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Abstract Spatial patterns of monthly, seasonal and annual
precipitation over Iran and the corresponding long-term trends
for the period 1951-2009 are investigated using the Global
Precipitation Climatology Centre gridded dataset. Results
suggest that the spatial patterns of annual, winter and spring
precipitation and the associated coefficients of variation reflect
the role of orography and latitudinal extent between central-
southern arid and semi-arid regions and northern and western
mountainous areas. It is also shown that precipitation occur-
rence is almost regularly distributed within the year in north-
ern areas while it is more concentrated in a few months in
southern Iran. The spatial distribution of Mann—Kendal trend
test (Z statistics) for annual precipitation showed downward
trend in north-western and south-eastern Iran, whereas west-
emn, central and north-eastern exhibited upward trend, though
not statistically significant in most regions. Results for winter
and autumn revealed upward trend in most parts of the coun-
try, with the exception of north-western and south-eastern
where a downward trend is observed; in spring and summer,
a downward trend seems to prevail in most of Iran. However,
for all seasons the areas where the detected trend is statistically
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significant are limited to a few spot regions. The overall
results suggest that the precipitation is decreasing in spring
and summer and increasing in autumn and winter in most of
Iran, i.e. less precipitation during the warm season with a
consequent intensification of seasonality and dryness of the
country. However, since the detected trends are often not
statistically significant, any stringent conclusion cannot be
done on the future tendencies.

1 Introduction

Precipitation is highly variable in space and time as it is the
end product of complex interactions between a variety of
dynamic processes with characteristic spatial and temporal
scales. The space-time variability of precipitation plays a
key role in water resource management and water allocation,
particularly in regions characterised by arid and semi-arid
climates. In recent years, interest has increased in learning
about precipitation variability and trend in order to improve
predictability for periods from months to years, important for
agricultural purposes and climate studies, respectively.
According to IPCC (2007), during recent decades, precipita-
tion has tended to increase in mid-latitudes, decrease in the
Northern Hemisphere subtropical zones, and increase gener-
ally throughout the Southern Hemisphere. Lettenmaier et al.
(1994), Turkes (1996), Zhang et al. (2000), Gonzalez Hidalgo
et al. (2003), Gong et al. (2004) and Partal and Kahya (2006)
are some of the researchers who have investigated recent
rainfall trends in different geophysical fields.

Due to the complex orography (Fig. 1a) and wide latitu-
dinal extent—from the descending branch of the Hadley cell
up to mid-latitudes—precipitation in Iran is highly variable
both in space and time (Raziei et al. 2012). Precipitation
occurrences and amounts vary from the Caspian region and
the relatively humid western and northern mountainous
areas to the arid and semi-arid regions of central and eastern
Iran, where sporadic precipitation events occur. This sug-
gests that Iran has several precipitation regimes as identified
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Fig. 1 Topography map of Iran
(a), spatial pattern of annual
total precipitation in millimetres
(b) and respective CV in per
cent (c¢); PCI, non-dimensional
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in previous studies, e.g. Domroes et al. (1998), Dinpashoh et
al. (2004), Soltani et al. (2007) and Raziei et al. (2008).
Recently, Raziei et al. (2012) have identified the spatial
modes of the seasonal regime of daily precipitation over
Iran using the APHRODITE gridded precipitation dataset
for the Middle East (Yatagai et al. 2008, 2009) with a spatial
resolution of 0.5°. The regional modes of variability were
identified with the S-mode principal component analysis
and Varimax rotation, applied to the subset of days when
at least 10 % of all grid-points over Iran received precipita-
tion of >5 mm. For autumn and winter, Iran has divided into
five precipitation regimes, while for spring four precipita-
tion regimes were identified.

Concerning the climate variability and trend analysis of
the meteorological variables, several studies have been un-
dertaken for Iran but mainly focusing on some specific
regions rather than the whole country. Raziei et al. (2005)
tested annual precipitation trend in central-eastern arid and
semi-arid regions of Iran for the period 1965-2000 and
showed no evidence of climate change. Modarres and da
Silva (2007) analysed the time series of annual rainfall,
annual number of rainy days and monthly rainfall in the
same regions and also found a not statistically significant
variability. Modarres and Sarhadi (2009) investigated the
temporal variability and trends in annual total precipitation
and 24-h maximum precipitation and showed that the annual
rainfall is decreasing at 67 % of the Iranian stations, mostly
in northern and north-western Iran, while the 24-h
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maximum rainfall is increasing at 50 % of the stations which
are mostly located in arid and semi-arid regions. More
recently, Tabari and Hosseinzadeh Talace (2011) studied
the annual and seasonal precipitation trends for 41 Iranian
meteorological stations for the period 19662005 using the
Mann—Kendall test, the Sen’s slope estimator and the linear
regression. Their results indicated a decreasing trend in
annual precipitation at about 60 % of the stations from
which seven stations were statistically significant with
downward trends mostly occurring in the northwest of Iran,
thus in agreement with findings of Modarres and Sarhadi
(2009).

It can be noticed that existing studies either focus on
specific regions or considered very sparse stations through-
out the country. Thus, the main objective of this study is to
analyse the spatial patterns of monthly, seasonal and annual
total precipitation in Iran and to investigate their long-term
trends using the Global Precipitation Climatology Centre
(GPCC) gridded precipitation dataset with 0.5° resolution
(Schneider et al. 2008). The dataset has already passed a
very careful quality control and is temporarily long enough
(1951-2009) for performing trend analysis. Therefore, it is
expected that the present study can provide a more reliable
and comprehensive spatial analysis of monthly, seasonal and
annual precipitation variability and trends over the target area.

The introduction is followed by Section 2 that describes
the GPCC dataset and the Mann—Kendal trend test used in
the study. Section 3 is devoted to the description of results



Spatial patterns and temporal trends of precipitation in Iran

and discussion on trend analysis. Finally, conclusions are
presented in Section 4.

2 Data and methods
2.1 Data

The latest version of GPCC precipitation dataset for the
period 1951-2009 with 0.5° spatial resolution is used for
the analysis. The GPCC Full Data Product Version 5,
updated in December 2010, is a gauge-based gridded
monthly precipitation dataset for the global land surface,
available in 2.5-, 1-, and 0.5-grid resolutions. The dataset
covers the period 1901-2009 and is based on both non-real-
time and real-time stations (Schneider et al. 2008). GPCC
monthly precipitation analysis products are based on anom-
alies from climatological normals at the stations, or from
GPCC high-resolution gridded climatology where no station
normal is available. The anomalies are spatially interpolated
by the analysis method of Spheremap (Willmott et al. 1985),
and the gridded anomalies are then superimposed on the
GPCC climatology 2010. The new GPCC precipitation cli-
matology (reference period, 1951-2000) consists of normals
collected by WMO, delivered by the countries to GPCC or
calculated from time series of monthly data (with at least ten
complete years of data) available in the GPCC data base (for
details see the GPCC annual reports at http://gpcc.dwd.de).
Recently, Raziei et al. (2010, 2011) have assessed the spatial
and temporal variability of drought over Iran using the
GPCC Full Data Product Version 4 (previous version),
finding good and satisfactory agreement with observations
and NCEP/NCAR reanalysis, respectively.

To assess the monthly, seasonal and annual precipitation
spatial variability and trends over Iran, only grid points
representative of Iran (630 grids) were considered. Seasons
from winter to autumn are defined as: December—January—
February (DJF), March—April-May (MAM), June—July—Au-
gust (JJA) and September—October—November (SON).

2.2 Methods

The Precipitation Concentration Index (PCI), which is an
intra-annual precipitation variability index (De Luis et al.
2000) defined as the ratio of the accumulated monthly
squared precipitation to the squared annual precipitation, is
computed for all grid points over Iran. The index ranges
from less than 10, when monthly rainfall distribution over
the year is quite uniform, to values above 20, corresponding
to climates with substantial monthly variability in rainfall
amounts and large concentration of the precipitation in a few
months of the year (De Luis et al. 2000). As a measure of
the annual and seasonal precipitation variability in relation

to the mean, the coefficient of variation (CV) has been
computed at each grid point. The CV is given by the stan-
dard deviation divided by the mean and multiplied by 100,
i.e. it expresses the standard deviation as a percentage of the
sample mean.

Two types of trends including monotonic trend and step
(shift) change are usually considered for climatological and
hydrological variables (Xu et al. 2003). For trend analysis, the
null hypothesis HO is that there is no trend in the population
from which the dataset is drawn while A1 implies that there is
a trend in the record. Non-parametric tests are usually more
robust compared with parametric ones, among which the
Mann—Kendall test is the most used in hydrology and clima-
tology. Therefore, to detect any monotonic trends in the pre-
cipitation time series at all considered grid points, the Mann—
Kendall test was used. This test consists of comparing each
value of the time series with the remaining in a sequential
order. The S statistic is the sum of all the counting given by
Eq. (1) (da Silva 2004):

n—1 n
S=Y")" sign(x —x) (1)

i=1 k=i+1

where x; and x; are the sequential data values, 7 is the length of
the dataset and sign (6) is equal to 1, 0 or —1 when 6 is greater
than, equal to or less than zero, respectively. A very high
positive value of S is an indicator of an increasing trend, while
a very low negative value indicates a decreasing trend. The
normalized Z statistics can be computed as:

Sl ifS >0
Var(S)
Z=<0 ifS=0 (2)
L if§ <0
Var(S)
where Var(S) is:

Var(S) = % n(n—1)2n+5) - itp(t,, —1)(2t, +5)
p=1

(3)

where ¢ is the number of tied groups (a tied group is a
set of sample data having the same value), and ¢, is the
number of data points in the pth group. Thus, the
probability associated with this normalized test statistics
can be easily computed; the significant probability level
of 0.95 was applied, and p values were obtained for
ecach analysed time series. The trend is said to be
decreasing if Z is negative and the computed probability
is greater than the level of significance while it is
increasing if Z is positive and the computed probability
is greater than the level of significance. If the computed
probability is less than the level of significance, there is
no trend.
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3 Results
3.1 Spatial patterns of precipitation

Figure 1b, c depicts the spatial patterns of total annual
precipitation and the corresponding CV over Iran, respec-
tively. The spatial pattern of total annual precipitation re-
flects the role of orography, sea neighbourhood and sharp
elevation differences between central arid and semi-arid
areas and northern and western mountainous regions in
precipitation distribution over Iran. The highest total annual
precipitation is observed in the Caspian Sea region and
mountainous areas of northern and western Iran while the
lowest is observed in the central, eastern and southern Iran.
The highest precipitation in the Caspian Sea region is due to
the closeness of the sea to the high Alborz Mountains that
enhances the land-sea interaction (condensation barrier ef-
fect), causing high and regularly distributed precipitation
over the region all through the year. Over the mountainous
areas of western Iran, there is a second maximum of annual
precipitation, again related to the effect of orography in
enhancing the precipitation processes, particularly wind-
ward of the Zagros Mountain. In the lee side of the Zagros
and Alborz chains, there is a vast area (central-eastern Iran)
where precipitation amounts are quite low (arid or semi-arid
region). This is also confirmed by the spatial pattern of the
CV of the annual total precipitation, showing the lowest
values in the northern country and the highest (about
80 %) in the central-southern Iran, having high inter-
annual variation that makes water resources management
difficult. An important desert of Iran is in the southern
foothill of Alborz, the Dashte-Kavir desert, which is well
represented in Fig. 1c as an isolated area with very high CV
values.

The spatial pattern of PCI is shown in Fig. 1d. It depicts
substantial differences between northern and southern Iran
with respect to the distribution of precipitation along the
year. The lowest PCI values, ranging from 10 to 15, are in
northern Iran, close to the Caspian Sea, which suggest that
this area has relatively regular precipitation distribution
throughout the year, whereas the mountainous areas of
western and north-eastern Iran, with PCI values ranging
from 15 to 20, are characterised by noticeable seasonality.
PCI values rapidly increase from the foothills of Alborz and
Zagros mountains to the southern and eastern Iran, showing
a very sharp gradient, featuring central, southern and eastern
Iran with substantial seasonality in precipitation (Fig. 1d). In
this vast area PCI>20, especially in the southernmost and
eastern Iran, denoting a concentration of most of annual
total precipitation in a few months of the year. The spatial
pattern of PCI is very similar to that of CV in Fig. Ic,
suggesting that the areas characterised by substantial seasonal-
ity in precipitation (high PCI) have more variable and less
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predictable precipitation occurrences. Differently, the very
low PCI values in Fig. 1d well correspond to areas
characterised by low CV (Fig. lc), so featuring the northern
and north-western Iran with more regular precipitation
occurrences.

The spatial patterns of seasonal precipitation and their
CV over Iran are shown in Fig. 2. The spatial patterns
for DJF and MAM seasons are relatively similar to that
of annual total precipitation (Fig. 1b). Results character-
ise northern and western mountainous regions with the
highest precipitation and central, eastern and southern
Iran with the lowest ones. The highest precipitation
(350400 mm) in DJF is observed over western Iran
while during MAM both western and northern moun-
tainous regions receive relatively identical precipitation
amounts. The JJA and SON are very dry seasons, par-
ticularly in central, eastern and southern Iran. In both
seasons, the highest precipitation is observed in moun-
tainous areas of Alborz and in the Caspian Sea region,
with noticeable amounts of 120-140 mm in JJA and
350-400 mm in SON. The monsoon precipitation that
usually occurs in the arid region of south-eastern Iran is
well captured by JJA map as an isolated precipitation
core with a value of about 20-40 mm of precipitation.
The central and southern Iran is usually dry in summer,
leaving this vast area with less than 20 mm of precip-
itation in average. However, during SON, western Iran
receives noticeable precipitation (50-100 mm) when
compared with the JJA season.

Maps of CV for DJF and SON characterise northern Iran,
along the Caspian Sea and Alborz Mountain, as an area with
less than 40 % of CV. In MAM season, the CV increases all
over the country with the maximum value observed in
south-eastern Iran (about 150 %). The map of CV for JJA
implies that the precipitation variability is extremely high all
over Iran; the exception is the coastal areas of the Caspian Sea
that commonly receive considerable precipitation in summer.
It is worth noting that particularly high values of CV are due to
the very low mean precipitation during summer.

The spatial patterns of month-to-month variations of
precipitation over Iran are displayed in Fig. 3. The spatial
patterns of precipitation in December, January, February and
March are very similar to the pattern of DJF in Fig. 2; these
show that the highest precipitation amount occurs in the
mountainous areas of western Iran and the lowest are in
the central, eastern and southern regions. Precipitation maps
from April to September well display the retreatment of
precipitation pattern from south to north, being restricted
only to the Caspian Sea region in August and September.
The Monsoon precipitation advancement and the influenced
area (south-eastern Iran) is also well represented in the maps
of June to August with the highest impact in June, that in
average produces about 15-20 mm of precipitation. Maps
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Fig. 2 Spatial patterns of
seasonal precipitation in
millimetres (/eff) and their CVs
(right) for winter (a), spring (b),
summer (¢) and autumn (d) in
per cent

Precipitation (mm)

suggest that the observed maximum precipitation in winter
months (about 100—160 mm), which usually occurs in west-
ern Iran (Fig. 3a—c), is comparable to the maximum autum-
nal precipitation occurring in the Caspian Sea region
(Fig. 3j-1). Differently, the maximum spring precipitation
occurs in north-western Iran (Fig. 3e, f).

3.2 Trend analysis

The spatial pattern of MK trend test for total annual
precipitation is presented in Fig. 4. Downward trends
are found in north-western and south-eastern Iran,
whereas western, central and north-eastern areas are
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Fig. 3 Month-to-month variation in spatial pattern of precipitation (in millimetres) over Iran

characterised by upward trends. The observed downward
trend is statistically significant whereas the upward
trend is statistically significant only in some spot areas
in south-western and central Iran. Results agree with
those from Modarres and da Silva (2007), Modarres
and Sarhadi (2009) and Tabari and Hosseinzadeh Talaee
(2011) using observation data.

The spatial patterns of MK trend test for each season are
displayed in Fig. 5. Figure 5a suggests that the winter
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precipitation is increasing in most regions, particularly in
northern Iran where the trend is statistically significant.
However, similar to annual precipitation, winter precipitation
exhibits downward trend in north-western and south-eastern
Iran, though it is not statistically significant. Differently,
Fig. 5b shows that spring precipitation tends to decrease in
most of Iran, bounding the upward trend into the central-
western Iran detected for winter. That observed downward
trend is statistically significant in north-western and eastern
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Fig. 4 Spatial pattern of Mann—Kendal trend test (Z statistics) for
annual precipitation over Iran. Statistically significant upward and
downward trends are for Z>1.96 and Z<—1.96, respectively

Iran. The spatial pattern of MK trend for JJA displays
also not statistically significant downward trends in
most parts of Iran, particularly in southern and western
Iran. Similarly to the winter season, the precipitation
during SON (Fig. 5d) shows upward trend in most of
Iran, whereas the downward trend is limited to north-
western and south-eastern regions; however, these trends
are not statistically significant.

Fig. 5 Spatial pattern of
Mann—Kendal trend test (Z
statistics) for: a winter, b
spring, ¢ summer and d autumn
precipitation over Iran.
Statistically significant upward
and downward trends are for
Z>1.96 and Z<-1.96,
respectively

Generally, precipitation in SON and DJF shows upward
trend in most parts of Iran, with the exception of north-
western and south-eastern country, where the observed trend
is downward in both seasons. Nevertheless, again trends are
not statistically significant. On the contrary, the target area is
mostly characterised by downward trend in MAM and JJA,
with the exception of limited areas in central and north-
eastern Iran, which show upward trends. Thus, it seems that
in most of the country precipitation tends to decrease during
the warm seasons (MAM and JJA) and increase during the
cold seasons (SON and DJF). Therefore, using the GPCC
dataset it seems that the climate in Iran is expected to
become dryer than at the present, with substantial seasonal-
ity in many regions. Furthermore, it appears that the statis-
tically significant trends in DJF and MAM seasons are
responsible for the long-term trends observed in the annual
precipitation (Fig. 4).

The spatial patterns of MK trend test for each month are
shown in Fig. 6. The months from June to September have
been excluded since they are very dry months in most of
Iran, and therefore it is difficult to properly detect long-term
trends in the related time series. Figure 6a shows that pre-
cipitation in December tends to increase in central-northern
and decrease in south and north-western Iran. With the
exception of limited areas in south-eastern, north-western
and north-eastern Iran, the whole country exhibits upward
trend in January, however generally not statistically signif-
icant. In February, most parts of the country show not
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Fig. 6 Spatial pattern of
Mann—Kendal trend test (Z
statistics) for monthly
precipitation over Iran.
Statistically significant upward
and downward trends are for
Z>1.96 and Z<-1.96,
respectively

statistically significant downward trend. In March, central-
western Iran is characterised with upward trend, but the
remaining parts of the country show downward trend, which
is statistically significant only in the south-western and
south-eastern Caspian Sea. Precipitation trends for April
and May are downward in almost the whole country, being
statistically significant only in some locations in eastern and
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north-western Iran. Differently, upward trend dominates
most parts of the country in October and November, with
the exception of south-eastern Iran that exhibits statistically
significant downward trend in these 2 months. Results sug-
gest that precipitation in Iran tends to increase in central
regions during the cold season in autumn and winter, leav-
ing the warm season with less precipitation occurrences and,
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therefore, intensifying the seasonality and dryness of the
country.

4 Conclusions

The spatial patterns of annual, seasonal and monthly total
precipitation over Iran and the corresponding long-term trends
are investigated using GPCC gridded precipitation dataset
with 0.5° resolution and covering the period 1951-2009.
The spatial patterns of total annual, winter and spring precip-
itation and the associated coefficients of variations reflect the
role of orography and sea neighbourhood in determining the
differences in precipitation between central arid and semi-arid
areas and northern and western mountainous regions. The
highest annual precipitation amount is observed in the
Caspian Sea region and mountainous areas of northern and
western Iran, and the lowest is observed in the central, eastern
and southern Iran. The spatial variability of PCI also shows
the substantial differences between northern and southern Iran
in the distribution of precipitation within the year, suggesting
that the northern and western mountainous areas have rela-
tively regular precipitation distribution during the year, where-
as southern areas are characterised by a strongly marked
seasonality. Summer and autumn are very dry seasons, partic-
ularly in central, eastern and southern Iran. In both seasons,
the highest precipitation is observed in mountainous areas of
Alborz and in the Caspian Sea region. The spatial pattern of
precipitation in December, January, February and March are
very similar to the pattern of winter and annual precipitation,
showing the highest precipitation amount in western moun-
tainous areas and the lowest in the central, eastern and south-
ern Iran. However, the precipitation occurrences retreated
rapidly from south to north from April to September,
being limited to the Caspian Sea region in August and
September.

The spatial distribution of MK trends for total annual
precipitation showed downward trends in north-western and
south-eastern Iran, whereas western, central and north-eastern
Iran is characterised by upward trends. However, the observed
downward/upward trends are statistically significant only in
some limited regions. The spatial patterns of MK trend test for
each season revealed that the winter and autumn precipitation
increased in most parts of Iran, particularly in northern areas,
where the trend is statistically significant. Differently, a not
statistically significant downward trend was identified in
north-western and south-eastern Iran. On the contrary, the
spring precipitation showed downward trend in most of the
country that is statistically significant only in north-western
and eastern Iran. The spatial pattern of MK trend for
JJA also revealed a not statistically significant down-
ward trend in most of the country. Upward trend was
observed in north-eastern Iran.

It was found that the precipitation in December tends to
increase in central-northern Iran and decrease in south and
north-western country. In January, approximately the whole
country exhibited upward trend, with the exception of some
locations in south-eastern, north-western and north-eastern
Iran. In February, March, April and May, not statistically
significant downward trend was observed with the excep-
tion of some locations where upward trend was found.
Differently, an upward trend was identified in most of Iran
during October and November, with the exception of south-
eastern country that exhibited statistically significant down-
ward trend in these two months.

In summary, precipitation in winter and autumn showed
upward trend in most of Iran, with the exception of north-
western and south-eastern Iran, where the observed trend is
downward in both seasons. On the contrary, the country is
mostly characterised by downward trend in spring and sum-
mer, with the exception of limited areas in central and north-
eastern Iran showing upward trend. Thus, using the GPCC
dataset it has been found that precipitation tends to decrease
during the warm seasons (spring and summer) and increase
during cold seasons (autumn and winter) in most of Iran. This
would imply less precipitation occurrences during the warm
season and an intensification of the seasonality and dryness
over the country; nevertheless, the north-western and south-
eastern regions show to have downward trends also during the
cold seasons, though not statistically significant.

Acknowledgement The GPCC data were freely provided by the
Deutscher Wetterdienst through their Web site http://www.dwd.de.
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