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DEVELOPING A MODEL TO IMPROVE THE
PREDICTION OF DAILY SOLAR RADIATION FOR
THE PREDICTION OF REFERENCE
EVAPOTRANSPIRATION

Alzoheiry, A. M.1:2
ABSTRACT

Three modification of the Hargreaves and Samani (HS) model were
proposed to account for the effect of the atmospheric vapor on the
prediction of the global solar radiation. The predicted values of the solar
radiation using the three models and the values of the original HS model
were compared to the measured solar radiation using root mean square
error (RMSE), mean absolute bios error (MABE), mean bios error (MBE)
and the T-test in pairs. The results showed that the first model M1, and the
second model M2 performed better than the original HS. The T- test results
showed that there are no significant differences between the means values
of the two models prediction and the mean value of the measured solar
radiation. The MBE for both M1 and M2 indicates a tendency to slightly
over estimate the solar values for M1, and a slight under estimation of the
M2 prediction. The model M1 increased the values of the ETo predicted
using the FPM than the original HS model and thus solved the problem of
ETo under estimation by FPM. It is recommended to use M1 for
application where over predictions is safer such as evapotranspiration
prediction and use M2 where under prediction is safer such as solar
radiation prediction for thermal solar application and solar collectors.

Keywords: Global solar radiation, prediction, Hargreaves and Samani,
temperature based models, evapotranspiration.

INTRODUCTION

rrigation scheduling is based mainly on the ability to predict the plant

water requirements. This prediction is based on the prediction of the

reference evapotranspiration ETo, which can be predicted using
several models.
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The models used to determine the ETo could be categorized as Water
budget methods (Guitjens, 1982), Radiation based methods (Priestley and
Taylor, 1972), Mass-transfer based methods (Harbeck, 1962),
Temperature-based equations (Blaney-Criddle, 1962) and Compound
methods such as Penman-Monteith method. Each category has its own data
requirements and the accuracy of the prediction vary depending on the
method and the available data. The most general and used way for the
prediction of the ETo now is the FAO Penman-Monteith method (FPM).
The method tacks into account all the metrological parameters involved in
the evapotranspiration process such as solar radiation, wind speed,
temperature, and humidity. The method also account for the soil type and
the effect of the plant density and height (Allen et al. 1998). The prediction
of the determination of the solar radiation is one of the parameters needed
for the prediction of the ETo. The accuracy of the solar radiation values
affects the accuracy of the final ETo prediction. The best-case scenario is
when measured data of solar radiation are available this gives the highest
accuracy of the final prediction but this not always the case. Thornton, and
Running (1999) pointed out the fact that most of the weather stations
available reports the temperature data only while the number of the weather
stations that actually recorded the solar radiation is very small. Several
approaches were used to predict the solar radiation for a wide range of
applications.

The prediction of the clear day daily solar radiation can be estimated
according to the procedure of Majumdar et al. (1972). Boes (1981), Allen
(1996) recalculated the value of the transmission index in the Majumdar
procedure to account for the effect of the water vapor in the atmosphere.
Besharat et al. (2013) reviewed the models used in the prediction of the
global solar radiation. He divided the models into four groups. First,
sunshine based models: empirical equation that predict the ratio of the
sunshine duration such as Bakirci (2009), Katiyar and Pandey (2010), and
El-Metwally (2005). Second, cloud based models such are models that
based on the cloud cover data that can be determined by definite mean such
as satellite imaging. A good example of these types of models is the
Sabziparvar (2008) model cloud factors was obtained by using numbers of
cloudy days in each month and cloud cover. Third, different metrological
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parameters models. Serval models were used to predict the global solar
radiation using a wide range of metrological parameters such as humidity,
precipitation, and pressure added to the traditional temperature and
cloudiness such as the models of Ertekin and Yaldiz (1999), EI-Metwally
(2004), and Chen et al. (2004). The common characteristics of all these
models is all of them are location based. Fourth, temperature based models
are models that use the maximum and minimum daily temperature as an
indicator to the cloud cover and the amount of water vapor in the
atmosphere.

All these models are based on the idea that the presence of clouds will
decrease the maximum daily temperature and increase the minimum daily
temperature because the cloud reduce the amount of solar radiation
reaching the ground and stop the ground emitted heat from leaving the
atmosphere.

The first proposed model of this category is the Hargreaves and Samani
model (Hargreaves and Samani 1982). Several modifications were made to
the Hargreaves and Samani model such as the work of Mahmood and
Hubbard (2002), Annandale et al. (2002), Allen (1997), Almorox et al.
(2011) the modification ranged from recalibrating the constants in the
original models to adding term that is based on other metrological data such
as humidity.

The other approach used in the temperature model is the exponential model
such as the model of Bristow and Campbell (1984) which had three
empirical constants that represented the maximum possible clear day in the
location and the approach of this value as the temperature difference
increase. Also, several modifications have been made attempting to
improve the accuracy of the model Goodin et al. (1999), Meza and Varas
(2000).

Most of the attempts to modify the HS models to improve its prediction
accuracy resulted in models that needs to be calibrated at every new
location, which limits the use of the model or requires data that is not
available to calibrate the models and determine the empirical its' coefficient
values
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This work aims to test and evaluate the performance of three different
modification of the Hargreaves and Samani model without adding extra
data requirement other than the originally required maximum and
minimum daily temperature and with minimizing the need for empirical
constants that need location calibration. Then evaluate the effect of such
modification on the prediction of the reference evapotranspiration.

MATERIAL AND METHODS
Three different modification of Hargreaves and Samani model were
proposed to try to account for the effect of vapor in the atmosphere. The
study was conducted for the coastal city of Alex. Egypt (31°12' 29" N.29°
58'32" E) during the year 2014. The maximum, minimum daily temperature
and the global solar radiation on a horizontal surface were recorded for the
location.

1. The original model

The original model of Hargreaves and Samani is based on the effect of

clouds on the solar radiation reaching the ground. The model uses the

difference between the maximum and minimum as an indicator to the

amount of solar radiation reaching the ground. The HS model is in the form:
R=al (Tyhax — Tmin)o'5

Where:

R= the global solar radiation (MJ m day )

a= constant first was set to 0.17 then Hargreaves proposed the value of
0.16 for inner location and 0.19 for costal locations (Hargreaves 1994).

Tmax and Tmin = the maximum and the minimum daily temperature (° C)
respectively.

I= extraterrestrial solar radiation (MJ m day )
| _ 24 (60)

Gsod,[ws sin(e) sin(6) + cos(@)cos(d)sin(wg)]

Gsc = solar constant = 0.0820 MJ m™? min™,
dr = inverse relative distance Earth-Sun,

d-=1+0.33 (ZH)
r = .33 cos 365]

s = sunset hour angle (rad),
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wg = arccos[—tan(p)tan(d)]
¢ = latitude (rad),

6 = solar declination (rad),
. 2

8 = 0.409sin (%] - 1.39),

J = is the day of the year (Allen et al. 1998)
2. Modification approach
The proposed modifications depend on the same idea and takes the original
model as a start, then adds a term to account for water vapor in the
atmosphere. It is in the aim of this work not to use other constants that
needs calibration in each location to make the resulting model as general
as possible and in the same time it is in the aim of this work not to require
additional metrological data other than the commonly available maximum
and minimum daily temperature .

3. The modified models

Model 1 M1

The first modification added the ratio between the vapor pressure at the
average temperature (etav)and the vapor pressure at the minimum daily
temperature (etmin) assuming that the relation between this value and the
solar radiation is linear the resulting model was in the form

R=al (Thax — Tmin)o'5 ﬂ
€Tmin
Where:
er = is the vapor pressure at temperature T and can be calculated as
17.27T
er = 0.6108 exp [m]

Model 2 M2

The second model added the same ratio to the original model but assuming
that the relation between the ratio and the solar radiation is not linear.

er
R =al (Trhax — Trmin) = )0'5
Tmax

Model 3 M3

The third model attempted to add a term to cover the ratio of the difference
between the vapor pressure at the average temperature and the vapor
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pressure at the minimum temperature to the difference between the vapor
pressure at the maximum (eTmax) temperature and the vapor pressure at the
minimum temperature.

e —e i
R=al ((Tmax - Tmin) rav i )0'5

€Tmax — €Tmin

4. Measurements

The values of the actual global solar radiation were measured by Kipp and
Zonen solar meter pyrometer. From August 2014 to August 2015 and the
corresponding daily maximum and minimum temperatures were recorded

5. Evaluating criteria

The models including the original Hargreaves and Samani model were
evaluated using the root mean square error RMSE, the mean absolute bias
error MABE, and the Mean bias error MBE all these parameters were
calculated according to Yorukoglu and Celik (2006). The resulting values
of the solar radiation were tested using the T test for paired samples to chick
the significance of the deference of the averages of the models against the
average of the measured values.

6. Effect on reference evapotranspiration (ET,) prediction

The resulting solar radiation values of the modified model and the original
model were used to predict the ET, using the FAO Penman-Monteith
method (FPM) and the cumulative yearly ET, were compared.

RESULTS AND DISCUSSION

Results

1. Global solar radiation:

The values of the resulting predicted solar radiation were plotted against
the measured values of the solar radiation in order to determine the
coefficients in the trend lines between the two values. The values of the
trend lines between HS predicted values and the measured values had a
slope of 1.03 value and an intersection of 3.8 MJ m? day * Fig (1). The
values of the trend lines between M1 predicted values and the measured
values had a slope of 1.34 value and an intersection of -0.62 MJ m day *
Fig (2). The values of the trend lines between M2 predicted values and the
measured values had a slope of 1.16 value and an intersection of -0.34 MJ
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m2day " Fig (3). The values of the trend lines between M3 predicted values
and the measured values had a slope of 0.66 value and an intersection of
0.56 MJ m? day " Fig (4).
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Fig. (2): The measured and predicted solar radiation for M1 model
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Fig. (3): The measured and predicted solar radiation for M2 model
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Fig. (4): The measured and predicted solar radiation for M3 model
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2. Statistical analysis:

The values of the RMSE, MABE, and the MBE for the original model and
the three proposed models are shown in table (1). The original model has a
tendency to under estimate the values of the values of the global solar
radiation. The MABE of the HS, M1, M2, and M3, was 4.34, 4.34, 3.72, and
8.88 MJ m2 day ! respectively the results shows that the M1 model had the
same MABE as the HS model and the M3 model had a much higher MABE
than the HS model. The M2 model performed better than the HS model and
the value of the MABE of this model was smaller than the HS model.

Table (1): Summary of the statistical evaluation of the models (MJ m day™)
MABE | RMSE MBE
HS 4.34 5.24 3.65
M1 4.34 5.40 -1.34
M2 3.72 4.53 1.34
M3 8.88 9.69 8.88

The same results were confirmed using the RMSE. The RMSE of the HS,
M1, M2, and M3, was 5.24, 5.40, 4.53, and 9.69 MJ m day* respectively
the results shows that the M1 model had a slightly higher RMSE than the
HS model and the M3 model had a much higher RMSE than the HS model.
The M2 model performed better than the HS model and the value of the
RMSE of this model was smaller than the HS model.

The MBE results confirmed that the M2 model performed better than the
original HS model with a MBE value of 1.34 MJ m day™ compared to a
value of MBE of 3.65 MJ m? day* for the HS model. The results also
confirmed that the HS model performed better than the M3 model that gave
a MBE value of 8.88 MJ m day. The results also showed that the M1
(which was performing as the HS model when evaluated using MABE and
RMSE) performed better than the HS model with a MBE value of -1.34 MJ
m2 day™.

The T test was conducted in paired samples with a hypothesis that there is
a difference between the means of the measured values and the predicted
values. The results of the T test of the HS model and the measured solar
radiation values are shown in table (2). The mean value of the measured
global solar radiation and the HS predicted values was 19.22 and 15.57 MJ
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m2 day! respectively and P value of the test is less than the 0.01 this means
that there is a significant deference between the two means. The mean of
the model M1 value was 20.56 MJ m? day. The T test P value was 0.12
indicating an insignificant difference between the means of the values
measured and predicted (table 3).

Table (2): T test between the measured solar values and the HS solar values
Measured HS

Mean 19.22 15.57

Variance 30.33 14.84

Observations 365 365
Pooled Variance 22.59
Df 728
t Stat 3.56
P(T<=t) one-tail 0.000303
t Critical one-tail 1.66
P(T<=t) two-tail 0.000605
t Critical two-tail 1.99

Table (3): T test between the measured solar values and the M1 solar values
Measured M1

Mean 19.22 20.56

Variance 30.33 29.53

Observations 365 365
Pooled Variance 29.93
df 728
t Stat -1.14
P(T<=t) one-tail 0.129241
t Critical one-tail 1.66
P(T<=t) two-tail 0.258482
t Critical two-tail 1.99

The mean of the model M2 value was 17.88 MJ m2 day*. The T test P
value was 0.11 indicating an insignificant difference between the means
of the values measured and predicted (table 4). The mean of the model
M3 value was 10.34 MJ m2 day®. The T test P value was less than 0.01
indicating a significant difference between the means of the values
measured and predicted (table 5).
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Table (4): T test between the measured solar values and the M2 solar values
Measured M2

Mean 19.22 17.88

Variance 30.33 20.44

Observations 365 365
Pooled Variance 25.39
df 728
t Stat 1.24
P(T<=t) one-tail 0.11013
t Critical one-tail 1.66
P(T<=t) two-tail 0.22026
t Critical two-tail 1.99

Table (5): T test between the measured solar values and the M3 solar values
Measured M3

Mean 19.22 10.34

Variance 30.33 6.52

Observations 365 365
Pooled Variance 18.43
df 728
t Stat 9.59
P(T<=t) one-tail 1.91E-15
t Critical one-tail 1.66
P(T<=t) two-tail  3.83E-15
t Critical two-tail 1.99

The predicted ET, values using FPM equation with the solar radiation
values predicted using M1 (ETo-M1) and the predicted ET, values using
FPM equation with the solar radiation values predicted using HS (ETo-HS)
are presented in fig (5). The results shows that the cumulative values of the
ETo were higher using the M1 solar radiation values than the values
predicted using the HS solar radiation values. The total percentage of
change at the end of the year was 19.33% higher than the original model.
The predicted ET, values using FPM equation with the solar radiation
values predicted using M2 (ETo-M2) and the predicted ET, values of ETo-
HS are presented in fig (6). The predicted values shows that the model M2
values of the ET, less than the original model in summer and higher values
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in winter. The total percentage of change at the end of the year was 2.34%
lower than the original model.
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Fig. (5): Cumulative ET, predicted using the solar radiation values
predicted using M1 and HS respectively
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Discussion

The three proposed models and the original model were compared to the
measured values of the daily global solar radiation. The results of the mean
absolute bias error MABE and the root mean square error RMSE indicated
that the performance of the model M2 was better than the original HS
model. The values of the Mean bias error MBE indicate that the model M1
Is also better than the HS model in its’ prediction. These results were
confirmed by the T test which showed that the prediction of the two models
had means that are insignificantly different than the measured values.
These results indicate that the vapor in the atmosphere has an effect on the
amount of solar radiation reaching the ground and a term expressing the
vapor pressure in the atmosphere can improve the prediction of the original
HS model. These results agree with the results of Winslow et al. (2001) and
Almorex et al. (2011) both proposed adding terms to calculate the vapor
pressure in the models used in predicting the daily global solar radiation to
improve its performance. The results also showed that the term added to
the third model did not improve the model prediction this may be because
of the costal nature of the location which made the difference between the
vapor pressure at the maximum, the average, and the minimum temperature
small. The results also indicate that a single statistical parameter is not
sufficient to evaluate the model performance, and that different parameters
can give different indication this is similar to what Willmott and Matsuura
(2005) reported that the RMSE tend to exaggerate the model error when
some values of the prediction have bigger error values. The results also
show that the RMSE, MABE and MBE can give incorrect indication about
the model prediction and the results needs to be verified by a T test. The
solar radiation values predicted using the model M1 increased the values of
the ETo values predicted using the FPM equation this could be consider an
improvement in arid and semiarid areas where the FPM tend to
underestimate the values of the ET, as reported by Benli, et al. (2010), they
reported that FPM underestimates the values of the ET, under high
radiation conditions. This may be caused by the tendency of the HS to
underestimate the values of the solar radiation at the higher values of
radiation.
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CONCLUSION

Three modification of the HS model were proposed to account for the effect
of the atmospheric vapor on the prediction of the global solar radiation. The
predicted values of the solar radiation using the three models and the values
of the original HS model were compared to the measured solar radiation
using RMSE, MABE, MBE and the T-test in pairs. The M1, and M2 model
performed better than the original HS and the T- test results showed that
there are no significant differences between the means values of the two
models prediction and the mean value of the measured solar radiation. The
MBE for both M1 and M2 indicates a tendency to slightly over estimate the
solar values for M1, and a slight under estimation of the M2 prediction. The
model M1 increased the values of the ET, predicted using the FPM than
the original HS model and thus solved the problem of ET, under estimation
by FPM. It is recommended to use M1 for application where over
predictions is safer such as evapotranspiration prediction and use M2 where
under prediction is safer such as solar radiation prediction for thermal solar
application and solar collectors.
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