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In this study several sunshine-based regression models have been evaluated to estimate monthly average daily global solar radiation on horizontal surface of Lake Van region in the Eastem Anatolia region in Turkey by using data obtained from seven different meteorological stations. These models are derived from Angström-Prescott linear regression model and its derivatives such as quadratic, cubic, logarithmic and exponential. The performance of this regression models were evaluated by comparing the calculatedclearness index and the measured cleamess index. Several statistical tests were used to control the val-
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idation and goodness of the regression models in terms of the coefficient of determination, mean percent error, mean absolute percent error, mean biased error, mean absolute biased error, root mean square error and t-statistic. The results of ali the regression models are within acceptable limits according to the statistical tests. However, the best performances are obtained by cubic regression model for Bitlis, Gevaş, Hakkari, Muş stations and by quadratic regression model for Malazgirt, Tatvan and Van stations to predict global solar radiation. The spatial distributions of the monthly average daily global solar radiation around the Lake Van region were obtained with interpolation of calculated solar radiation data that acquired from best fit models of the stations. The annual average solar energy potential for Lake Van region is obtained between 750 kWh/m2 and 2485 kWh/m2 with annual average of 1610 kWh/m2.© 2012 Elsevier Ltd. Ali rights reserved.
1. IntroductionThe global solar radiation is the majör energy source for our ecosystem such as designing and construction of solar energy System, architectural design, snowmelt, öpen water evaporation, evapotranspiration from land surface, crop growth, plant photo- synthesis, irrigation water yields, design of irrigation drainage System and fluctuation at öpen water level. The availability of solar radiation measurements at a given location makes realistic pro- jects and Controls achievement of these activities.The spatial and temporal distribution of global solar radiation on horizontal surface depend on astronomical, physical, meteoro- logical and geographic factors such as extraterrestrial radiation, atmospheric transmittance, latitude, inverse relative distance be- tween the Earth and the Sun, sunset hour angle, actual duration of sunshine and cloudiness at relevant location [1-4]. The amount of global solar radiation on Earth surface changes site to site due to these reasons. Based on the importance of global solar radiation measurements, this data is not available in many parts of the world, because of the high purchase price with difficult mainte-
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nance and calibration procedure of required measurement equip- ments [3,5-8]. Almost the principal meteorological parameters have been measured at ali stations without global solar radiation in many parts of the world. Beside this the time resolution of solar data for any application depends on application type and user. For example, monthly or daily averaged data are required for hydro- logical studies, climatologic studies and solar energy applications such as conduct feasibility studies, sizing and design specification, and economics [9-12]. Because of its vital importance in our ecosystem, a vast number of empirical models have been proposed for predicting daily or monthly global solar radiation on horizontal surface at global and/or local scale in the literatüre from the begin- ning of last century start with Angström model [13]. The principal meteorological and physical parameters such as extraterrestrial radiation, sunshine hours, actual duration of sunshine, air temper- ature, relative humidity, precipitation, elevation, latitude have been used in ali of these models [7,8,12-32]. Besides tempera- ture-based models [33-36], and cloud-based models [37-40], a great majority of models for estimating the monthly average daily global solar radiation on horizontal surface use the sunshine ratio that mentioned in the literatüre as sunshine-based models.The commonly used sunshine-based model is the Angström model, who suggested a linear relationship between the ratio of average daily global radiation for a perfectly clear day and the 



36 H. Düzen, H. Aydin/Energy Conversion and Management 58 (2012) 35-46sunshine ratio [13]. Due to difficulty of determination of clear sky global irradiance, Prescott [14] offered extraterrestrial radiation intensity values instead of it. The Angström model was then called as Angström-Prescott equation which was named as sunshine- based model [7,41]. In general a well-calibrated Angström-Prescott model is more accurate than a temperature-based model and a cloud-based model [42,43], because of the model parameters have to be calibrated locally rather than others model [44].This study contains the estimation of global solar radiation on horizontal surface at Lake Van region (Turkey) which covers approximately a 41,800 km2 and has a big importance for the neighbor countries of Turkey (Iran, Iraq and Armenia), based on sunshine hours. There are numerous articles have been published about estimation of solar radiation from sunshine hours for differ- ent regions of the world in the literatüre. This study is conceming global solar radiation data that obtained from high altitude radio- metric stations ranging betvveen 1299 m and 1830 m and there is no any study which has been published yet for this study area. Therefore, this study provides local solar radiation data for the region and makes povverful contribution to the literatüre and appli- cations that requires solar radiation data, ete. produetion of solar energy, calculation of evaporation and/or evapotranspiration and so on. The specific objeetives of this study are to; estimate and validate of the monthly average daily global radiation on a horizontal surface from sunshine by using previously proposed mod- els such as linear, quadratic, cubic, logarithmic and exponential and choose the most adequate model for the stations which have been investigated in this study. In addition how much solar radiation can be expected on average at Lake Van region is another objeetive of this study.

2. Materials and methods2.1. Study areaOne of the most important renevvable energy sources is the solar energy that provides elean and environmentally friendly energy rather than fossil fuels. The geography of Turkey makes it possible to produce solar energy at many part of it. The annually average solar energy potential of Turkey reported as 1522 kWh/ m2 (4.17 kWh/m2/day) with 2740 h of annually average total sunshine in 2009 [45]. The proposed study area has great solar energy potential according to Sensoy et al. [46]. The result of this study can provide a point of view to solar energy potential of the study area.In this study, number of sunshine based regression models were investigated and validated for cities of Bitlis, Gevaş, Hakkari, Malazgirt, Muş, Tatvan and Van (Fig. 1). These cities are located at shore and around of the Lake Van, the VVorld’s largest soda lake located on the high plateau in Eastern Anatolia Region of Turkey. The minimum and maximum vvater level of the Lake Van varied from 1646.68 m to 1650.25 m a.s.l with average about 1648.33 m a.s.l. from 1944 to 2010. It is the VVorld’s fourth elosed basin lake that has a drainage basin of 11,859 km2 and lake surface area and volüme changes betvveen 3552 km2 to 3616 km2 and 568 km3 to 575 km3 in minimum and maximum vvater level, respeetively. In the last century the vvater level of Lake Van is raised dramatically tvvo times in 1969-1970 and 1994-1995 about 2 m. Düzen State that approximately 5.08 km3 of vvater is lost annually to the atmo- sphere by evaporation from Lake Van [47], On the other hand the solar radiation plays an important role in evaporation from öpen

Fig. 1. Location map of the study area with digital elevation model.
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Table 1
Characteristics of the stations under consideration.

Station Latitude (N) Longitude (E) Elevation (m) Observation period Temperature (°C) Climate [33]

Min Max Ave

Bitlis 38.408° 42.110° 1540 1984-2009 -3.0 22.7 9.4 Very humid (A)a
Gevaş 38.304° 43.105° 1692 1985-2009 -3.6 21.6 8.7 Semi dry-less humid (Ca)
Hakkari 37.586° 43,737° 1830 1968-2009 -4.8 24.7 10.1 Semi dry-less humid (Cı)
Malazgirt 39.147° 42.533° 1524 1986-2007 -9.9 22.3 7.1 Semi dry-less humid (Cı)
Muş 38.725° 41.501° 1299 1985-2009 -7.6 25.2 9.6 Semi humid (C2)
Tatvan 38.495° 43.287° 1654 1984-2009 -3.1 21.9 8.8 Humid (B4)
Van 38.502° 43.377° 1694 1968-2009 -3.5 22.1 9.0 Semi dry-less humid (Cı)

a Letters in the parenthesis indicate that dimate dassification of Turkey by Thornthwaite Method [50].

water surface, besides mainly air temperature and other meteorological parameters [48], Thus, interpretation of the Lake Van vvater level fluctuation requires accurate estimation of evaporation and so solar radiation that produced result of this study.
2.2. Data and climateThe data (monthly average daily global solar radiation and ac- tual sunshine hours) evaluated in this study were obtained from the provincial directorate of State Meteorological Organization (DMİ) of Turkey for seven meteorological stations (Table 1). The stations have latitudes, longitudes and elevation in ranges of 38.304-39.147°N, 41.501-43.737°E and 1299-1830 m a.s.L, respectively. The monthly average daily global radiation and sunshine hours were utilized from long-term monthly averages of 1968-2009 for Hakkari and Van stations, 1984-2009 for Bitlis and Tatvan station, 1985-2009 for Gevaş and Muş stations and 1986-2007 for Malazgirt station. Also monthly average daily global solar radiation data are obtained from Sorman [49] for Gevaş station who observed these data sets on Lake Van surface betvveen October 1998 and December 2000 on monthly basis. Both of data are compared for accuracy of the Gevaş’ regression models.Accurate prediction of the long-term performance of global solar radiation models depends on the availability of long-term cli- matic features at a location [51]. It was foreseen that, the record lengths of data that used in this study sufficiently long to derive global solar radiation models for the study area. The annually average minimum and maximum air temperature were recorded in the range of -3.6 °C-22.7 °C at shore of the Lake Van and -9.9 °C and 25.2 °C at rest of the area. Table 1 also includes climate types of the study area as given in [46], The climate around the Lake Van varies semi-arid - less humid to humid-very humid at east to west direc- tion. The pyranometer (Robitzsch) and heliograph (Campbell- Stokes) instruments were used to measure the solar radiation and sunshine hours at the stations, respectively.
2.3. Used regression modelsIn this study, several regression models were examined and val- idated from several proposed models in the literatüre such as 1in- ear, quadratic, cubic, logarithmic and exponential to predict
Table 2
The regression models proposed in the literatüre that used in this study.

Models Regression equations Source

Linear (H/Ho) = bo + b!(n/N) Angström [13]-Prescott 
[14]

Quadratic (H/Ho) = ₺o + ₺ı(n/N) + b2(n/N)2 Akinoglu and Ecevit [20]
Cubic (H/Ho) = ₺o + ₺ı(n/N) + b2(n/

N)2 + b3(n/N)3
Bahel et al. [52]

Logarithmic (H/Ho) = bo + bıtog(n/N) Ampratvvum and Dorvlo 
[53]

Exponential (H/Ho) = Elagib and Mansell [23]

monthly average daily global radiation on horizontal surface from calculated extraterrestrial radiations and daylight hours and observed sunshine duration measurements for cities of Bitlis, Gevaş, Hakkari, Malazgirt, Muş, Tatvan and Van in Eastern Turkey (Table 2). The first recommended regression model (Table 2) is the linear form that called as Angstrom-Prescott model is adopted most commonly used model [13,14]. The second quadratic (second order polynomial) and third cubic (third order polynomial) regression models were derived by Akinoglu and Ecevit [20] and Bahel’s model [52], respectively. Ampratvvum and Dorvlo were proposed the fourth used regression model, which is a logarithmic form [53]. The fifth model was suggested by Elagib and Mansell which represents exponential regression model [23].The correlation coefficients of the proposed regressions models were calculated from the regression analysis betvveen cleamess in- dex (H/Ho) and sunshine duration ratio (n/N) in a long-term monthly average basis. The cleamess index is the ratio of the monthly average daily global radiation on horizontal surface (H) and extraterrestrial radiation (Ho). The ratio betvveen observed daily sun hours (n) and daylight hours (N) called as sunshine duration ratio. The monthly average daily extraterrestrial radiation, relative Earth-Sun distance (dr), solar declination (<5), sunset hour angle (cos) and daylight hours for different latitudes (</>rad) can be esti- mated from the follovving equations [54,55]:Ho = (24 x 60 jGscdr[cos(<p)cos(<5)sin(cos) + cosin(<p)sin(<5)] (1) 
4-1+0.033™^) 
ö = 0.4093sin^(248+J)

= (18ö)
(Ds = arccos[-tan(ç>)tan(<5)]

(2)
(3)
(4)
(5)
(6)

vvhere Gsc is the solar constant as 0.082 MJ/m2/min (~1367 W/m2) and J is the number of day in the year that taken from Table 1.6.1 in Duffie and Beckman [55] for estimation of monthly daylight hours. (prad and cpdec are the latitudes of the relevant site in radians and decimal degrees, respectively. The units of the monthly average daily extraterrestrial radiation (Ho) and daylight hours (N) are MJ/ m2/day and hour. The variation of H/Ho and n/N are given in Fig. 2 for the seven stations under question? The H/Ho ratios indicate that abundance of available solar energy in the study area. H/Ho and n/N varies from 0.414 to 0.603 and 0.414 to 0.647 at Tatvan and Van stations, respectively.
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2.4. Model validationThe Angström coefficients of the five regression models were estimated by curve estimation techniques with statistical pro- grams for seven stations. The validation and goodness of the ali ob- tained models for seven stations have been tested by several statistical methods such as coefficient of determination (R2), corre- lation coefficient (R), percent error (PE), mean percent error (MPE), mean absolute percent error (MAPE), mean bias error (MBE), mean absolute bias error (MABE), root mean square error (RMSE), and t- statistic method (tsta). These parameters are the most widely used 

by researchers that mentioned in the literatüre to control the per- formance of the solar radiation regression models.The researchers use two different data sets in statistic methods to confirm their solar radiation models that shovvn in the literatüre. First group evaluates their solar radiation models by the calculated and measured cleamess index data set [23,56,57]; whileother group uses the calculated and measured solar radiation data [8,58,59]. Yorukoglu and Çelik emphasize that these two sets of parameters are completely different and meaningless to compare them [57], On the other hand, the maximum difference of the statistical methods that used these data sets is derived 3% [60].

0.55?

0.53 ?

0.51 ?

0.49?

0.57?
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Fig. 2. Annual variations of measured H(H0 and njN for stations.
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Table 3
Angström coefficients of the regression models for stations.

Station Model ho bı i>2 i>3 K2 J?

Bitlis Linear 0.3181 0.3562 0.8983 0.9478
Quadratic 0.2836 0.5257 -0.1776 0.9033 0.9504
Cubic 0.0631 2.2294 -4.1061 2.7684 0.9220 0.9602
Logarithmic 0.6138 0.1526 0.9037 0.9506
Exponential 0.3377 0.7500 0.8739 0.9348

Gevaş Linear 0.4669 0.1930 0.5377 0.7333
Quadratic 0.6478 -0.4530 0.5543 0.5662 0.7525
Cubic 0.5754 0.0101 -0.3567 0.5624 0.5729 0.7569
Logarithmic 0.6399 0.1081 0.5197 0.7209
Exponential 0.4760 0.3350 0.5274 0.7262

Hakkari Linear 0.4711 0.1065 0.5040 0.7099
Quadratic 0.5976 -0.3114 0.3219 0.5567 0.7461
Cubic 0.2703 1.3514 -2.4020 1.4375 0.5695 0.7547
Logarithmic 0.5703 0.0645 0.4736 0.6882
Exponential 0.4746 0.1978 0.4973 0.7052

Malazgirt Linear 0.4727 0.1487 0.4481 0.6694
Quadratic 0.5259 -0.1264 0.2956 0.4832 0.6951
Cubic 0.2751 1.9348 -4.6885 3.6522 0.5710 0.7556
Logarithmic 0.5930 0.0589 0.4126 0.6423
Exponential 0.4741 0.2802 0.4419 0.6648

Muş Linear 0.3542 0.2617 0.8816 0.9389
Quadratic 0.3559 0.2534 0.0078 0.8817 0.9390
Cubic 0.2441 1.1150 -1.8522 1.1870 0.8983 0.9478
Logarithmic 0.5826 0.1171 0.8611 0.9280
Exponential 0.3662 0.5418 0.8535 0.9239

Tatvan Linear 0.2614 0.3679 0.9066 0.9522
Ouadratic 0.2345 0.5274 -0.1866 0.9108 0.9544
Cubic 0.1907 0.9284 -1.2420 0.8291 0.9124 0.9552
Logarithmic 0.5514 0.1362 0.9001 0.9487
Exponential 0.2792 0.9074 0.8765 0.9362

Van Linear 0.4913 0.1727 0.6655 0.8158
Quadratic 0.7299 -0.5774 0.5602 0.7256 0.8518
Cubic 0.7606 -0.7290 0.8027 0.1257 0.7252 0.8516
Logarithmic 0.6537 0.1098 0.6333 0.7958
Exponential 0.5010 0.2845 0.6570 0.8106

According to the objectives of this study, the calculated and measured clearness index (H/Ho) data sets were used in statistical methods to point out validation and goodness of the models.The coefflcient of determination (E2) is the commonly used sta- tistics method to test the linear relation between measured and estimated values, which can be calculated from the equation as [56,57]:
R2 ELı(y.,n.-y.,e)2 -ı RMSE2

EL(v.;n.-Y.>)2 °2

where (Yf,m), (Yi.c), (Yim), RMSE, <r and n are the measured clearness index (Hm/H0), calculated clearness index (Hc/H0), average of the measured clearness index, root mean square error, Standard devia- tion of the calculated clearness index and number of observation, respectively. The correlation coefflcient (E) is the root mean square of the coefflcient of determination. The correlation coefflcient varies from -1 to +1 that qualifles a good linear relationship betvveen measured and calculated values while 0 or closer to 0 means the ab- sence of the linear relationship.The percent error (PE) is given below that indicates as a mea- sure of agreement betvveen the measured and calculated data. The PE values take negative and positive signs that stand for indi- cator of under-estimation and over-estimation. The threshold va- lue of the PE is up to around ±10% that is emphasized in the literatüre by [8,24,61 ]. Thus the results of the PE calculations re- main betvveen threshold values that indicate the acceptable of the models. The mean percent error (MPE) is dividing sum of the 

PE values by the number of observation. The absolute of the MPE value is denoted as mean absolute percent error (MAPE).
PE = 100 (8)

Yi my Yic)ıoo (9)
mape = 1 E (|Y'’y,mY',CD100 (10)Besides the above equations, the other most commonly used statistical errors are mean biased error (MBE), mean absolute biased error 
(MABE) and root mean square error (RMSE) for evaluation of the regression models.
MBE = ^(Yi:m-Yi,c) (11)

n İ=1MABE = İ£(|Yi,m-Yi,c|) (12)
RMSE = -

n
Ecn-n-^)2 

i=l
(13)In this study, also the t-statistic method vvas taken in consideration to evaluate in means of statistical significance. The t-statistic (tsta) equations vvere offered by [62] in [56] as:
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Table 4
Statistical results of the regression models for stations.

Station Model P£min PEmax MAPE MPE MABE MBE RMSE R t

Bitlis Linear -9.4477 8.1898 3.9828 0.2680 0.0180 0.0000 0.0220 0.9474 0.0011
Ouadratic -7.2685 7.9256 3.9537 0.2409 0.0180 0.0000 0.0214 0.9501 0.0040
Cubic -7.0537 5.4485 3.5512 0.1869 0.0164 0.0000 0.0193 0.9598 0.0042
Logarithmic -7.5269 6.6649 3.9291 0.1989 0.0182 0.0000 0.0214 0.9504 0.0039
Exponential -10.3025 8.7425 4.1572 0.1377 0.0189 -0.0005 0.0231 0.9421 0.0748

Gevaş Linear -5.9438 5.5721 3.0318 0.1205 0.0171 -0.0001 0.0205 0.7330 0.0103
Ouadratic -6.2198 5.5839 2.8712 0.1135 0.0162 -0.0001 0.0198 0.7523 0.0110
Cubic -6.3773 5.5122 2.8573 0.1094 0.0161 -0.0001 0.0197 0.7567 0.0135
Logarithmic -6.3419 5.4685 3.1339 0.1322 0.0177 0.0000 0.0209 0.7206 0.0035
Exponential -5.8053 5.6451 3.0133 0.0612 0.0170 -0.0004 0.0204 0.7352 0.0648

Hakkari Linear -5.4480 5.6348 2.7094 0.1219 0.0144 0.0001 0.0177 0.7112 0.0101
Ouadratic -4.9584 5.7484 2.4328 0.1083 0.0129 0.0000 0.0168 0.7460 0.0077
Cubic -5.0537 5.6583 2.4695 0.1049 0.0131 0,0000 0,0167 0.7490 0,0052
Logarithmic -5.7191 5.4694 2.8799 0.1317 0.0153 0.0001 0.0182 0.6898 0.0129
Exponential -5.3624 5.7020 2.6972 0.0624 0.0143 -0.0003 0.0176 0.7136 0.0493

Malazgirt Linear -10.5241 11.0609 4.9663 0.4056 0.0261 0.0002 0.0314 0.6705 0.0263
Ouadratic -13.1858 10.9588 4.5136 0.3889 0.0236 0.0002 0.0304 0.6959 0.0264
Cubic -9.7340 8.5169 4.5651 0.3355 0.0241 0.0003 0.0277 0.7555 0.0313
Logarithmic -9.2333 10.5473 5.3351 0.4304 0.0282 0.0003 0.0324 0.6435 0.0290
Exponential -10.3243 11.3184 4.9108 0.2230 0.0258 -0.0007 0.0312 0.6741 0.0747

Mu; Linear -11.1967 9.2659 4.0351 0.2998 0.0182 0.0001 0.0230 0.9392 0.0127
Ouadratic -11.3422 9.2537 4.0260 0.2903 0.0181 0.0000 0.0230 0.9392 0.0051
Cubic -10.0855 7.5958 3.8425 0.2522 0.0178 0.0001 0.0213 0.9481 0.0139
Logarithmic -11.6971 8.5883 4.4272 0.2824 0.0209 0.0001 0.0250 0.9280 0.0106
Exponential -12.0051 9.4251 4.0451 0.1566 0.0182 -0.0005 0.0232 0.9385 0.0763

Tatvan Linear -12.0680 10.5045 5.2776 0.4474 0.0199 0.0000 0.0232 0.9518 0.0065
Ouadratic -10.4917 9.4546 5.1704 0.3981 0.0192 0.0000 0.0227 0.9540 0.0022
Cubic -10.6630 8.5317 5.2818 0.3987 0.0196 0.0000 0.0225 0.9548 0.0070
Logarithmic -11.6012 8.3808 5.4313 0.3840 0.0200 0.0000 0.0240 0.9484 0.0016
Exponential -12.5426 11.7940 5.4320 0.2386 0.0208 -0.0006 0.0246 0.9463 0.0868

Van Linear -4.8159 5.9802 2.4966 0.1159 0.0148 0.0001 0.0181 0.8154 0.0263
Ouadratic -4.7193 5.5919 2.2888 0.0953 0.0136 0.0001 0.0164 0.8508 0.0215
Cubic -4.6066 5.5549 2.3043 0.1042 0.0137 0.0002 0.0164 0.8506 0.0323
Logarithmic -5.1266 5.9415 2.6308 0.1298 0.0156 0.0002 0.0189 0.7957 0.0311
Exponential -4.7413 5.9994 2.4737 0.0736 0.0147 -0.0001 0.0179 0.8186 0.0201

' (n-l)MBE2
RMSE2 - MBE2

(14)
The confldence level is taken as 0.05 for tsta methods. The ideal value of given statistical test, except R and R2, are 0 or closer to 0. The spatial distributions of the solar radiation around the Lake Van were obtained on a 250 m x 250 m celi with GIS environment. The interpolation was generated with Natural Neighbor Interpola- tion analysis in GIS environment. Natural Neighbor interpolation finds the closest subset of input samples to a query point and ap- plies vveights to them based on proportionate areas in order to interpolate a value [63].
3. Results and discussion3.1. Consequence assessment of the regression models

3.1.1. Bitlis stationThe correlation coefficients of the evaluated linear, quadratic, cubic, logarithmic and exponential regression models from H/Ho and n/N data sets of Bitlis varies betvveen 0.9348 (exponential) to 0.9602 (cubic). The cubic regression model presents the highest correlation coefficients in the evaluated models betvveen H/Ho and n/N data sets (Table 3). The highest correlation coefficient of the calculated and measured cleamess index (H/Ho) at Bitlis station is obtained as 0.9598 vvith cubic regression model, vvhile the lovv- est value of correlation coefficient acquired by exponential regression model as 0.9421. The highest PE is obtained vvith exponential regression model (-10.3025% to 8.7425%), in spite of that cubic 

regression model give lovvest PE as -7.0537% to 5.4485%. Thus the results of the PE calculations for cubic model remain betvveen threshold values (±10%) that indicate the goodness of the models [8,24,61 ]. The ideal values of statistical tests such as MPE, MAPE, 
MBE, MABE and RMSE are 0 or closer to 0 that mentioned previous studies. In this study the lovvest values of the MPE, MAPE, MBE, 
MABE and RMSE are derived by cubic regression model as 0.1869, 3.5512, 0.0000, 0.0164 and 0.0193, respectively for Bitlis station (Table 4).3.1.2. Gevaş stationThe highest correlation coefficient of the H/Ho and n/N data sets of Gevaş station is obtained as 0.7569 vvith cubic regression model, vvhile logarithmic regression model gives lovvest correlation coefficient as 0.7209 (Table 3). On the other hand the correlation coefficient values of the calculated and measured cleamess index (H/Ho) data sets change betvveen 0.7206 (logarithmic) and 0.7569 (cubic) at Gevaş station. The PE values approximately remain betvveen ±6.5% and it is lovver than the threshold value (±10%). The computed lovvest values of the statistical tests (MPE, MAPE, MBE, 
MABE and RMSE) are obtained as 0.1094, 2.8573, -0.0001, 0.0161 and 0.0197, respectively for cubic model at Gevaş station (Table 4).3.7.3. Hakkari station

By taking into account of the results illustrated in Table 3 for Hakkari station, the minimum and maximum correlation coefficients calculated from H/Ho and n/N data sets are obtained as 0.6882 (logarithmic) and 0.7547 (cubic). The cubic regression model represented vvith the highest correlation coefficients that acquired from calculated and measured cleamess index (H/Ho) data sets as
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Fig. 3. Comparison between the observed and the estimated values of the monthly average daily global solar radiation by regression models for seven stations.

0.7490 vvhile the logarithmic regression model represented with lovvest correlation coefficient (0.6898). The values of PE lie in the range of -5.7191% to 5.7484%. The lovvest values of the statistical analysis are obtained as 2.4328 (MAPE) and 0.0129 (MABE) with quadratic regression model, 0.0624 (MPE) with exponential regression model and 0.0000 (MBE) and 0.0167 (RMSE) with cubic regression model at Hakkari station (Table 4).3.1.4. Malazgirt stationThe correlation coefficient of the H/Ho and n/N data sets of Malazgirt station is lovvest for logarithmic regression model (0.6423), it is highest for cubic regression model (0.7556) (Table 3). In the light of the results given in Table 4 for Malazgirt station, correla

tion coefficient of the calculated and measured cleamess index 
(H/Ho) takes values from 0.6435 (logarithmic) to 0.7555 (cubic). The PE values changed betvveen -13.1858% and 11.3184% that calculated for ali models. But just PE values of the cubic model remain belovv the threshold value (±10%). The lovvest values of MBE (0.0002), MABE (0.0236) and MAPE (4.5136) are obtained by qua- dratic regression model, vvhile lovvest value of MPE (0.2230) and 
RMSE (0.0277) calculated vvith exponential and cubic regression model, respectively.3.1.5. Muş stationIt is seen obviously at Table 3, the correlation coefficients of the Muş station are estimated betvveen 0.9239 (exponential) to 0.9478
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Table 5
Distribution of the percent error (PE) dass.

Class of PE (%) Frequency (%)

Linear Quadratic Cubic Logarithmic Exponential

-14 to -12 1.19 1.19 0.00 0.00 2.38
-12 to -10 2.38 2.38 0.00 3.57 2.38
-10 to -8 2.38 1.19 3.57 4.76 1.19
-8 to -6 4.76 4.76 3.57 4.76 3.57
-6 to -4 11.90 11.90 4.76 9.52 9.52
—4 to —2 9.52 8.33 7.14 11.90 14.29
-2 to 0 16.67 25.00 11.90 9.52 15.48
0-2 21.43 15.48 17.86 22.62 21.43
2-4 11.90 10.71 17.86 11.90 11.90
4-6 10.71 11.90 15.48 13.10 8.33
6-8 2.38 2.38 13.10 3.57 3.57
8-10 2.38 3.57 1.19 3.57 3.57
10-12 2.38 1.19 3.57 1.19 2.38
12-14 0.00 0.00 0.00 0.00 0.00

Under-estimation 48.81 54.76 30.95 44.05 48.81
Over-estimation 51.19 45.24 69.05 55.95 51.19
-10 to 10 94.05 95.24 96.43 95.24 92.86

Table 6
Average ranking of the regression models.

Station Model

Linear Ouadratic Cubic Logarithmic Exponential

Bitlis 4 2 1 3 5
Gevaş 4 2 1 5 3
Hakkari 4 2 1 5 3
Malazgirt 4 1 2 5 3
Muş 3 2 1 5 4
Tat van 3 1 2 4 5
Van 4 1 2 5 3

(cubic) from H/Ho and n/N data sets. The lowest and highest values of correlation coefflcient betvveen calculated and measured clearness index (H/Ho) at Muş station are obtained for exponential regression model (0.9280) and cubic regression model (0.9481), respectively. The minimum and maximum values of PE at Muş station change betvveen -12.0051% and 9.4251%. On the other hand the optimal PE obtained from cubic regression model that lies in the range of -10.0855% to 7.5958%. The required ideal values of the MAPE, MABE and RMSE gained from cubic regression model such as 3.8425, 0.0178 and 0.0213, respectively. In the othervvise the lovvest values of MPE (0.1566) and MBE (0.0000) are obtained from in order of exponential and quadratic regression models (Table 4).
3.1.6. Tatvan stationAmong the H/Ho and n/N data sets, the correlation coefficients of the ali regression models are calculated in the range of 0.9362 for exponential regression model and 0.9552 for cubic regression model that is clearly seen at Table 3. The correlation coefflcient of the calculated and measured clearness index (H/Ho) at Tatvan station is acquired as 0.9463 (lovvest) and 0.9548 (highest) by exponential and cubic regression models, respectively. The PE values range betvveen -12.5426% and 11.7940% at Tatvan station, but lovvest PE value is obtained from cubic regression model. The lovvest MAPE, MBE and MABE values are obtained by quadratic regression model as 5.1704, 0.0000 and 0.0192, respectively vvhile cubic and exponential regression models give lovvest values of RMSE and 
MPE at Tatvan station (Table 4).
3.1.7. Van stationThe minimum correlation coefflcient of the H/Ho and n/N data is obtained from logarithmic regression model as 0.7958 at Van sta

tion, on the other hand the highest correlation coefflcient gained from quadratic regression model about 0.8518 that is approxi- mately equal to the correlation coefflcient of the cubic regression model (0.8516) (Table 3). The Table 4 shovvs values of 0.7957 and 0.8508 for ranges of correlation coefflcient that obtained from calculated and measured clearness index (H/Ho) at Van station. The highest value is obtained by quadratic regression model and lovvest value is gained from logarithmic regression model. The minimum and maximum values of PE change betvveen -5.1266% and 5.9994%, although optimal PE results are obtained by cubic regression model as -4.6066% to 5.5549%. The lovvest values of the statistical analysis such as MPE, MAPE, MBE, MABE and RMSE are derived from quadratic regression model as 0.0953, 2.2888, 0.0001, 0.0136 and 0.0164, respectively for Van station. The correlation coefflcient and result of the statistical analysis obtained from cubic regression model is also very close to the result of the quadratic regression model.
3.2. Selection of optimal regression models for stationsThe evaluations having made for each station shovv that the results of the regression models are statistically significant. Hovvever it is clearly seen from Fig. 2, Tables 3 and 4, the correlation coeffi- cient obtained for Gevaş, Hakkari, Malazgirt and Van stations are a little bit poor rather than other stations in this study. This differ- ence could be from type of climate at their region and type of data. The semi-arid - less humid climate is dominant at surrounding of Gevaş, Hakkari, Malazgirt and Van station and this is given in Table 1. That is vvell knovvn from literatures, the one of the most important factor that control availability and magnitude of spatial and temporal distribution of global solar radiation and sunshine duration on horizontal surface is meteorological parameters such as cloud cover, precipitation, humidity, and dust plum in the atmo- sphere [1-3]. The amount of cloudless at semi-arid - less humid area is higher than humid area throughout the year [56]. Thus this means that, the values of H/Ho and n/N at semi-arid - less humid area have higher values rather than humid area. In this study 
H/Ho and n/N in semi-arid - less humid area (Gevaş, Hakkari, Malazgirt and Van) are calculated as in the range of 0.538-0.603 and 0.481-0.647, respectively. On the other hand these parameters are derived for other stations in order of H/Ho and n/N as 0.414- 0.498 and 0.414-0.551. This is the one of the most important parameters leading to partially poor relationship betvveen the H/Ho and n/N variables rather than Bitlis, Muş and Tatvan stations but this situation can be statistically acceptable.Ali regression equations give very good results. On the other hand each degree of accuracy such as MBE, MABE, MPE, MAPE, 
RMSE, tsta takes various values from one regression model to an- other at same station. This looks as difference in magnitude but this is negligible level. For example at Gevaş station, betvveen the difference of minimum and maximum of MABE, MAPE, RMSE and R values are calculated as 0.0016, 0.2766, 0.0012 and 0.0361, respectively.The variations betvveen the observed and estimated values (H/Ho and n/N) are shovvn in Fig. 3 for seven stations. It is seen from Fig. 3, there is no significant differences betvveen the observed and estimated values. Ali of the five models are statistically significant at the confidence level of 99.9% for estimation of global solar radiation at ali stations. Because the calculated tsta values are less than the critical t values (4.025) for the degree of freedom (n - 1 = 11) and significance level (a = 0.001) (Table 4). tsta values are estimated for ali stations in the range of 0.0011 to 0.0868. The agreement betvveen the observed and predicted values of monthly average daily global solar radiation on a horizontal surface from five regression model at seven stations is reasonably good.
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Fig. 4. Spatial distribution of the monthly average daily global solar radiation on Lake Van surface.The PE values of ali the seven stations (84 cases) have been used in frequency analysis to compare the prediction applicability of the five regression models. The result of the frequency analysis indi- cates that in Table 5, the linear and exponential regression models give same frequency results for under-estimation and over-estima- tion as 48.84% and 51.19%, respectively. The under-estimation and over-estimation frequency ranges are obtained for quadratic, cubic and logarithmic regression models in order of 54.76-45.24%, 30.95-69.05% and 44.05-55.95%. The comparable threshold value of the PE is up to around ±10% [8,24,61]. In this study 95.24% frequency of the PE values remain betvveen ±10% for quadratic and logarithmic regression models. The frequencies of PE values for linear, cubic and exponential regression models are calculated as 94.05%, 96.43% and 92.86%, respectively.In the selection of the best fit equation for every station, five regression models have been classified by ranking from each per- 

formance parameters such as MPE, MAPE, MABE, RMSE, R and tsta [56]. The MBE value is not taken any notice in this consideration, because it takes same value for at least two models at each station (Table 3). The ranking of each regression model has been desig- nated for each station that is given in Table 6. The linear Angström regression equation is sorted in third and fourth as 2 and 5 times, respectively. The logarithmic regression equation is rated 1 time in third and fourth order and 5 times in fifth order. The exponential regression equation is taken 4 times as third order, 1 time in fourth order and 2 times as fifth order. The quadratic regression equation is rated as 3 times in first order and 4 times in second order. How- ever cubic regression equation is rated vvith opposite order of qua- dratic regression model.Also the calculated monthly average data by five regression models that used in this study for Gevaş station are compared vvith measured monthly average daily global solar radiation data on
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Fig. 4 (continued)

Lake Van surface near the Gevaş station. The monthly average daily global solar radiation on Lake Van surface near the Gevaş station was observed by Sorman betvveen October 1998 and December 2000 [49], In consequence of the comparison of two data sets, the correlation coefficient was obtained highest value as 0.9911 with cubic regression model and lovvest value obtained as 0.9888 by logarithmic regression model. In addition to this the MBE, 
MPE, RMSE and tsat values vvere calculated in order of -0.3929, -3.6267, 1.0310 and 1.367 for cubic regression models at Gevaş station. These results indicate that the obtained regression models in this study represent the physical conditions of the study area and they are applicable.As a result of the ali evaluations, cubic regression model is the best fit regression model for estimation of global solar radiation from sunshine ratio on horizontal surface around the Bitlis, Gevaş, Hakkari and Muş stations. On the other hand the result also shovvs 

that the quadratic regression equation is the best estimator of the global solar radiation on horizontal surface near the Malazgirt, Tatvan and Van stations. The quadratic and cubic regression models can be used to predict global solar radiation in study area vvhere a lack of ground measurements of global solar radiation.3.3. Spatial distribution of solar radiation at Lake Van regionThe spatial distribution of the global solar radiation at Lake Van region vvas obtained from interpolation of selected optimal regression models results for each station. Also a fevv meteorological station in the study area as Başkale, Muradiye and Özalp have sunshine duration measurements but there are lack of solar radiation observations. The global solar radiations vvere estimated by quadratic regression model of Van station that is the best estimator in the considered models for these stations. The interpolation vvas 



H. Düzen, H. Aydin/Energy Conversion and Management 58 (2012) 35-46 45mapped at a 250 resolution using 10 geo-referenced data points by GIS environment for each month in the year for Lake Van region (Fig- 4).The amount and magnitude of global solar radiation in Turkey generally decreases from south to north direction [3,64], Average total global solar radiation distribution över Turkey shows that there is great solar energy potential in the Aegean and Mediterra- nean region and also around Hakkari, Karaman, Niğde and Van province [46]. The annually average solar energy potential of Turkey was reported as 1522kWh/m2 (4.17 kWh/m2/day) with 2740 h of annually average total sunshine in 2009 [45]. But in local scale the global solar radiation around the study area has highest values at east-southeast direction and decreases gradually to west-northwest direction (Fig. 4).The highest value of global solar radiation is obtained in June with minimum, maximum and average values as 21.107 MJ/m2/ day, 25.911 MJ/m2/day and 24.242 MJ/m2/day, respectively with 3821 h of annually average total sunshine. On the other hand the lovvest value of global solar radiation with 1115 h/year of average total sunshine is calculated as 4.754 MJ/m2/day for minimum, 8.491 MJ/m2/day for maximum and with average of 7.397 MJ/m2/ day in December.According to the statistical analyses indicate that ali regression equations have applicable for ali station to estimate global solar radiation. The annual average solar energy potential for Lake Van region is calculated as in the range of 1800kWh/m2 to 2458 kWh/m2 from April to September that these values are above the average solar energy potential of Turkey. In the rest of the year, the annual average of solar energy potential of the study area is obtained as betvveen 750 kWh/m2 and 1470 kWh/m2.
4. ConclusionA few regression models vvith respect to sunshine duration ratio have been handled so as to predict monthly average daily global solar radiation on horizontal surface for seven cities at Eastem Anatolia, Turkey. The evaluated ali regression models in this study give very good results to estimate global solar radiation on horizontal surface at ali stations. The statistical analyses (MBE, MABE, 
MPE, MAPE, RMSE, tsta) indicate that ali regression equations have applicable for ali stations to estimate monthly average daily global solar radiation. Hovvever the cubic and quadratic regression models are the best-fit regression equations and can be used to predict monthly average daily global solar radiation on horizontal surface. Bitlis, Gevaş, Hakkari and Muş stations are represented by cubic regression model vvhile quadratic regression model represents Malazgirt, Tatvan and Van stations. Also cubic and quadratic regression models can be used to calculate global solar radiation in elsevvhere vvith similar climatic conditions like study area. The cubic and quadratic regression models can be applied for ali evaluated stations vvith Angström coefficients as follovvs:Bitlis (H/Ho) = 0.0631 + 3.5512(n/N) - 4.1061(n/N)2+ 2.7684(n/N)3Gevaş (H/Ho) = 0.5754 + 0.0101(n/N) - 0.3567(n/N)2+0.5624(n/N)3Hakkari (H/Ho) = 0.2730 + 1.3514(n/N) - 2.4020(n/N)2+1.4375(n/N)3Malazgirt (H/Ho) = 0.5259 - 0.1264(n/N) + 0.2956(n/N)2Muş (H/Ho) = 0.2441 + 1.1150(n/N) - 1.8522(n/N)2+1.1870(n/N)3Tatvan (H/Ho) = 0.2345 + 0.5274(n/N) - 0.1866(n/N)2Van (H/Ho) = 0.7299 - 0.5774(n/N) + 0.5602(n/N)2

The global solar radiation around the Lake Van has highest value at the east-southeast region and it decreases tovvards to the vvest-northvvest of the area. The annual average solar energy potential for Lake Van region is obtained as in the range of 1800-2458 kWh/m2 from April to September and this value changes betvveen 750kWh/m2 and 1470kWh/m2 vvith annual average of 1610 kWh/m2 in the rest of the year. The results of this study shovv that the average solar energy potential at east-southeast part of the Lake Van region is higher than the other regions of Turkey. This potential can be use to produce different type of energy. In addition, the evaporation and evapotranspiration are one of the important parameters in hydrological budget. So, the obtained best-fit regression models can be used in equations of evaporation and evapotranspiration to estimate evaporation from Lake Van and/or the other lakes and evapotranspiration from areas covered vvith vegetation in study area.
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