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ABSTRACT: This study investigates the spatio-temporal variations of global solar radiation and its relationships with cloud
cover (CC) during 1998-2015 in Iran, where no previous information about the variations of solar radiation based on direct
measurements exists. The variations in the mentioned variables were detected using a modified Mann—Kendall trend test and
the magnitudes of trends were estimated by using the Theil-Sen’s slope estimator method. A widespread dimming with a
magnitude of about —4.3 and —1.7% per decade is found under all- and clear-sky conditions in Iran since the 2000s (median
over nine observation sites). A significant increase in CC was observed at most of the stations studied, at 20.0% per decade
(median over nine sites). The decrease in the amount of all-sky global solar radiation seems to have occurred as a combined
effect of aerosol and CC increase over Iran. However, in the south of Iran and at the station Tehran dimming appears to be

mostly due to an increase in the amount of aerosol loadings.
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1. Introduction

Solar radiation that reaches the Earth surface (R,) (also
known as global solar radiation) plays a key role in vari-
ous natural processes such as the hydrological cycle (Wild
et al., 2005; Xia et al, 2006; Wild, 2009; Dagon and
Schrag, 2016; Manara et al., 2016; Jahani et al., 2017). For
example, R, provides the energy for photosynthesis, evap-
oration, evapotranspiration, cloud formation, snow melt,
etc. (Kun eral.,, 2006; Wild efal., 2015a; Dagon and
Schrag, 2016; Huber et al., 2016). Therefore, it is consid-
ered as one of the most important inputs of hydrological,
irrigation scheduling and crop growth models (Aladenola
and Madramootoo, 2014; Jahani et al., 2016; Jahani et al.,
2017; Quej et al., 2017; Wang et al., 2017). Furthermore,
R, is also a renewable clean source of energy, which has
received increasing attention recently, because it can be
exploited without bearing any harm to nature and is also
an alternative for fossil fuels (Viorel, 2008; Zekai, 2008;
Demirhan and Atilgan, 2015; Wild et al., 2015a; Wild
et al., 2015b; El Mghouchi et al., 2016). Consequently,
any changes in R, affect different aspects of wild life,
human life and natural processes on Earth.

The amount of R, received at a certain location on
the Earth is affected by various factors, but in general,
R, variations can either be caused by variations in the
amount of solar radiation reaching the top of the atmo-
sphere (R,) or by changes in the transparency of the
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atmosphere (Wild, 2009). Studies show that variations in
the quantity of R, are negligible compared to the varia-
tions observed at the Earth’s surface (Wild, 2009). There-
fore, variations in the amount of Ry are mainly caused
by changes in the transparency of the atmosphere. The
transparency of the atmosphere may change as a result
of increasing/decreasing amounts of man-made or nat-
ural aerosols, volcanic eruptions, changes in the cloud
cover (CC) and its type, etc. (Power, 2003; Pinker et al.,
2005; Qian et al., 2006; Ramanathan et al., 2007; Dong
et al., 2012; Soni et al., 2012; Lindfors et al., 2013; Chin
et al., 2014; Mateos et al., 2014; Calbo et al., 2016; Man-
ara et al, 2016; Qian, 2016; Wang et al., 2016; Yang
et al., 2016; Tang et al., 2017). The relevant reports with
respect to Ry variations suggest that the amount of Rg
has changed in the recent decades at many observation
sites all around the world (Pinker et al., 2005; Wild et al.,
2005; Wild, 2009; Miiller et al., 2014; Sanchez-Lorenzo
et al., 2015; Wild et al., 2015b; Von Schuckmann et al.,
2016). In Europe, for instance, Rg has decreased by more
than 10% at some measurement sites from 1960 to 1990
(Ohmura and Lang, 1989). Rq has decreased in China from
1954 to 2001 (Qian et al., 2006). Xia et al. (2006) also
detected significant downward and upward trends in the
quantity of Rq in China, in the periods of 1961-1980 and
1984-2000, respectively. However, it is worth mentioning
that inhomogeneities in the Chinese records due to instru-
ment replacements at many of the sites in the early 1990s
may have introduced spurious trends (Tang et al., 2010;
Wang et al., 2012; Wang and Wild, 2016). The results of
a study carried out by Soni et al. (2012) also showed a


http://orcid.org/0000-0002-7347-4878
http://orcid.org/0000-0002-1476-5173
http://orcid.org/0000-0002-3619-7568

B. JAHANI et al.

decline in the annual amount of Ry between 1971 and
2005, in India. Kumari et al. (2007) also reported an aver-
aged decline of about 0.86 W m~2 per year for the period
of 1981-2004 in India. Moreover, findings of Wild et al.
(2005) showed that despite that global dimming (decrease
in the quantity of Rg) had taken place in the Northern
Hemisphere between the 1950s and 1980s, a widespread
brightening (increase in the quantity of Rg) was observed
since the 1980s. This fact has also been highlighted by
other researchers focusing on both worldwide and regional
trends of Ry (Alpert et al., 2005; Sanchez-Lorenzo and
Wild, 2012; Sanchez-Lorenzo et al., 2013, 2015; Chiac-
chio et al., 2015; Wild et al., 2015b; Manara et al., 2016;
Wang et al., 2016; Sanchez-Lorenzo et al., 2017). A posi-
tive significant (p < 0.05) trend of about 9—18 W m~2 per
decade was also observed in Hawaii during the dry season
(May—October) since the 1980s (Longman et al., 2014).
Similarly, an average upward trend of about 3.9 W m—2
per decade was reported for the period of 1985-2010 in
Spain (Sanchez-Lorenzo et al., 2013, 2014). Calbo et al.
(2016) also observed a significant upward trend in the
mean annual Rg records of 1987-2014 in Girona (Spain).
Rahimzadeh et al. (2015) analysed the duration of sun-
shine hours in Iran for the period of 1961-2009 and
reported that despite an increase in the rate of sunshine
hours from the early 1980s to the end of 20th century, a
renewed dimming is observed during the 2000s in Iran,
with a sharp drop in 20009.

However, the exact reasons for these decadal changes
in Rg in different parts of the world are not completely
clear yet. According to our best knowledge, variations in
the quantity of directly measured Rg (rather than sunshine
hours) have not been studied in Iran previously. The main
objective of this study is therefor to analyse the spatial and
temporal variations of directly measured Rq in Iran and to
investigate how these variations in Rg would be related to
changes in CC variability in Iran in the 2000s.

2. Materials and methods

2.1.

Despite that there are more than 330 synoptic stations all
over Iran, recording a range of meteorological parameters
(Rahimzadeh et al., 2015), Rg is not widely recorded at
most of the synoptic stations of the network of Islamic
Republic of Iran Meteorological Organization (IRIMO).
The radiation network of Iran consists of 23 synoptic sta-
tions by now and was first established in 1992 (merely 13
of the stations have been operational since 1992). Besides,
data gaps and instrumental errors (outliers) between 1992
and 1997 make the 1992—-1997 Ry measurements of these
stations unreliable. In this study, in order to investigate the
relationships between the changes in CC and Ry in Iran,
the hourly records of Ry (W m~2) and CC (octa) for the
23 radiation network stations of Iran were obtained from
IRIMO (Jahani et al., 2017). Despite the fact that CC has
been recorded at all of these stations since 1961, these
hourly records were uniformly available only after around
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1980. The hourly Ry and CC data were initially trans-
formed to the daily means by averaging the recorded values
of them at 0900, 1200, 1500 and 1800 h (GMT +03:30).
The daily values of CC were then utilized to determine the
occurrence of the clear-sky conditions (CSCs) to generate
the time series of number of days with CSCs, and CSC
is defined as a day with a daily amount of CC less than 1
octa. Furthermore, the daily values of Rg were checked for
potential outliers by estimating the clearness index (K,) as
the ratio of Ry to extraterrestrial solar radiation. Then the
data with respect to the days with an amount of K, less
than 0.03 or more than 1 were removed (Allen et al., 1998;
Tang et al,, 2011; Jahani et al, 2017). In addition, the
metadata of the stations was checked, in order to analyse
whether coordinates and elevation of the stations have
changed over the study period or not. After that, based on
the availability of uniform Ry and CC for 1998-2015 an
overall number of nine stations were selected across Iran
(Table 1 and Figure 1). These stations are mainly located
at the metropolitan cities of Iran. Furthermore, in order
to determine to what extent the Rg variability in Iran in
the 2000s may depend on changes in CC, the variations in
the time series of Ry under all-sky (ASRg) and clear-sky
(CSRg) conditions were investigated. The daily ASRg,
CSRg and CC data with respect to each station were
averaged over every month, and the annual averages
were similarly obtained by averaging the monthly values.
Specifically, the monthly means of CSR, were calculated
when at least two clear-sky daily values were available in a
month (Manara et al., 2016), and in some a few particular
cases where not a sufficient number of days with CSC in
a given month were available to establish a mean monthly
value of CSR, in order to avoid unreal/artificial trends, the
climatological mean of the corresponding month was con-
sidered as the mean monthly value of that month. By doing
so, the annual time series of CSR, were always generated
by averaging over the entire 12 months of the year, and
thereby the introduction of spurious trends due to unevenly
distributed clear-sky days was prevented. The annual and
monthly values were then utilized for further analysis.

The latitudes of the stations selected varied between
27.21 and 38.12°N, the longitudes of them were between
45.06 and 60.90°E and the altitudes of the stations var-
ied between 9.8 and 1549.1 masl. According to Figure 1,
elevation varies considerably in Iran, mostly due to the
existence of the Alborz and Zagros Mountains. Four of the
stations selected were located along the Zagros Mountains
(Figure 1, stations Tabriz, Urmia, Sanandaj and Kerman-
shah) and one was located along the Alborz Mountains
(station Tehran). It is also worth to mention that the sta-
tion Urmia is located around the shorelines of Urmia Lake,
which is known as the second greatest hypersaline lake of
the world (Stone, 2015).

2.2. Trend analysis

In this study, in order to analyse the temporal variations
of Ry in Iran, the non-parametric Mann—Kendall (MK)
(Mann, 1945; Kendall, 1975) method was utilized. This
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Table 1. Details of the nine stations selected in this study.

Station name Latitude (°N) Longitude (°E) Altitude (masl) Time period
R, CC
Ahvaz 31.34 48.74 22.50 1993-2015 1961-2015
Bandarabbas 27.21 56.37 9.80 1993-2015 1956-2015
Kermanshah 34.35 47.15 1318.50 1993-2015 1961-2015
Mashhad 36.24 59.63 999.20 1993-2015 1951-2015
Sanandaj 35.25 47.01 1373.40 1993-2015 1961-2015
Tehran 35.80 51.49 1549.10 1993-2015 1951-2015
Tabriz 38.12 46.24 1361.00 1993-2015 1956-2015
Urmia 37.66 45.06 1328.00 1993-2015 1951-2015
Zahedan 29.47 60.90 1370.00 1993-2015 1951-2015
Note that masl stands for ‘meters above average sea level’ (R, is global solar radiation and CC is cloud cover).
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Figure 1. Geographical features of Iran and locations of selected stations. [Colour figure can be viewed at wileyonlinelibrary.com].

approach has some advantages. First, it does not require the
data to be normally distributed (Tabari and Hosseinizadeh,
2011). Second, this procedure has a low sensitivity to
abrupt breaks due to data gaps in the time series (Jaagus,
2006). Moreover, this method is not sensitive to outliers.
According to this test, the null hypothesis H, states that
there is no trend in the data (x, ..., x,). The alternative
hypothesis H; in a two-sided test is that there is a signifi-
cant trend in the observations (Tabari and Hosseinizadeh,
2011). The MK-trend test is initially carried out by com-
puting the S statistics using Equation (1) (Dinpashoh et al.,
2011).

© 2017 Royal Meteorological Society

n—1 n
S = 2 Z sgn (x; — x;) (1)

i=1 j=i+l

where, n is the number of observations, X; and x; are the jth

and ith observations, respectively, and sgn(.) refers to the
sign function, which is defined as

X: —xi) = )

Under the assumption that the data is independent and
identically distributed and E(S)=0, the variance of S is
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Table 2. Long-term means, SD and trend line slopes (f,) of annual ASRg, CC and CSRy in Iran for 1998-2015.

Station name Long-term means (SD)

Trend line slope (% per decade)

ASRg (Wm™2) CSRg (Wm™2) CC (octa) ASRg CSRq CcC
Ahvaz 202.1 (7.6) 215.6 (7.4) 2.2(0.4) -0.8 -35" 342"
Bandarabbas 203.8 (5.2) 220.0 (4.9) 1.9 (0.3) -2.5" -13 20.0
Kermanshah 203.9 (15.1) 229.6 (14.5) 2.8 (0.4) -4.8 —6.1"" 28.6™
Mashhad 208.6 (15.9) 232.6 (10.5) 3.0(0.4) -5.7" -0.9 21.2"
Sanandaj 208.9 (9.0) 239.2 (8.7) 2.8(0.2) -39 -2.1 7.7
Tehran 198.8 (9.7) 229.0 (8.9) 3.6 (0.3) -4.3 -4.9™ —6.1"
Tabriz 164.1 (10.9) 209.3 (6.0) 3.5(0.3) -4.2" -1.2 9.4™
Urmia 181.9 (22.2) 206.5 (20.5) 3.1(0.3) -8.2 -0.5 19.2°
Zahedan 179.9 (28.5) 208.7 (15.2) 2.0 (0.4) -6.5 -1.7 53.3"
Median of slopes -4.3 -1.7 20.0

Note that the values of f indicate trend line slopes. Also, significance of the trend at 0.1 level is shown by bold values. *Significance of trend at 0.05

level. **Significance of trend at 0.01 level.

calculated as follows:

-H@n+5-Y"
V(S)=n(n )(2n+5) leézl

t(t,—1) (21, +5)

3)
where, m is the number of groups of tied ranks and ¢, is the
number of data points in the ith tied group. And finally, the
MK statistics, denoted by Z, is calculated as

“—;(_1;) ifS>0
Z=430 ifS=0 4)
\%_ls)) ifS<0

If 1ZI<Z, _ ), then the null hypothesis of no trend at
the significance level of « is accepted. Otherwise, the H,
is rejected and the H, at the significance level of a is
accepted. In this study, the MK test was conducted at
10% (¢ =0.1), 5% (¢=0.05) and 1% («=0.01) level of
significance.

Furthermore, in order to analyse the magnitude of the
trends, the Theil-Sen’s slope estimator was calculated
(Theil, 1950; Sen, 1968; Dinpashoh efal., 2011). The
Theil—Sen’s slope (f) is calculated as follows:

. Xj =X .
f = Median [ — ; Vi<li<j

- 5)

However, there is an important limitation in using the
MK method: In the case of presence of significant lag-1
auto-correlation coefficients (r;) in the examined time
series, this method leads to misleading results. This is due
to the fact that the effect of significant r; on trend statistic
is a major source of uncertainty. Thus, in order to eliminate
the influence of significant r; in the series of data in
the 90% confidence interval, the series were pre-whitened
(Dinpashoh et al., 2011) and then the series treated this
way were subjected to trend analysis. According to Kumar
et al. (2009) the newly adjusted time series can be obtained
using the Equations (6)—(8).

X =x = (Bxi) (©)
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(7

Vi =X — (71 sz,‘—l)

®)

where, r, is the lag-1 autocorrelation coefficient of the time
series. Finally, y; (i=1, 2, ..., n) is then subjected to the
conventional MK test.

yi =y + (B x0)

3. Results
3.1.

The values of f as well as the long-term mean and standard
deviation (SD) for the variables ASRg, CSRg and CC
at each of the stations selected are provided in Table 2.
The observed long-term mean annual values of ASRg
ranged between 164.1 Wm™2 at Tabriz and 208.9 W m~>
at Sanandaj. The station Bandarabbas also had the smallest
inter-annual variability, with a SD equal to 5.2 W m™2.
The station Zahedan (SD: 28.5 W m~2) in contrast had the
greatest inter-annual variability.

The seasonal variations of ASRg in terms of long-term
monthly averages at each of the stations studied for
1998-2015 are elaborated in Figure 2. From this figure,
it can be seen that the maximum and minimum amounts
of ASRg are received in June and December, respec-
tively. Furthermore, this figure also shows that the amount
of ASRg received between June and September (during
spring and summer) encompass a great proportion of the
total annual ASRg received in Iran. This implies that any
changes in the factors affecting transparency of the atmo-
sphere during spring and summer would have stronger
influences on the amount of total annual ASRg received
in Iran.

The results of the trend analysis for ASRg, summa-
rized in Table 2, show an evident and wide-spread decrease
(either significant or non-significant) in the amount of
ASRg in Iran between 1998 and 2015. The magnitude
of this decline in the amount of ASRg varied between
—8.2% per decade at the station Urmia and —0.8% per
decade at the station Ahvaz for 1998-2015. The long-term

All-sky solar radiation
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Figure 2. Long-term monthly averages of ASRg (right vertical axis) and CC (left vertical axis) for 1998—2015 at nine sites in Iran.

annual means of the stations Urmia and Ahvaz were equal
to 181.9 Wm™2 (SD: 20.5 Wm™?) and 202.1 Wm~™2 (SD:
7.6 W m™2), respectively. The median of the decline in
the trend slopes was equal to —4.3% per decade for the
period of 1998-2015. A statistically significant decline in
the amount of ASRg was observed at six of the nine sta-
tions studied. These significant decreases were observed
at the stations Bandarabbas (at the 5% level), Kermanshah
(10%), Mashhad (1%), Sanandaj (10%), Tehran (10%) and
Tabriz (1%). Among those, the stations Mashhad and Ban-
darabbas had the most and least steep significant trends at
—5.7 and —2.5% per decade during the 2000s, respectively.
The location of these stations is illustrated in Figure 3. As
can be seen from Figure 3, among the stations located in
the north of Iran, merely one station (Urmia) does not show
a significant downward trend at the 10% significance level.
In contrast, among the stations located in the south of Iran,
a significant decreasing trend (at the 10% level) was only
observed at the station Bandarabbas, which is a coastal
station. The time series of observed ASRg for the period
of 1998-2015 at each of the nine stations considered in
this study, together with fitted-trend lines, are illustrated

© 2017 Royal Meteorological Society

in Figure 4. According to this figure, despite the fact that
the fitted-trend line shows an overall significant decline
since the 2000s, ASRg at the station Mashhad does not
seem to undergo monotonic variations during 1998—-2015.
As these time-series show (Figure 4), ASRg has increased
between 1998 and 2007 and decreased during 2007-2015.
Figure 4 also shows a transition from dimming to bright-
ening at the station Zahedan (located in the southeast of
Iran) in the year 2006. However, the overall trend of ASRg
during 1998-2015 seems to be downward.

The box plots illustrated in Figure 5 provide information
about the monthly trend slopes detected in the ASRg
time series at the nine stations studied during the 2000s.
According to this figure, a mostly homogeneous decrease
in the amount of ASRg has been observed in almost all
months of year. This implies that the observed downward
trends in the mean annual values of ASRg do not originate
from a decline in ASRy in a certain month of the year,
but come from widespread decreases in almost all months
of the year. The sharpest and weakest relative declines, in
terms of median of f, were observed in November and
August, respectively.

Int. J. Climatol. (2017)
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as significant trends at 10 (VA), 5 (VA) and 1% (V¥ A) levels for annual ASRg, CSRg and CC time series (1998-2015).

3.2. Cloud cover

The long-term mean annual values of CC provided in
Table 2 show that CC varies notably in terms of magni-
tude in Iran. The stations Tehran with a long-term mean
annual value of CC=3.60cta (SD: 0.3 octa) and Ban-
darabbas with CC = 1.9 octa (SD: 0.3 octa) had the great-
est and smallest long-term averaged values of CC among
the stations studied, respectively. In terms of geographical
location, these two stations differ a lot (Figure 1). More-
over, the smallest inter-annual variability in CC, in terms
of SD, belonged to the station Sanandaj (SD: 0.2 octa).
The stations Ahvaz, Kermanshah, Mashhad and Zahedan
with a SD equal to 0.4 octa, almost equally had the largest
inter-annual variability among the nine stations studied.
In addition, a comparison between the long-term averaged
values of CC observed at the stations studied shows that
clouds are less frequent in the south of Iran. The seasonal
distribution of CC provided in Figure 2 indicates a fairly
similar seasonal pattern of CC at all of the stations studied.
According to Figure 2, CC is minimal during summer and

© 2017 Royal Meteorological Society

maximal during winter in most of the stations. This reflects
the fact that CC may have less effect on the transparency
of the atmosphere during summer (when the greatest pro-
portion of ASRy is received) in Iran.

According to Table 2, statistically significant trends were
observed at all of the stations studied. Among them,
eight were upward and one (station Tehran f = —6.1% per
decade) was downward. The magnitude of these trends
was between —6.1 and 53.3% per decade and also had a
median value of about 20.0% per decade. Among the sta-
tions showing upward trends, the stations Zahedan with
53.3% per decade and Sanandaj with 7.7% per decade
exhibited the steepest and weakest relative upward trends
in CC. Among the stations located in the west of Iran,
the stations Ahvaz with a g of 34.2% per decade and
Sanandaj with a § of 7.7% per decade showed the steepest
and weakest relative increases in CC during 1998-2015,
respectively. Moreover, according to the time series of CC
provided in Figure 6, a mostly monotonic increase in the
amount of CC was observed at all of the stations studied

Int. J. Climatol. (2017)
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Figure 4. Mean annual ASRy time series for 1998—2015 at each of the nine stations selected (note: the dashed line represents the trend line fitted
through Sen’s slope estimator approach).

except the station Mashhad. At this station, CC seems to
have decreased during 1998—-2008, but then increased dur-
ing 2008—-2015. Nevertheless, based on the trend statistics
given in Table 2 and also the fitted-trend line shown in
Figure 6, overall the amount of CC at the station Mash-
had seems to have increased by 21.2% per decade between
1998 and 2015.

From the box plots of the trend slopes observed in the
mean monthly time series of CC provided in Figure 5, it
can be inferred that overall CC has increased in 10 months
of the year in Iran. The median of the g, also show a very
weak relative decline in the amount of CC in December
and January.

3.3. Relationships between ASRg and CC

This section is dedicated to the comparison between the
variations of mean annual ASRg (dependent variable; the
variable whose variation is being studied) and CC (inde-
pendent variable; the variable which is used to explain
how the magnitude of the dependent variable changes)
in Iran. These relationships have been evaluated by using
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scatterplots, trend slopes (f,) and correlation coefficients
between ASRg and CC.

A comparison between the trends observed in the annual
averages of CC and ASRg shows that these two variables
have mostly varied in line with each other at almost all
of the sites (except at the station Tehran) in 1998-2015.
The correlations between annual mean CC and ASRy (at
all sites studied) shown in Figure 7 also show inverse rela-
tionships between these two variables (either significant or
non-significant) at all of the stations studied between 1998
and 2015. However, significant correlations (@ =0.01)
were observed at merely three of the nine stations stud-
ied, namely Mashhad, Tabriz and Zahedan. These strong
negative correlations between CC and ASRg reveal the
fact that the CC variations may substantially influence the
inter-annual variability of ASR, and that increases in the
amount of CC may to some extent be considered as one
of the potential drivers of the decrease in the amount of
ASRg received in some parts of Iran during 1998—2015. In
addition, it is worth to mention that the lack of correlation
detected between CC and ASRg at some of the stations
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may be due to the errors in CC observations, because the
quantification of CC changes depends on human judg-
ments. The scatterplots with respect to the mean annual
time series of CC and ASRg at each of the stations studied
are provided in Figure 8.

3.4. CSRg and its relationship with ASRg

A comparison between the seasonal variation patterns of
CSRg and ASRg is provided in Figure 9. According to this
figure, apart from slight differences, CSRg seems to have
a seasonal variability similar to ASRg in most of the sta-
tions studied, which is to be expected due to the seasonal
variation of R ,. However, it is worth noticing that despite
the fact that the amount of R, is maximum during sum-
mer, the maximum amount of CSRy is received in May
at the stations Urmia and Bandarabbas. This fact may be
due to higher amount of aerosol and/or humidity stemming
from evaporation from the Lake of Urmia (Stone, 2015;
Shadkam et al., 2016a; Shadkam et al., 2016b; Moghad-
dasi et al., 2017) and Persian Gulf during summer, which
may lead to more scattering effects at the stations Urmia
and Bandarabbas, respectively.

The results of the trend analysis of annual mean CSRq
during 1998-2015 are represented in Table 2. This data
show a widespread decrease in CSRg with a magnitude of
about —1.7% per decade (median of the slopes observed at
the sites) in Iran during the study period, which is in line
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with the variations of ASRg in Iran during the mentioned
period. According to Table 2, the magnitude of the trends
observed in CSRg (either significant or non-significant)
ranged between —0.5 (Urmia) and —6.1% per decade (Ker-
manshah). Statistically significant declines in the amount
of CSRg were observed at the three of the nine sta-
tions studied. These stations were Ahvaz (f =—3.5% per
decade), Kermanshah (f = —6.1% per decade) and Tehran
(f=-4.9% per decade). Among them, two were signif-
icant at the 1% level (Tehran and Kermanshah) and one
(Ahvaz) was significant at the 5% level. According to the
data provided in Figure 3, the stations Ahvaz and Kerman-
shah are located in the west and the station Tehran is in
the north of Iran. A comparison between the anomalies
of CSRg and ASRy at each of the stations studied dur-
ing 1998-2015 has been provided in Figure 10. According
to this figure, the transition from brightening to dimming,
which was observed in ASRg anomalies at the station
Mashhad seems not evident in those of CSRq. In contrast,
at the station Zahedan, Figure 10 shows a transition from
dimming to brightening in CSRg in the year 2006, which
is in line with what was observed in ASRg. However, it
is worth to mention that ASRg seems to have varied more
considerably during the dimming and brightening periods,
in comparison with CSRg at this station.

From the information provided in Figure 7 it can also
be seen that strong positive correlations (either significant
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or non-significant) were observed between the annual val-
ues of ASRg and CSRy at almost all of the sites studied,
except the station Mashhad. Among those, seven were sig-
nificant at the 1% level. The lack of strong correlation
detected between ASRg and CSRg at the station Mash-
had supports the fact that variations of ASRg observed
at this station during the 2000s may not mainly origi-
nate from the variations detected in CSRg. In contrast, the
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strong correlations (either significant or non-significant)
observed at the other stations highlight the fact that
the variations in aerosols loading and/or other natural
factors affecting CSRg may play an important role in
the variations of ASRg at eight of the stations studied.
The scatterplots with respect to the mean annual time
series of CSRg and ASRg during 1998—-2015 are shown
in Figure 11.
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The box plots shown in Figure 5 provide information
about the trend slopes observed in the monthly time series
of CSRg at the nine stations studied between 1998 and
2015. This figure shows that CSRg has decreased in more
than half of the stations studied in almost all months of the
year except in April.

4. Discussion

The main objective of this study was to analyse
spatio-temporal variations of R, based on direct mea-
surements of incoming R, fluxes in Iran since the 2000s,
and also to investigate how these variations in R, may
be related to changes in CC. Overall, the mean annual
time series of ASRg and CSRg measurements at the nine
stations studied reveal a widespread and evident dimming
phenomenon in Iran since the 2000s, where no previous
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information about the variations of R, based on direct
measurements exists. The magnitudes of these declines in
the amount of ASRg and CSRg were —4.3 and —1.7% per
decade (in terms of median), respectively. The decrease in
the amount of ASRg received in Iran since the 2000s also
supports the results obtained by Rahimzadeh et al. (2015),
who observed a dimming in Iran since the 2000s by
analysing the surface synoptic measurements of sunshine
hours. The findings of this study fit to the general picture
that the widespread brightening in the 1990s has become
less evident in the 2000s with a globally heterogeneous
picture of regionally differing dimming and brightening
trends (Wild ez al., 2009; Wild, 2012).

According to the results obtained in this study, despite
the fact that CC only provides information about the
horizontal extension of clouds (misses other proper-
ties of cloud) and measurement of CC mostly relies on
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Figure 9. Long-term monthly averages of ASRg and CSRg for 1998-2015 at nine sites in Iran.

human judgments (there may be errors in measuring CC,
especially when the amount of cloud is low), the dimming
observed in Iran during 1998-2015 may to some extent
be explained by increase in the amount of aerosol as well
as variations in CC, either caused by interactions between
CC and aerosols (indirect aerosol effects) or by natural
variations unrelated to aerosol effects (Stanhill et al.,
2014; Mateos et al., 2014; Storelvmo et al., 2016; Tang
et al., 2017). This fact is supported by the evidence that
the variations observed in CSRg and CC overall seem to be
in line with ASRg during 1998-2015 (Figures 6 and 10).
However, this may not be true for all of stations studied.
Getting more precise, in terms of the station Tehran, for
instance, ASRg seems to have significantly (10% level)
decreased (f = —4.3% per decade) over 1998—-2015, while
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in contrast the amount of CC has not varied in line with
ASRg. Figure 7 also shows a lack of correlation between
the mean annual values of ASRg and CC measured
at the station Tehran, but a strong positive correlation
(non-significant) between ASRg and CSRg. This fact may
be explained by the increase in the amount of aerosol in
Tehran (Sabetghadam et al., 2012; Crosbie et al., 2014;
Arhami et al., 2017), which can notably affect the trans-
parency of the atmosphere and therefor the amount of
ASRg received at this station (Sanchez-Lorenzo et al.,
2009; Wild, 2012; Zhao et al., 2013; Sanchez-Romero
et al., 2014; Rahimzadeh er al., 2015; Qian, 2016). Fur-
thermore, it is worth to mention that aerosols in Tehran
seem to largely origin from anthropogenic air pollution
(Crosbie et al., 2014; Sabetghadam and Ahmadi-Givi,
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Figure 10. Anomalies of annual mean ASRg and CSRg during 1998—-2015 at nine sites in Iran. Reference period for anomalies is also 1998—-2015.

2014). The variations observed in CSRg at the station
Tehran also confirm this hypothesis because the trends
observed in the time series of CSRg show a significant
decrease (1% level) of about —4.9% per decade, thus
stronger than ASRg. This fact may be explained by the
decrease in the amount of CC (f=-6.1% per decade,
significant at 1% level). In addition, the anomalies of
ASRg and CSRg also show similar variation patterns
during the study period.

In case of the station Ahvaz, as seen from Table 2 and
Figure 2, ASRg has also decreased by —0.8% per decade
during the 2000s, which is in line with the variations of
CSRg and CC. However, Figure 7 shows a lack of sig-
nificant correlation between ASRg and CC, but a strong
correlations between ASRg and CSRg. This may reveal the
fact that ASRg may have decreased as a result of com-
bined effect of aerosol and CC or there may be other
unknown driving factors causing dimming at the station
Ahvaz. A more precise look through the long-term mean
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annual and monthly values and also the time series of
CC shows that a great proportion of ASRg at the station
Ahvaz originates from CSRg which may vary as a result
of increase/decrease in the amount of aerosols. Recent
studies with respect to aerosols show that dust and sand
storms are frequent in the southwest of Iran (Cao et al.,
2015; Sarraf et al., 2016; Middleton, 2017) and the high-
est amounts of aerosols is mostly observed during sum-
mer (Maleki ez al., 2016). This is mainly caused by sand
and dust storms blowing from eastern Syria and Iraq
(Shahsavani et al., 2012; Amanollahi et al., 2015), in addi-
tion to the dust activities originating from severe soil
degradation in the Hoor-Al-Howizeh/Al-Azim marshes,
which is mainly located in the Khuzestan province, in
the southwest of Iran (Cao et al, 2015) and has dried
up as a consequence of several factors such as droughts,
climate change, dam construction projects, etc. (Ali and
Mahdi, 2008; Muhsin, 2011; Zarasvandi et al., 2011).
Furthermore, studies showed that the amount of dust born
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Figure 11. Scatterplots of the mean annual values of ASRg versus CSRg observed at each of the stations studied (note: the solid line represents the
least square line fitted between the ASRg and CSRg observations).

aerosol in the southwest of Iran seems to have increased
between 2000 and 2012, but decreased between 2012 and
2014 (Arndt et al., 2010; Pozzer et al., 2015; Klingmiiller
et al.,, 2016; Mehta et al., 2016; Namdari et al., 2016). The
results obtained in this study also show a decline of about
—3.5% per decade (significant at 5%) in CSRg at the sta-
tion Ahvaz during the 2000s. Interestingly, the anoma-
lies of CSRg also show a decrease and an increase dur-
ing 2000-2012 and 2012-2014, respectively. The slope
of the increasing period, however, seems to be very small
in comparison to the decreasing period. In addition to
the dust/sand storms, variations in the amount of anthro-
pogenic air pollution may be another factor, which may
have affected the trends of ASRg and CSRg at the sta-
tion Ahvaz. Ahvaz is typically an Agro-industrial city, sur-
rounded by a great number of oil wells and companies and
considered as one of the most polluted cities of the world
(Maleki et al., 2016). In addition, the time series of CC
indicates a steep increase in the amount of CC (f =34.2%
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per decade) at the station Ahvaz between 1998 and 2015.
Overall, according to these facts, despite the fact that CSRg
and CC have both varied in line with ASRg at the sta-
tion Ahvaz (which is located at the capital of the Khuzes-
tan province), variations of ASRg during the study period
seem to have been mostly governed by the changes in the
amount of dust born aerosols during 1998-2015.
Furthermore, it is worth to mention that a lack of corre-
lation between ASRg and CSRg was found at the station
Mashhad (Figure 7). However, this may be explained by
the absence of a monotonic trend in ASRg and CC time
series during the study period. According to the time-series
plots provided in Figure 4, a transition from brightening to
dimming was observed in ASRg around the year 2007 at
the station Mashhad, which was not detected in the CSRg
anomalies (Figure 10). Nevertheless, based on the corre-
lation provided in Figure 7 and also the time series of
CC illustrated in Figure 6, this transition seems to have
occurred as a consequence of a decrease and increase
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observed in CC between 1998-2008 and 2009-2015,
respectively. In addition, despite the fact that the overall
variations of ASRq (f =—5.7% per decade, significant at
1%) and CSRg (f=-0.9% per decade, non-significant)
point to the same direction, a comparison between the
anomalies of ASRgy and CSRg and also the correlations
between these two variables (Figure 7) do not show a sim-
ilar pattern of variation during the study period at this site
(Figure 10). This may indicate that the inter-annual varia-
tions in ASRg may be mostly explained by the variations
in CC at this site.

In case of the station Zahedan, which is located in the
southeast of Iran, a monotonic trend was neither observed.
Based on the time series elaborated in Figure 4, ASRg
seems to have decreased between 1998 and 2006, but
then started to increase until the end of the study period.
However, the overall trend of ASRg at the station Zahedan
seems to be downward based on the MK method. Such a
transition was not observed in the CC time series between
1998 and 2015 at the station Zahedan. This implies that the
dimming and brightening periods observed at this station
may not be explained by changes in CC. Instead, changes
in the aerosols loading seems to be the potential reason,
since, according to the data provided in Figure 2, a great
proportion of the total annual ASRg at the station Zahedan
(the capital city of Sistan and Baluchestan province) origi-
nates from CSRq (similar to station Ahvaz), which overall
seems to have decreased by —1.7% per decade (insignifi-
cant) at this station. In addition, the studies with respect to
aerosol activities in the southeast of Iran show that there is
a high aerosol loading in the Sistan region during summer
(Rashki et al., 2013; Rashki eral., 2014; Kaskaoutis
etal, 2015; Rashki ef al., 2015). This issue is mainly
caused as a result of the strong ‘Levar’ winds in summer,
which favour the uplift of large quantities of dust from the
Hamoun basin (located in the northern part of Sistan and
Baluchestan province) (Rashki er al., 2012). Furthermore,
it has been reported that dust aerosol loadings over the
Sistan region have increased since the 2000s until 2004,
but then decreased after 2004 (Rashki et al., 2014). Thus,
the transition from dimming to brightening observed at
the station Zahedan may be a consequence of the increase
and decrease in the amount of dust born aerosol loadings
in the mentioned sub-periods, respectively. This transition
from dimming to brightening around the year 2006 is also
evident from the anomalies of CSRg. Furthermore, the
annual values of CSRg also show a strong correlation with
ASRg at this station. In addition, the overall downward
trend observed in ASRg between 1998 and 2015 seems to
be in line with the changes in dust-born aerosol loading
together with a continuous increase in the amount of CC
at the station Zahedan.

5. Conclusion

This study investigates the inter-annual and monthly trends
of ASRg, CSRg and CC since the 2000s, by means of
providing information on variations of R, in Iran obtained
from direct measurements, which have not previously been
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reported. To this aim, an overall number of nine stations
across Iran were chosen, based on the availability of
uniform R, and CC records for the time period 1998-2015.
The trends in the mentioned data were then analysed,
using the modified MK and Sen’s slope estimator meth-
ods. Based on the results obtained, the conclusions of this
study can be summarized as follows:

e A great proportion of ASRg in Iran is received during
summer, when CC is minimal and the extraterrestrial
solar input maximal. Specially in the south of Iran,
where the annual amount of CC is relatively low, most
of ASRg received during summer originates from CSRg.

e The overall variations observed in the directly mea-
sured values of R, showed a widespread dimming phe-
nomenon under both clear- and all-sky conditions with
median magnitudes of —1.7 (CSRg) and —4.3 (ASRg) %
per decade in Iran since the 2000s. This dimming was
observed in all months of the year and seems to have
occurred as a consequence of increase in the amount of
aerosols loading and CC (f =20.0% per decade). In the
south of Iran and the station Tehran, the increase in the
amount of aerosol loadings seems to play a more notable
role in the decline in ASRg in comparison with CC. The
increase in the amount of aerosol loadings may originate
from increase in anthropogenic air pollution as well as
natural aerosols from dust storms, or caused by inter-
actions between anthropogenic air pollution and natural
aerosols.

e No monotonic variations were found in ASRg at the
stations located in the east of Iran, namely Mashhad
and Zahedan. In case of the station Mashhad, a transi-
tion from brightening to dimming in the year 2007 was
observed in ASRg, which seems to be mainly caused
by the decrease and increase in the amount of CC dur-
ing 1998-2007 and 2007-2015, respectively, since this
transition was not detected in the CSRy time series. At
the station Zahedan, in contrast, dimming and bright-
ening in ASRg were observed during 1998—2006 and
2006-2015, which may be explained by the increase
and decrease of the dust aerosol loading during the men-
tioned sub-periods, respectively.
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