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Abstract

The database from the National Center for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR)
re-analysis project available for the period from 1948 to 2009 was used for obtaining long-term solar radiation for northeastern Brazil.
Measurements of global solar radiation (R) from data collection platform (DCP) for four climatic zones of northeastern Brazil were
compared to the re-analysis data. Applying cluster analysis to R, from database, homogeneous sub-regions in northeastern Brazil were
determined. Long times series of R, and sunshine duration measurements data for two sites, Petrolina (09°09'S, 40°22'W) and Juazeiro
(09°24'S, 40°26'W), exceeding 30 years, were analyzed. In order to exclude the decadal variations which are linked to the Pacific Decadal
Oscillation, high-frequency cycles in the solar radiation and sunshine duration time series were eliminated by using a 14-year moving
average, and the Mann—Kendall test was employed to assess the long-term variability of re-analysis and measured solar radiation. This
study provides an overview of the decrease in solar radiation in a large area, which can be attributed to the global dimming effect. The
global solar radiation obtained from the NCEP/NCAR re-analysis data overestimate that obtained from DCP measurements by 1.6% to
18.6%. Results show that there is a notable symmetry between R, from the re-analysis data and sunshine duration measurements.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction going longwave radiation at the top of the atmosphere.

Others studies have also shown a mix (increasing and

Solar radiation drives almost all physical, chemical and
biological processes in the earth’s atmospheric system.
Long-term trends in solar radiation have received an
increasing attention due to its large influence on the hydro-
logical cycle. Using a deterministic radiation transfer
model and data from NCEP/NCAR re-analysis, Hatzidim-
itriou et al. (2004) determined a decadal increase in the out-
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decreasing) of statistically significant trends in outgoing
longwave radiation at the top of the atmosphere (Chen
et al., 2002) and surface reflected solar radiation (Tashima
and Hartmann, 1998). The average amount of sunlight
reaching the ground has been decreasing in some parts of
the world (Liepert and Kukla, 1997; Liepert, 2002). Other-
wise, several studies have suggested that the increasing
trend of approximately 0.5-0.7 °C in global temperature
over the last century may have solar origin (Abakumova
et al., 1996; Fotiadi et al., 2005). The “global dimming”
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effect refers to observed reduction in solar radiation reach-
ing the earth’s surface in the last 50 years in some places of
the world, and it suggests several consequences as regards
climate, particularly the hydrological cycle (Nazarenko
and Menon, 2005). The NCEP/NCAR re-analysis project
provides daily data (1948-present) of several atmospheric
variables, including solar radiation (Kalnay et al., 1996).
These data can be used for assessing climate variability
which is perhaps the greatest threat to life on Earth.

A major source of inter-annual climate variations in sev-
eral parts of the globe is the El Nifio/Southern Oscillation
(ENSO) (Kayano and Andreoli, 2007). For example, the
ENSO cycle explains a large part of the inter-annual rain-
fall variability in South America (Grimm, 2003; Vera et al.,
2004). On the other hand, Kayano and Andreoli (2004)
reported that the decadal variations (9-14 year) of the
northern NEB (northeastern Brazil) rainfall are linked to
the Pacific Decadal Oscillation (PDO) or to the sea surface
temperature (SST) decadal variations in the tropical South
Atlantic (TSA). Obviously, decadal cycles observed in rain-
fall over northeastern Brazil are closely associated with
variation in cloudiness which therefore impacts solar radi-
ation. Decadal-scale fluctuations are crucial particularly to
northeastern Brazil, because they control water supplies
and may modulate higher frequency events such as floods
and droughts. The presence of various motion scales in
time series may complicate the analysis and interpretation
of long-term trends of meteorological variables. Thus, the
cycles must be accurately removed before performing sta-
tistical tests, which require that the data be statistically
independent and identically distributed for detecting
long-term trends (Eskridge et al., 1997).

Since the solar renewable energy community has long
depended upon solar radiation measurements (Gueymard
and Myers, 2009), the knowledge of solar resource at the
earth surface, with enough accuracy, is essential for plan-
ning any solar energy system at a given location (Zarzalejo
et al., 2009). However, the necessary equipments for solar
energy measurements are available only at a few places.
As a consequence, many models for estimation of solar
radiation have been developed as a function of other cli-
matic variables, such as sunshine duration (El-Metwally,
2004; Chineke, 2008; Bakirci, 2009). On the other hand,
solar radiation derived from satellite images or re-analysis
data can be advantageous for characterization of solar
resource over large areas. In addition, a stochastic model
based on cloudiness observations for simulating global
solar radiation on a horizontal surface has also been devel-
oped (Ehnberg and Bollen, 2005).

One of the main limitations of the methods, based on
meteorological data, that are commonly available is that
they require calibration using on-site measurements of
solar radiation data and it is therefore open to question
how transferable these calibration values are to other loca-
tions. Obviously, measured data is the best form of this
knowledge; however, there are very few meteorological sta-
tions with measurement of global solar radiation, particu-

larly in developing countries (El-Metwally, 2005). A large
number of studies on changes in solar radiation and sun-
shine duration have been also published (Power and Goyal,
2003; Liu et al., 2004; Power and Mills, 2005). Despite all
of these studies, there is very scarce information on global
dimming effect in Brazil. This effect has received limited
attention and it is thus poorly understood. The objective
of this study is to assess trends in solar radiation in north-
eastern Brazil using the NCEP/NCAR database and sur-
face measured data; analyze trends in measured global
solar radiation and sunshine duration obtained from data
collection platform (DCP) by a non-parametric test; ana-
lyze the global dimming effect in the region of study; and
measure the accuracy of re-analysis data as compared to
DCP data using statistical indicators.

2. Data and methods
2.1. Study area

The region chosen for this study is the northeastern Brazil
which covers an area of about 1.5 million square kilometers
and borders the Atlantic Ocean on the north and east side.
The semiarid part of the region is inhabited by more than
30 million people and presents a large variability in both
inter-annual and spatial rainfall (Silva, 2004). This area is
extremely vulnerable to the combined effects of natural haz-
ards and human activity. Fig. 1 shows the map of northeast-
ern Brazil, including the spatial distribution of the NCEP/
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Fig. 1. Spatial distribution of the NCEP/NCAR grid points in a tropical
region (1°S-18°S; 33°W-48 W°) with 90-grid points over northeastern
Brazil. Each grid point has 2.5° longitude-latitude resolution.
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NCAR 90-grid points in a tropical region (1°S-18°S; 33°W—
48 W°), as well as the position of two meteorological stations,
Petrolina (09°09’S, 40°22'W) and Juazeiro (09°24'S,
40°26'W), on grid point 46 whose data would be discussed.
Normal annual rainfall ranges from less than 400 mm in the
center of the semiarid region to 1800 mm in the eastern coast.
Annual average temperature varies from 16.8 to 33.8°C and
evaporation rates can surpass 10 mm d~! (Silva et al., 2006).

2.2. Mann—Kendal test

The World Meteorological Organization (WMO) rec-
ommends using the Mann-Kendall non-parametric test
(Mann, 1945; Kendall, 1975) for assessing trends in envi-
ronmental time series data (Yu et al., 2002). This test con-
sists of comparing each value of a time series with the other
remaining values in sequential order. The number of times
that the remaining terms are greater than that under anal-
ysis is counted. This test is based on statistic S defined as:

n i—1

S = ZZSlgn X —X;) (1)

=2 j=

where x/‘s are the sequential data values, » is the length of
the time series and sign (x; — x;) is —1 for (x;—x;) <0 for
(x;/—x;) =0, and 1 for (x;—x;) > 0. The mean E[S] and var-
iance V[S] of statistic S may be given as:
E[S] =0 (2)
n(n=1)(2n+5) =370 it — 1)(24, +5)

I8 (3)
where 7, is the number of ties for the pth value and ¢ is the
number of tied values. The second term represents an

adjustment for tied or censored data. The standardized test
statistic (Zsx) is computed as:

Var[S] =

S ifS$>0
Var(S)
Zuk =20 ifS=0 (4)
L ifS<0
Var(S)

The presence of a statistically significant trend is evalu-
ated using the Z;,¢ value. This statistic is used to test the
null hypothesis that no trend exists. A positive Z,x value
indicates an increasing trend, while a negative one indicates
a decreasing trend. To test for either increasing or decreas-
ing monotonic trend at the p significance level, the null
hypothesis is rejected if the absolute value of Z,,x is greater
than Z,/x;_,/» which is obtained from the standard normal
cumulative distribution table. In general, the significance
levels of p =0.01 and 0.05 are applied. A non-parametric
estimate for the magnitude of the trend slope was obtained
as follows (Hirsch et al., 1982):

f = Median {()(Cj’_f)')] foralli<j (5)

where x; and x; are data points measured at times j and i,
respectively.

2.3. Cluster analysis

Cluster analysis refers to a set of techniques designed to
classify observations so that members of the resulting
groups are similar to each other and distinct from other
groups. Hierarchical clustering, which successively joins
the most similar observations, is the most common
approach (Davis, 1986). Because groups are simply based
on their similarity to each other, hierarchical cluster analy-
sis can be useful when abundant data are available. Euclid-
ean distance was used to compute the distance among grids
and the clustering procedure used was the average linkage
method. This procedure is based on the average distance
between all pairs of objects (grids) considering that the
two objects must belong to different clusters. The two
objects with the lowest average distance are linked to form
a new cluster. Cluster analysis technique may also be
thought of as a useful way of objectively organizing a large
data set into unknown groups on the basis of a given set of
characteristics (Gore, 2000). This can ultimately assist in
the recognition of potentially meaningful patterns. The
set of characteristics chosen for inclusion in the cluster
analysis is assumed to include important distinguishing
characteristics of the entities that are being clustered. After
the cluster analysis, the grouping of input data is detected.
The number of clusters and the members belonging to the
corresponding cluster are both determined. In this study,
cluster analysis was used to obtain groups of relatively
homogeneous global solar radiation in northeastern Brazil.

2.4. Performance of re-analysis statistics

To assess whether or not the NCEP/NCAR re-analysis
data are appropriate, the goodness-of-fit was tested against
most widely used statistical indicators. The mean bias differ-
ence (MBD) and the normalized root mean square differ-
ence (NRMSD) are obtained as follow (El-Metwally, 2005):

- (P = P)
MBD = Z: (6)
[ qW%qW
NRMSD = L=°1 7)
121 nP

where 7 is the number of data pairs, P; and P; are the ith
modeled and measured values of monthly mean global so-
lar radiation, respectively.

2.5. Data description

For each grid point as shown in Fig. 1, monthly time
series of global solar radiation, shortwave, longwave and
net radiation were obtained from NCEP/NCAR re-analy-
sis project for the 1948-2009 period. It is important to rec-
ognize that the surface radiative fluxes calculated from
NCEP data are mainly determined by clouds and aerosol
information has not been used as input for the re-analysis
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project. Measurements of global solar radiation were
obtained by Eppley Precision Spectral Pyranometer (PSP)
for the 1975-2009 period at two sites of the semiarid region
of northeastern Brazil (Petrolina and Juazeiro). Although
these pyranometers are reasonably accurate, they were
periodically calibrated against a standard pyranometer at
least once a year.

Global solar radiation at grid point 46 derived from re-
analysis data was compared to that obtained by averaging
the available data in the meteorological stations of Petroli-
na and Juazeiro. Also, the global solar radiation obtained
from DCP for four selected grid points (56, 29, 68 and
65) in northeastern Brazil were compared to the re-analysis
data. For groups 1-4, monthly global solar radiation data
from DCP were obtained by averaging the data available at
two or three weather stations at each grid point and then
compared to the NCEP/NCAR data for a period varying
from 41 to 60 months. Sunshine duration (or insolation)
is defined as the amount of time that direct radiation
exceeds a certain threshold, usually taken at 120 W m~2,
and can be considered as a proxy measure of global radia-
tion (Stanhill and Cohen, 2001). In the present study, the
sunshine duration time series for Petrolina and Juazeiro
as well as from DCP were also analyzed.

Fig. 2 shows groups of relatively homogeneous global
solar radiation in northeastern Brazil. Two observational
sites (Petrolina and Juazeiro) fall in group 1 which covers

Latitude

48 46 44 42 40 38 36 34

Longitude
| 1
Group 1 Group 2 Group 3 Group 4

Fig. 2. Geographical positions of global solar radiation groups over
northeastern Brazil. Data are from NCEP/NCAR re-analysis project for
the 1948-2009 period.

most of the semiarid region. The northern region (group 2)
has a different pattern of solar radiation in comparison to
that observed at the northern coast (group 3) and eastern
and southeastern coasts (group 4). For instance, annual
rainfall decreases across northeastern Brazil from
1500 mm in the eastern to less than 400 in the central and
western semiarid region.

Kayano and Andreoli (2004) observed that the decadal
(9-14 years) rainfall variations of the northern part of
northeastern Brazil are independently linked to the Pacific
Decadal Oscillation (PDO) or to the sea surface tempera-
ture decadal variations in the tropical South Atlantic. Like-
wise, cycles less than 10-year in rainfall time series has been
observed in all northeastern Brazil, including the central
and southern parts of region, as well as the 11-year cycle
which is related to solar activity (P. V. Azevedo, personal
communication). Since decadal and multi-decadal cycles
observed in rainfall time series are closely associated with
cloudiness and thus impacting solar radiation, a 14-year
moving average was used for eliminating high-frequency
cycles in both solar radiation and sunshine duration time
series. The filtered time series of re-analysis and measure-
ments were then subjected to the trend and correlation
analyses. The wavelet transform and moving average filter
methods are shown to be capable of separating synoptic
and seasonal components in time series with minimal errors
(Eskridge et al., 1997). The moving average filter method is
shown to have the same level of accuracy as the wavelet
transform method. However, the moving average can be
applied to datasets with missing observations and is much
easier to use than the wavelet transform method.

3. Results and discussion

The grid points considered in the study are located in
different climatic zones of northeastern Brazil. The dat-
abases described in Tables 1-3 were statistically processed
and analyzed after the removal from the decadal (<14-year
period) variations of both solar radiation and sunshine
duration, as described previously.

3.1. Long-term trend in sunshine duration and global solar
radiation

The filtered time series of sunshine duration and annual
mean daily global solar radiation obtained from re-analysis
data showed significant trends for distinct time periods
(Fig. 3). Although the data set includes the 1962-2009 per-

Table 1
Geographical locations of stations with sunshine duration data located
over corresponding grid point with global solar radiation.

Station Group Grid point Latitude Longitude

Petrolina 1 46 09°23'55"'S 40°30'03"W
Fortaleza 2 59 03°43'02"S 38°32/35"W
Joao Pessoa 3 76 07°06'54"'S 34°51'47"W
Salvador 4 54 12°58'16"”"S 38°30'39"W
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Table 2
Geographical locations of data collection platform stations and the
observational period for each group in northeastern Brazil.

Groups Period of record Stations Latitude Longitude
Group January/2006— Serra 07°59'31"S  38°17'54"W
1 December/2009 Talhada
Sertania 08°04'25"'S  37°15'52"W
B. Sao 08°45'14'S  38°57'57"W
Francisco
Group  January/2005- Pinheiro 02°31'17""'S  45°04'57"W
2 December/2009 Urbano 03°12/28""S  43°24'13"W
Santos
Sao Luis 02°31'47"S  44°18'10"W
Group  January/2006- Natal 05°47'42"'S  35°12'34"W
3 December/2009 Banabuit 05°18'35"'S  38°55'14"W
Group January/2005-May/ N. S. da 10°13'06"'S  37°25'13"W
4 2008 Gléria
Itabaiana 10°41'06"'S  37°25'31"W
Table 3

Summary of statistical performance of the mean monthly global solar
radiation (MJ m~2 day ') from NCEP/NCAR re-analysis and DCP* data
for four select grid points in northeastern Brazil. MBD (MJ m 2 day ') =
Mean bias difference, NRMSD (%) = normalized root mean square differ-
ence, 1* = coefficient of determination.

Group Grid point MBD NRMSD ”?

1 56 —-1.11 8.1 0.71
2 29 —0.28 6.3 0.77
3 68 —2.53 16.9 0.49
4 65 —4.25 24.4 0.62

# DCP = data collection platform.

iod, it is clear from this figure that the sunshine duration
time series refer to the 1974-2009 period. The annual mean
daily global solar energy from re-analysis data for four
selected grids and measurements of sunshine duration for
one representative stations of each group were consistent.
The geographical locations of these stations and their both
corresponding groups and grid points are shown in Table 1.
There is a notable symmetry between re-analysis global
solar radiation and sunshine duration measurements.
When global solar radiation time series are increasing the
sunshine duration time series are decreasing and vice versa,
since the amounts of solar radiation received are closely
related to the sunshine duration (Wan et al., 2009). This
agrees with the fact that one of the most widely adopted cli-
matic parameters to estimate global solar radiation is the
possible bright sunshine (Wan et al., 2009).

The global solar radiation time series is increasing at
grid points 54, 59 and 76 and decreasing at grid point 46.
The physical reason for this is associated with cloudiness
of the region. The cloud cover amount in grid point 46
was calculated by averaging the data available at the mete-
orological stations of Petrolina and Juazeiro. Thus, the
sunshine duration increases were caused by the large
expansion of the irrigated perimeter over middle reaches
of the San Francisco River valley where these two meteoro-

logical stations are located. This region is the major tropi-
cal fruit production center in Brazil, where more than
100,000 ha are irrigated (Silva et al., 2009). The large
amount of water exposed to the atmosphere by irrigation
has kept this region with moistened atmospheric air (Silva
2004). Once the re-analysis global solar radiation decreases
with increasing cloudiness and vice versa, it is obvious that
the re-analysis data are consistent when compared to sur-
face measurements. The global solar radiation at grid
points 54, 76 and 59 presented statistically significant
trends at p <0.01 according to the Mann-Kendall test
while for the grid point 46 they were significant only at
p <0.05. On the other hand, significant trends at p <0.01
were observed only for the grids 76 and 59. The largest
increase in global solar radiation of 1.26 MJm 2 day !
during the analyzed period was occurring at grid 54.

Decreasing trends in the sunshine duration time series
were observed for all grid points except for grid point 46
where a small increase of 0.34 h was observed. An explana-
tion for the increase in sunshine duration at grid point 46
can be greatly attributed to irrigation which leads to an
increase in cloud cover while the decreasing trends in global
radiation can also be explained by the effect of cloudiness
in their optical properties. According to Supit and Van
Kappel (1998), clouds and their accompanying weather
patterns are among the most important atmospheric phe-
nomena restricting the availability of solar radiation at
the earth’s surface.

The long-term linear trend in global solar radiation
measurements at Petrolina and Juazeiro stations are shown
in Fig. 4. For eliminate high-frequency cycles in the time
series the data were also smoothed by a 14-year moving
average. The two stations are quite close to one another
because unfortunately there are very few meteorological
stations for measuring global solar radiation in northeast-
ern Brazil. These two stations are located in the semiarid
region of northeastern Brazil. Time series in global solar
radiation for both meteorological stations showed a
decreasing trend statistically significant at the 1% signifi-
cance level by Mann—Kendall test. Similar results were
obtained by Liepert and Kukla (1997) who found a statis-
tically significant decrease in annual mean global solar
radiation between 1964 and 1990 under completely over-
cast skies at five out of eight studied locations in Germany.
They observed that the decreasing trend in radiation was
probably related to the recovery from the effects of major
volcanic eruptions in the mid-1960s and 1980s.

From our study, even for the 1988-2009 period one may
note that the solar radiation reduction may be associated
with global dimming. This result must however be taken
with caution because of the scarcity of long-term observa-
tions of solar radiation over the study region. However,
previous studies have shown similar reductions in global
solar radiation reaching the earth’s surface during the last
50 years in other parts of the world (Liepert and Kukla,
1997; Liepert, 2002; Power and Mills, 2005). The most sig-
nificant decreases in global solar radiation for Juazeiro and
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Fig. 3. Long-term trends in global solar radiation (MJ m 2 day™!) based on re-analysis data and sunshine duration measurements (hours) for four
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Fig. 4. Long-term trends in observed global solar radiation at Petrolina
(09°09'S, 40°22'W) and Juazeiro (09°24'S, 40°26'W) stations, Brazil.

Petrolina stations are 1.36 and 1.93 MJ m >day ', respec-

tively, corresponding to 7.7% and 10.4% of the average glo-
bal solar radiation for the whole study period (1988-2009).
The observed global solar radiation has fallen since 1988 as
the sunshine duration has increased (Fig. 3a). Since the
reduction of solar radiation is likely to be caused by
increasing cloud cover, the class A pan evaporation and

wind speed are also decreasing at both stations (results
are not presented). Another effect of decreasing evapora-
tion results from the fact that wind speed plays an impor-
tant role in this physical process. It is most likely that cloud
variations have an important role in the decreasing trends
of evaporation and global solar radiation.

3.2. Seasonal solar radiation

The geographical locations of DCP stations and the
observed global solar radiation period for each group are
shown in Table 2. Since the reliable long-term global solar
radiation measurements are scarce, the data were averaged
taking into account 2-3 stations as representative for each
group. The DCP data varies from 41 to 60 months which
were compared to the same temporal resolution of re-anal-
ysis global solar radiation data. The average over each
group indicates that global solar radiation from NCEP/
NCAR re-analysis data overestimates those from DCP
by ranging from 1.6% (group 2) to 18.6% (group 4). The
global solar radiation from re-analysis data is on average
9% higher than that from DCP data. Similar results were
obtained by Lohmann et al. (2006) by comparing solar
radiation from NCEP/NCAR re-analysis data with satel-
lite observations.
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Distinct seasonal variations of monthly daily mean glo-
bal solar radiation can be observed for both re-analysis and
DCP data with annual peak during summer period (Fig. 5).
The global solar radiation from re-analysis data tended to
follow that from DCP measurements for each grid point.
However, the measurements are always lower than re-anal-
ysis data, except for some months at grid point 29. How-
ever, the differences between modeled and measured
values are negligible. Nevertheless, the highest difference
between measurements and re-analysis data was found
for grid points 68 (Fig. 5¢) and 65 (Fig. 5d) which are
located at the east coast of northeastern Brazil. For quan-
tifying the difference and the relationship between values,
MBD, NRMSD and 1 were obtained for each analyzed
grid point and a summary is shown in Table 3. Since the
value of NRMSD is always positive, representing zero as
in the ideal case, the best fit was found for grid point 29,
while the worse fit was obtained for grid point 65.

The MBD values are negative for all grid points indicat-
ing a 0.28-4.25 MJ m 2 day~' underestimation of global
solar radiation. On the other hand, NRMSD varied from
6.3% to 24.4% in the northern part and at the east coast
of the region, respectively. El-Metwally (2004) found
NRMSD for global solar radiation estimated by simple
method and by Angstron—Prescott method of about 11—
12% at all analyzed sites. The coefficients of determination
between NCEP/NCAR re-analysis data and DCP data for
central and northern parts of the region were higher than
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those for the eastern coast. These results also suggest that
the estimation errors increase with increasing cloudiness.
The cloud cover amount was gradually decreasing from
eastern coast to semiarid and northern parts of the region
as a consequence of southern cold fronts and eastern upper
air cyclonic vortex from Atlantic Ocean. Similar results
were obtained by El-Metwally (2005) by analyzing the sun-
shine and global solar radiation estimation in Egypt. He
attributed the increase in errors to the invasion of winter
extra-tropical systems from the north crossing over the
Mediterranean, causing increases in cloudiness in northern
Egypt. Although grid point 68 had a low coefficient of
determination (0.49), it showed MBD and NRMSD values
lower than those for grid point 65.

Re-analysis data yielded the highest coefficient of deter-
mination at grid 29 followed by grid 56. Grid points 65 and
68 which are located in the east coast of the region showed
worst coefficient of determination and highest values of
NRMSD for both grids. The statistical performance indi-
cated that the re-analysis data are better for central and
northern parts of region than for the eastern coast. By
designing a hybrid model for estimating monthly mean
daily global radiation from hourly-recorded bright sun-
shine time for Japan, Yang et al. (2001) showed that the
cloudy weather condition was one main contributor to
the greater errors. Statistical indicators, MBD, NRMSD
and %, were also used for quantifying the relationship
between re-analysis and measurements data. Annual mean
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Fig. 5. Comparison of monthly global solar radiation (MJ m~2 day~') from re-analysis and measurements by data collection platform (DCP) for four

select grid points in northeastern Brazil.
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daily global solar radiation from NCEP/NCAR re-analysis
data at grid 46 was compared to that obtained by averag-
ing the data available at the Petrolina and Juazeiro meteo-
rological stations which are located at same grid point.

3.3. Relationship between re-analysis and measured data

The coefficient of determination indicated a strong rela-
tionship between modeled and measured annual average
daily global solar radiation data (Fig. 6). Comparing the
measurements of global radiation values with the predicted
values at grid 46, the points were positioned around a
straight line. The relationship between data is inverse or
negative, since the measured global solar radiation
decreases as re-analysis data increases. This reverse rela-
tionship may be related to the increase in cloudiness in
the region of Petrolina and Juazeiro throughout the year,
as previously mentioned. Such a phenomenon may
adversely affect the solar radiation derivation in the region.
Furthermore, the initial and boundary conditions of the
NCAR/NCEP model do not regard the recent changes in
the region surface vegetation characteristics. Annual mean
of global solar radiation from re-analysis data is higher
than measurements by 15.9%. This difference is probably
because only two stations were used in the analysis. Also,
these stations are either a little representative for the whole
area with 2.5 degree grid (=210 km) or not with the accu-
racy required by the re-analysis data.

The reductions in solar radiation measurements are
higher for measurements than for NCEP/NCAR re-analy-
sis data. This slower reduction in re-analysis data may be
possibly due to its low spatial resolution and the lack of
aerosols data. Although the surface stations provide reli-
able surface flux data, the limited number of stations and
their spatial distribution would make it difficult to detect
global trends. Additionally, the decrease in solar radiation
is likely due to the burning of coal, oil and wood, power
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Fig. 6. Relationship between re-analysis and measurements data at grid
point 46 (mean values for Petrolina and Juazeiro stations) of global solar
radiation (MJ m~2 day™!).

stations, and other atmospheric pollutants. These pollu-
tants compel a part of solar energy to be reflected back
out to space, and this cooling effect is believed to have
counteracted part of the greenhouse gas warming effect.
The MBD values between re-analysis and measurements
of global solar radiation were less than 4 MJ m > day ',
while NRMSD was 0.7%. The reason for these errors could
be related to the increasing cloudiness resulting from the
high flux of water vapor to the atmosphere by large irriga-
tion in the region, once clouds play an important role in
modifying radiation.

3.4. Trends in global radiation

The least-square method was also applied to the net
radiation, shortwave and longwave from NCEP/NCAR
database in four select grid points over northeastern Brazil,
after excluding cycles (Fig. 7). The slopes of regression lines
indicated that for all grids both shortwave and longwave
radiation were decreasing while net radiation was increas-
ing. Therefore, only a small part of the change in net radi-
ation was due to the longwave radiation. With the
exception of net radiation at grid 34, the time series did
not present any statistically significant trend. On average,
longwave and shortwave represented 28.8% and 72.2% of
the net radiation, respectively. Grids 18 and 34 are located
over the continent, while grids 69 and 72 are located over
the Atlantic Ocean on the northern and southern parts,
respectively. The mean values of longwave, shortwave
and net radiation were observed to be lower over the con-
tinent than over the Atlantic Ocean. A possible reason for
this can be attributed to the environmental impacts of
anthropogenic activities changing the surface albedo.
Results also showed that for long-time periods, the long-
wave radiation was less variable than shortwave and net
radiation.

Simple regression was done for the time series of global
solar radiation from NCEP/NCAR re-analysis data with-
out decadal cycles for determining the slopes of the regres-
sion lines per period and the corresponding significance p-
level. Fig. 8 depicts the spatial distribution of annual mean
daily global solar radiation trends over the studied region
and its significance p-level. The highest values in global
solar radiation were found in the central part of northeast-
ern Brazil exactly over the semiarid region where the rain-
fall is less than 400 mm per year and annual evaporation
overcomes 2000 mm (Silva et al., 2010). On the other hand,
the lowest values were obtained in the northeast part of
study region due to high cloudiness which usually comes
from the Amazon region (Fig. 8a). There was a decreasing
trend in global solar radiation from NCEP/NCAR re-anal-
ysis data just in some extensive area located in the semiarid
region (Fig. 8b). Most of these trends were statistically sig-
nificant at the p <0.05 level according to the Mann-Ken-
dall test. The possible cause of reduction in solar
radiation is associated with the increase in air pollutants,
which have changed the optical properties of atmosphere
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Fig. 7. Long-term trends in shortwave, longwave and net radiation for grid point 34 (a); grid point 18 (b); grid point 69 (c) and grid point 72 (d).

components, particularly those provided by cloudiness
(Stanhill and Cohen, 2001). For the whole period of anal-
ysis, trends in annual average daily global solar radiation
varied from —2.8 to 1.5 MJ m 2 day'. Mean and coeffi-
cient of variation of the solar radiation variables for each
group in northeastern Brazil are given in Table 4. Annual
mean daily solar radiation ranged from 18.8 MJ m > day !
for group 2 to 21.4 MJ m 2 day ' for group 1, with a mean
of 20.3 MJ m 2 day ! for the whole study region.

On average, surface net radiation represented 49.8% of
the global solar radiation while the net longwave radiation
and net radiation represented 30.4% and 69.6% of net
shortwave radiation. The highest variability in global solar
radiation occurred for group 2, while the lowest was
observed for group 4. The net shortwave radiation showed
the highest variability among radiation variables up to
31.2% for group 3. This result may be due to the fact that
the cloud cover in group 2 was partially controlled by
Intertropical Convergence Zone which is quite irregular
throughout the year. On the other hand, the cloudiness
was more homogenous in group 4 because of the regular
occurrence of cold fronts throughout the year.

Since data from well-calibrated pyranometers and helio-
graphs are scarce and seldom available over extended
regions, solar radiation data from NCEP/NCAR re-analy-
sis can be used in many solar energy applications. This
result is important to the solar power as a suitable source
of energy, because of the high solar radiation available in
many developing countries, like Brazil, and the low main-
tenance requirements. The interest in solar powers has also
increased in other parts of the world because of the need
for more environmental friendly power generation to
attend to both the future power demand and the survival
of our planet (Ehnberg and Bollen, 2005). The main disad-
vantage of the NCEP/NCAR data is the lack of spatial res-
olution. Another important disadvantage of the re-analysis
data is its low accuracy with regard to radiative variables.
Also, trends in tropospheric aerosol are not present in the
re-analysis data, and clouds, which have the highest impact
on surface solar radiation, are poorly simulated by the
NCEP model. However, re-analysis data incorporate at
least some of the observed climate variability, particularly
the decadal cycles. The reduction in sunlight or global solar
radiation means that less water is evaporated from the



V.P.R. Silva et al. | Solar Energy 84 (2010) 1852-1862

Latitude (South)

48

46 44 42 40 38 36

1861

46 44

48 46 44 42 40 38 36 34 48 42 40 38 36 34
Longitude (West) Longitude (West) Longitude (West)
- I D | |
17 18 19 20 21 2 23 20 -1.0 0 05 L0 g 0.2 0.5 07 10
O m* day™)
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Table 4
Mean values and coefficient of variation (CV, %) of solar radiation variables (MJ m~> day~") for each group in northeastern Brazil.
Groups Net radiation Global solar radiation Longwave Shortwave

Mean Ccv Mean Ccv Mean Ccv Mean Ccv
Group 1 11.2 4.1 21.4 42 4.7 42 15.9 49
Group 2 11.6 1.2 18.8 6.1 4.7 2.6 16.3 1.6
Group 3 8.4 28.4 19.9 29 4.0 19.1 12.3 31.2
Group 4 9.2 14.7 21.0 1.7 42 11.0 134 16.3
Average 10.1 12.1 20.3 3.72 4.4 9.2 14.5 13.5

oceans, lakes or rivers. Most of this reduction is clearly
linked to the global dimming resulting in a less efficient
water cycle in the earth-atmosphere system. These are con-
sistent with the fact that the earth’s warming due to the
CO;, increase and natural variations over the past century.

4. Conclusions

Annual and monthly averaged NCEP/NCAR re-analy-
sis and measured data on solar radiation from 1958 to
2009 and measured sunshine duration for distinct periods
are used for assessing global dimming in northeastern Bra-
zil. The effects of decadal and multi-decadal cycles are
removed from the data through the use of a moving aver-
age technique, and the results demonstrate the existence of
consistent and statistically significant trends in the
observed and modeled global solar radiation data. Mod-
eled global solar radiation values are in satisfactory agree-
ment with the sunshine duration in northeastern Brazil.
The coefficient of determination vary from 0.49 in group
3 to 0.77 in group 2 indicate reasonable correlation
between global solar radiation from NCEP/NCAR re-

analysis and data collection platform (DCP) data. Results
also showed that there is an agreement in trend or inter-
annual variability between re-analysis and measured global
solar radiation. Despite the re-analysis, surface radiation
fluxes have no input from actual observations, and there
is evidence to believe that the re-analysis surface radiation
flux data trends have correspondence to the reality.

Both solar global radiation measurements and radiation
data from NCEP/NCAR re-analysis project provide con-
sistent evidence of the global dimming effect over north-
eastern Brazil. Statistically significant alterations in solar
radiation and sunshine duration over the region may be
due to the changes in atmospheric optical properties. How-
ever, further measurements in solar radiation for the stud-
ied region are necessary for getting a data set enough
homogenous to compare with that derived from NCEP/
NCAR database. The main findings of this study are the
detected reductions in global solar radiation in the semiarid
region of northeastern Brazil and the agreement between
re-analysis and DCP data. As described in the NCEP re-
analysis, surface fluxes are a class “C” variable in the re-
analysis product (Kalnay et al., 1996), meaning that they
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are largely based on model returns and not constrained by
data. Therefore, there are possible uncertainties in the re-
analysis trends for any points of the studied region.
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