5800 10.710 14.185 17.882 20.558 24.479 27.995 26.692 24.720 20.403 13.732 11.004  9.6646
Zakho 0.6480 8.0627 10.778 14.965 18.886 23.208 25.925 26.164 21.863 18.831 12.641 9.9727  8.1020
Kanagen 0.5986 10.399 13.959 17.633 19.560 24.363 27.874 26.609 22.937 19.947 12.859 10.511  9.3619
Trybyl 0.5711 10.663 14.001 17.791 21.030 24.594 28.344 26.968 25.838 20.932 13.967 11.085  9.7549
Nukhaib 0.5590 10.599 13.825 17.566 21.049 24.663 28.868 27.362 27.222 21.735 13.986 10959  9.7778
Tikreet 0.6035 10.228 13.728 17.485 19.549 24.407 28.006 26.74 22.692 20.007 12.672 10.397  9.2935
Kut 0.5615 10.599 13.835 17.611 21.102 24.663 28.772 27.292 26.969 21.575 14.001 11.001  9.7798
Sulaymaniyah  0.6205 9.5683 12.714 16.870 19.964 24.764 28.656 27.507 22.571 20.537 12.587 10.326  9.1383
Nasiriyah 0.5424 10.945 14.273 17.563 20.635 24.386 28.909 27.378 28.048 22.384 14.190 10.873  9.8404
Basrah 0.5335 11.378 14.803 17.920 20.796 23.964 28.124 26.809 27.624 22.202 15.095 11.369  10.095
Mosul 0.6339 9.0122 11.922 16.242 19.714 24.760 28.476 27.752 22.726 20.563 12.953 10.458  8.9068
Najaf 0.5582 10.601 13.826 17.553 21.029 24.661 28.896 27.382 27.297 21.784 13.981 10.945  9.7769
Arbil 0.6391 8.7296 11.572 15.885 19.415 24.460 27.919 27.483 22.612 20.217 13.006 10412  8.7032
Smawa 0.5463 10.805 14.089 17.497 20.679 24.502 29.034 27.473 28.019 22.323 14.032 10.820  9.7952
Alsulman 0.5323 11.445 14.880 17.991 20.842 23.887 27.953 26.686 27.508 22.137 15.293 11.488  10.150

Mean 10.3145 135677 17.2966  20.3544 24.3292  28.1401 27.0021 25.1372 21.0191 13.8312 10.8740  9.5327
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