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Abstract

Precipitation concentration is an important factor to assess climate hazards such as flood and availa-
bility of water resources at a regional scale. This paper investigates the spatial and temporal changes of
precipitation concentration using the precipitation concentration index (PCI) in 113 stations in Iran for

a duration of 30 years (1988 —2017). The results show that the mean average of the annual rainfall in
Iran varies from 55 mm in the eastern and central regions (Zabol and Yazd) to 1838 mm in the south-
west coast of the Caspian Sea (Bandar Anzali). The highest coefficient of variation (CV) of precipitation
is related to the southeastern and southern parts of the country, whereas the lowest CV is observed in
the Caspian Sea coast and northwest region. Therefore, its value is mostly a function of latitude. Precip-
itation concentration and its CV are also influenced by topography and reveal more homogeneity in the
northern regions. The Mann-Kendall (MK) test on precipitation concentration data indicates that except
for 6 stations (ascending in 2 stations and descending in 4stations), there was no significant trend in
others. The stations with non-significant ascending values are located mostly in the eastern, central and
western parts of the country while the non-significant descending ones can be seen in the central and
northeastern regions. The results of Sen’s slope estimator are also similar to the values of the MK test.
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Introduction

Precipitation, as an essential climatic element, deter-
mines the availability of water resources, the type and
extent of agriculture, and the natural physical phe-
nomena (droughts, floods, water stress, plant and ani-
mal life, soil erosion, and dust, to name only a few ex-
amples) (Gonzalez-Hidalgo et al., 2011). The amount,
time, intensity and frequency of precipitation are the
most important factors which indicate the extent of
climate change in any precipitation study for any re-
gion (Xiao et al., 2018). One consequence of climate
change is the increase in the number of climate ex-
treme events and thereby changing the precipita-
tion behavior. Climate change can affect the month-

ly and seasonal distribution of precipitation. In arid
and semi-arid lands like Iran, the spatial and tempo-
ral variations of precipitation are of high importance
and affect all aspects of residents’ lives and planning
(Khalili et al., 2016). The low rainfall and severe fluc-
tuations in daily, seasonal and annual time scales are
inherent characteristics of Iran’s climate (Raziei, 2018;
Ghaedi, 2018). More than 2/3 of Iran’s area is arid and
semi-arid and precipitation in these regions is high-
ly irregular. The results of the analysis of annual pre-
cipitation trend has indicated a significant downward
trend during the last 30 years over Iran (Salehi et al.,
2020).
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Investigating the precipitation structure provides a
useful tool to determine the nature of climate phenom-
ena and climate hazards associated with precipitation
(Huang et al., 2016; Liu et al., 2016; Yan, 2017; Zubieta et
al., 2017; Li et al., 2018; Huang et al., 2019). The analysis
of precipitation concentration can provide us with tem-
poral precipitation structure which is an important fac-
tor in determining the climate of a region (Zhang et al.,
2019). The precipitation concentration determines the
temporal distribution of precipitation in a region over a
one-year period. Several concepts have been proposed
in examining the concentration of precipitation includ-
ing the daily concentration index (CI) which evaluates
days with maximum precipitation against the annual
amount (Martin-Vide, 2004), the precipitation concen-
tration period (PCP) which presents the period (month)
in which all annual precipitation is concentrated, the
precipitation concentration degree (PCD) which shows
the degree of rainfall distribution during all months
of the year (Li et al., 2011), and the precipitation con-
centration index (PCI) which indicates the year-to-year
variability of precipitation concentration.

Higher values of precipitation concentration in a
certain region mean that rain would mostly concen-
trate in these particular areas within a shorter period of
time. Higher precipitation concentration increases the
length of the dry season which can reduce soil mois-
ture. By reducing soil moisture, many plants are lost
and, as a result, conditions will be ripe for wind erosion
and desertification. In agriculture, this can reduce crop
yields by reducing soil moisture storage and increasing
the number of irrigation periods. In addition, the pre-
cipitation concentration can lead to climatic hazards
such as droughts or floods (Shi et al., 2014).

Much research has been done on the spatio-tem-
poral variability of precipitation concentration in dif-
ferent regions of the world over the past two decades.
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Some of these studies have been conducted by Zama-
ni et al. (2018) in India, Rahman et al. (2019) in Bang-
ladesh, Lu et al. (2019) and Zhang et al. (2019) in Chi-
na, Velez et al. (2019) in Puerto Rico, Caloiero et al.
(2019) in Italy, Sangiiesa et al. (2018) and Sarricolea et
al. (2019) in Chile, Botai et al. (2018) in South Africa,
and Al-Shamarti (2016) in Iraq.

Research shows that the trend of precipitation con-
centration has been decreasing and this means that
precipitation occurs in fewer days and months of the
year. A study by Abolverdi et al. (2015) on precipita-
tion concentration in Fars province (southwestern
Iran) shows that precipitation concentration was in-
creasing in most of the stations under the study. Khal-
ili et al. (2016) surveyed precipitation concentration
in 34 synoptic stations in Iran and found that the PCI
has a strong irregularity in the central and southern
regions with increasing annual trend in 50 percent of
the stations. Khalili et al. (2017) studied the trend of
precipitation concentration in Iran in 25 stations over
the last half of the century (1961-2010) and observed
an increasing trend in 40 percent of them. Also, Ali-
jani et al. (2008) investigated the daily precipitation
structure in 90 stations in Iran and found that the
highest concentration index was related to the coasts
of the Persian Gulf and the Caspian Sea. Amiri and
Mesgari (2019) observed irregularities in the tempo-
ral distribution of PCI and a decreasing gradient from
the southeast to the northwest of Chaharmahal and
Bakhtiari province in Iran. Ramezani et al. (2020) in-
vestigated the PCI in the Lake Urmia basin and found
that it was neither in regular nor in strongly irregular
conditions at any of the stations studied.

The first purpose of this paper is to examine the
precipitation concentration in Iran. The second objec-
tive is to calculate the trend and line slope of the pre-
cipitation concentration over a thirty-year period.

Study area and data

Iran is located in the southwest of the Asian continent
and except the Khuzestan plain and the Caspian Sea
coasts, its other regions are situated on the plateau of
Iran. The Alborz and Zagros Mountains are the limits
of the plateau in the northern and western strips, re-
spectively. Moreover, there are mountains in the cen-
tral and eastern parts of the country. The area of Iran
is more than 1648000 km?* and lies between 25° 3' and
39° 47' northern latitude and 44° 5- 63° 18' eastern
longitude. The elevation of different regions of Iran
varies between -28 m (Caspian Sea coasts) to 5670 m
(the peak of Mount Damavand). The variation of ele-
vation, the impact of various air mass systems from
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different directions, and its extension over a wide lati-
tude range have caused diverse climate in this territo-
ry (Ghaedi, 2019).

The present research was carried out using month-
ly average precipitation data taken from 113 synoptic
stations all over the country with data of 30 years (1
Jan 1988- 31 Dec 2017). The meteorological stations
practically include all the territory of the climatic and
elevation regions in Iran. The distribution of the sta-
tions and their elevation is presented in Figure 1. The
uneven distribution of the stations under research is
due to the existence of mountainous regions and vast
deserts in central Iran.
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Figure 1. The location (a) and elevation (b) of the stations under the study

Precipitation Concentration Index (PCl)

Oliver proposed the PCI for the first time in 1980. PCI
is used to measure the degree of monthly and seasonal
precipitation concentration and can be calculated via
the following relation:

YoM

Where MP; is the monthly precipitation in the
i*" month. According to this equation, if the annual
rainfall occurs in only one month, the PCI will be the
maximum and equal to 100. The minimum PCI is 8
and will be when the rainfall occurs evenly through-
out all the months (Lu et al., 2019).

If PCI is less than 10, it will be indicative of uni-
form precipitation distribution (the precipitation has
low concentration).

If PCI is between 11 and 15, that would indicate
moderate precipitation concentration.

If PCI is between 16 and 20, it shows irregular dis-
tribution and when PCI is more than 20, this may in-
dicate a strong irregularity (the precipitation has high
concentration).

Mann Kendall trend test

The nonparametric Mann-Kendall test (Mann, 1945;
Kendall, 1975) was used for the detection of the trend

Discussion and Results

of PCI. One of the advantages of this method is that
it does not consider any particular form of data dis-
tribution function. Several studies such as those by
Trbi¢ et al. (2017) and Ogrin et al. (2018) have em-
ployed the method and the details about Mann-Kend-
all trend test. In the present study, the data series was
examined at the significance level of 95%. Commonly,
the nonparametric MK trend test is based on the as-
sumption of independence between observations. To
remove the effect of possible autocorrelation on the
trend test, autocorrelation analysis was initially used
to check data randomness and independence on the
time series. Therefore, function autocorrelation has
been used in the present research (von Storch, 1995).

Zero lag coeflicient for independent and random
data series is near zero, which means that MK trend
can be directly used to test the data series. Otherwise,
if the autocorrelation coeflicient is equal or more than
one, pre-whitening procedure is necessary.

Sen's slope estimator

The Sen’s slope method was applied to estimate the
slope of PCI beside the MK trend test (Se, 1968). The
Sen’s method estimates the slope of the trend by ap-
plying a linear model, and the variance of the resid-
uals at the time of calculation should be constant.
Based on this method, summary slope is estimated as
the median of all pair-wise slopes between each pair
of points in the time series (Kumar et al., 2017).

Mean annual precipitation

The mean annual precipitation of Iran during the study
period is presented in Figure 2. The amount of annual
precipitation varies from 55 mm in the central and east-
ern regions to 1838 mm in the Caspian Sea coast. The

two maximum rainfall belts are seen first on the Caspi-
an Sea coastlines and then on the Zagros Mountains. In
a framework between latitude 25° and 35° N and longi-
tude 54° and 64° E, the amount of precipitation is less
than 200 mm (including the Dasht-e Kavir and Dasht-e
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Lut deserts and except for a small area south of Kerman
including Lalehzar mountain). Minimum rainfalls oc-
cur due to low elevation and being far from moisture
sources in the central and eastern regions. Topography
(the elevation of the vast land of Iran with 1648195 km?
area varies between -28 and 5671 meters), latitude (25°
and 40° N) and distance from the Caspian Sea (the larg-
est lake on earth and an important humidity source in
the north of Iran) are the essential factors impacting
the spatial distribution of precipitation in Iran.
Although the Persian Gulf and the Oman Sea as two

moisture sources are available in the southern parts of

®

Figure 2. Spatial distribution of mean annual
precipitation (mm) across Iran over the period 1988-2017

the country, precipitation is very low. Because of their
low latitude, the Mediterranean Sea and the Red Sea
rainfall systems have been operating in these regions
during part of the year. On the other hand, the altitude
of these areas is low and the subtropical high pressure
has been established for a long time. Arabian subtrop-
ical high pressure, which is the tongue of the Azores
subtropical high pressure, is located over Iran from
May to October and does not allow the arrival of pre-
cipitation systems, except in limited cases (Lashkari &
Mohammadi, 2019). Mediterranean cyclones and the
Red Sea trough cause rainfalls during the cold periods
of the year (October to November) in all southern re-
gions of Iran and Gang low pressure causes rainfalls
during the warm periods of the year (June to Septem-
ber) more in the southeastern regions of Iran.

Coefficient of variation (CV)

of annual precipitation

Figure 3 illustrates the results of spatial variation for the
CV of annual precipitation in the study region. Accord-
ing to this map, the CV for the stations ranged from 15.3
to 83.2 percent per year. The highest CV (83.2%) is relat-
ed to Chahbahar station with a mean annual rainfall of
about 112 mm per year, whereas the lowest CV (15.3%) is
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observed in Nushahr station with the mean annual pre-
cipitation value of 1295 mm per year. Therefore, it can
be concluded that the CV of precipitation in humid and
mountainous regions is less than that in the dry regions.

Much in the same way as precipitation, the CV of
annual precipitation is also a function of latitude and
topography. Regardless of the changes resulting from
the elevation factor, CV of precipitation increases as
we move from northwest to southeast. The mountain-
ous regions including the Alborz mountains, the Za-
gros mountains and the Central zone partially de-
crease the CV of precipitation because the orographic

1O

Figure 3. CV of annual precipitation across Iran
over the period 1988-2017

ascent of air masses is one of the important factors in
creating precipitation in Iran.

Spatial distribution of PCI

The spatial analysis of PCI indicates that precipitation
has not occurred uniformly (less than 10) in any sta-
tion. In general, the PCI values increase by moving
from north to south and west to east. The lowest PCI
values has to do with the regions distributed along the
southern coast of the Caspian Sea and the regions with
high elevation in northwestern Iran. In these regions,
the annual precipitation is relatively distributed even-
ly throughout the year and the dry season is relative-
ly short. In the mountainous regions of western, north-
ern and northwestern Iran, the PCI values range from
15 to 30. This indicates that these stations are featured
with a pronounced seasonality, and so they have a long
dry season for half of the year. The PCI considerably
increases eastward and southward to the low eleva-
tion regions and deserts of southern and central Iran.
The highest PCI values (more than 30) are featured all
among the regions located in southern and especial-
ly southeastern Iran, which itself shows that the total
annual precipitation in this part of the country is ex-
tremely concentrated in less than a few months of the
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Figure 4. Spatial distributions of PCl across Iran
over the period 1988-2017

year. Therefore, in terms of latitude, the precipitation
concentration decreases from south to north. The sec-
ond factor that affects the spatial distributions of PCI
is topography and hence it has led to a decrease in the
precipitation concentration in the Zagros and Alborz
mountains. This shows that orographic ascent plays an
important role in rainfalls across Iran.

Coefficient of variation (CV) of PCI

The CV of PCI (Figure 5) has a relatively similar spa-
tial distribution to the PCI (Figure 4). While the low-
est values are observed in the southeastern coast of
the Caspian Sea and in the northwest of the country,
the highest values are seen in the southeastern parts
(Sistan and Baluchestan province). The second highest
center is related to the islands and the eastern coasts
of the Persian Gulf. Therefore, two northwest-south-
east and north-south gradients can be seen in spatial
patterns. The role of the Zagros and Alborz elevations
in decreasing the coefficient of variation is clearly vis-
ible. However, at a limited number of stations in the

®

Figure 6. Results of the Mann—Kendall trend test across
Iran over the period 1988-2017

®

Figure 5. The coefficients of variation (CV)
of PCl across Iran over the period 1988-2017

northwest region and southwestern coast of the Cas-
pian Sea, the variability is higher than that in the sur-
rounding area, which indicates variability in the ar-
rival time of precipitation systems.

Mann Kendall trends analysis of PCI

The results of Mann Kendall trend test in 95% signif-
icance level are presented in Figure 6. Generally, re-
gions with negative trends have been detected in the
entire Central and northeastern parts of the country
(in about 43% of the stations). Around 51% of the sta-
tions show a non-significant upward trend, mostly lo-
cated in the southeast, central and western parts of
the country. The positive trend of precipitation con-
centration in the western and southeastern regions in-
dicates that in these regions the period of the activity
of precipitation systems has decreased.

Sen's slope estimator of PCI

Figure 7 shows the spatial distribution of Sen’s slope
for the studied period. The positive and negative Sen’s

1O

Figure 7. Spatial distribution of Sen's slope test
across Iran over the period 1988-2017
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slopes are very similar to the results of Mann Kend-
all trends. The findings of Sen’s slope illustrate pos-
itive slopes in the western, southeastern and central
regions. Among the regions with positive slope, from
south to north and toward the northeast of the coun-
try, stations begin to have negative slopes. The values

Conclusion
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of Sen’s slope vary from 0.87 in the southeastern part
of the country to -0.54 in Siri and Kish islands in the
Persian Gulf. Overall, a positive slope of precipitation
concentration was observable in 52 percent of the ter-
ritory under study.

The spatial variability of annual precipitation was in-
vestigated in Iran using rainfall data of 113 stations
between 1988 and 2017. There is a lot of heterogeneity
in Iran in terms of rainfall distribution, coefficient of
variation, precipitation concentration and trends. Lat-
itude, topography and distance from the Caspian Sea
are the major factors in explaining the spatial distri-
bution of these variations. The spatial distribution of
mean annual precipitation illustrated that Iran’s pre-
cipitation is a function of these factors. The lowest
amount of rainfall occurs in the central and eastern
parts while the highest annual precipitation occurs in
the southwestern coast of the Caspian Sea. Thus, the
distance from the Caspian Sea has a major impact on
the amount of precipitation and its surrounding areas.

In terms of the CV of annual precipitation, the
highest value (83.2%) is related to the southeastern
region (Chahbahar station) whereas the lowest CV
(15.3%) is observed in Nushahr station.

The maximum precipitation concentration values
in Iran are mainly seen in the southeastern region.
From this area to the north and northwest, the pre-
cipitation concentration gradually decreases. Precipi-
tation concentration values of less than 20 (moderate
and irregular distribution) are only observed at lat-
itudes above 35° N; although the Zagros altitudes in
the west of the country have slightly moderated the
values to 32° N. Based on the PCI spatial distribution,
the northern belt of Iran has a precipitation regime
with a moderate seasonality, i.e., a very short dry sea-
son, while a defined precipitation seasonality with a
longer dry season characterizes the mountainous re-
gions of western and northern Iran. The most sea-
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