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Abstract Spatial patterns of daily precipitation indices and their temporal trends over Iran are
investigated using the APHRODITE gridded daily precipitation dataset for the period 1961–
2004. The performance and limitations of the gridded dataset are checked against observations
at ten rain-gauge stations that are representative of different climates in Iran. Results suggest
that the spatial patterns of the indices reflect the role of orography and sea neighborhoods in
differentiating central-southern arid and semi-arid regions from northern and western mountainous humid areas. It is also found that western Iran is impacted by the most extreme daily
precipitation events occurring in the country, though the number of rainy days has its
maximum in the Caspian Sea region. The time series of precipitation indices is checked for
long-term trends using the least squares method and Mann-Kendall test. The maximum daily
precipitation per year shows upward trends in most of Iran, though being statistically significant only in western regions. In the same regions, upward trends are also observed in the
number of wet days and in the accumulated precipitation and intensity during wet days.
Conversely, the contribution of precipitation events below the 75th percentile to the annual
total precipitation is decreasing with time, suggesting that extreme events are responsible for
the upward trend observed in the total annual precipitation and in the other indices. This
tendency towards more severe/extreme precipitation events, if confirmed by other datasets and
further analyses with longer records, would require the implementation of adequate water
resources management plans in western Iran aimed at mitigating the increasing risk of intense
precipitation and associated flash floods and soil erosion.
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1 Introduction
The analysis of space and time variability of precipitation is important for water resources
management and water allocation, particularly in regions characterized by dry and semi-dry
climates. Since the report of IPCC (1995) has raised the question whether the climate is
becoming more variable or extreme, the study of temporal trends of climate variables, such as
precipitation and temperature, has attracted an increasing interest in the scientific community.
Most of precipitation trend analyses are focused on annual, seasonal or monthly precipitation (e.g., Partal and Kahya 2006; Reiter et al. 2012; Raziei et al. 2014), while fewer are
devoted to daily precipitation changes, possibly due to insufficient high quality of daily data.
Some examples are Brunetti et al. (2004), Zhang et al. (2001), Martínez et al. (2007), or
Gallego et al. (2011). Recently, Kamiguchi et al. (2011) analyzed trends in annual indices
derived from daily precipitation in Japan during the period 1900–2009 using the highresolution APHRO_JP dataset (Kamiguchi et al. 2010) and found that precipitation in Japan
has generally become more extreme with some regional differences.
Due to the complex orography and wide latitudinal extent of Iran (Fig. 1a), precipitation
over the country is highly variable both in space and time. Raziei et al. (2012) found four
precipitation regimes for spring and five for autumn and winter in Iran using the Asian
Precipitation-Highly-Resolved Observational Data Integration Towards the Evaluation of
Water Resources (APHRODITE) project for the Middle East (Yatagai et al. 2008, 2009).
Considering the time variability of the meteorological variables, a few studies have been carried
out for Iran, most of them based on observations and focused on some specific regions rather than
the whole country (i.e., Modarres and da Silva 2007) or considered only a few precipitation indices
(Modarres and Sarhadi 2009; Soltani et al. 2012). Recently, Yatagai (2011) analyzed seasonal
precipitation trends over the Middle East during the period 1971–2004 using the dense network of
rain-gauge data gathered by the APHRODITE project and found that precipitation trends in Iran are
mainly affected by orography. Rahimzadeh et al. (2009) are the only authors that studied daily
precipitation trends using limited and irregularly distributed stations throughout Iran.
The main objective of the present study is to analyze the spatial patterns and temporal variability
of daily precipitation indices in Iran using APHRODITE gridded daily precipitation dataset
(Yatagai et al. 2008, 2009). The dataset is based on observations that passed a careful quality
control and its consistency with observations has been evaluated for Tibet, the Korean peninsula
and East Asia by Biskop et al. (2012), Yeonjoo et al. (2012), Sohn et al. (2012), respectively,
finding good agreement. Differently from previous studies carried out using sparse stations
distributed over Iran, it is expected that the present study can contribute to provide a comprehensive
analysis of the spatial patterns of daily precipitation indices and their trends over the target area. The
limitations of gridded data in properly describing the precipitation characteristics on daily time scale
are discussed and checked against observations at ten rain-gauge stations that have long time series
with a few missing values and are representative of different climates in Iran.
The paper is organized as follows. Section 2 describes the dataset and the methodology used
for the analysis. Section 3 is devoted to the results, followed by conclusions provided in Section 4.

2 Data and methods
2.1 Data
The release V0902 of APHRODITE product for the Middle East (15°E–65°E, 25°N–45°N),
APHRO_ME_V0902, is a high-resolution (0.5°×0.5° and 0.25°×0.25° in latitude and
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Fig. 1 a Topography map of Iran; b APHRODITE grid points and ten selected stations; and spatial pattern of: c
annual mean precipitation in mm year−1; d mean maximum daily precipitation in mm day−1; e absolute
maximum of daily precipitation in mm day−1; f mean percentage of wet days to the whole year in % over the
period 1961–2004. In b Stations names are: 1) Tabriz, 2) Rasht, 3) Gorgan, 4) Mashhad, 5) Kermanshah, 6)
Tehran, 7) Yazd, 8) Khoramabad, 9) Shiraz, 10) Kerman

longitude) daily gridded precipitation dataset covering the period 1961–2004. The product,
based on a dense network of rain gauges that includes GTS stations, has been developed for
assessing the Asian water resources, climate change analyses, statistical downscaling, and
validation of numerical models and high-resolution precipitation estimates from satellites
(Yatagai et al. 2009). The gridded fields of daily precipitation are obtained by interpolating
rain-gauge observations using a modification of the Shepard (1968) algorithm (Spheremap
method, Willmott et al. 1985), that takes into account not only the horizontal distance but also

Climatic Change

local topographical features such as elevation and mountain slopes, which improves the
orographic precipitation pattern. In particular, daily precipitation climatology is defined first
using daily and monthly rain-gauge data and WorldClim (Hijmans et al. 2005). Then, the ratio
of daily precipitation to the climatology is interpolated on 0.05° grid resolution, and each
gridded ratio is multiplied to each grid climatology value day by day. Finally, the 0.05°
analysis is re-gridded to 0.5° and 0.25° grid (see Yatagai et al. 2009 for details). Iranian
meteorological stations (337), with minimum record length of 5 years, have been used to
develop the gridded dataset. Rain-gauge stations are composed of 154 World Meteorological
Organization (WMO) stations and of 183 non-WMO stations, spread throughout Iran and
covering different temporal periods, with the longest starting in the 1960s (Yatagai et al. 2008).
In the present study, the spatial resolution of 0.5°×0.5° is considered and only grid points
representative of Iran have been taken into account for the analysis.
Daily data from ten rain-gauge stations across Iran are used for comparing with APHRODITE dataset (Fig. 1b) and the common period 1961–2003 is considered. This set of stations
was selected on the basis of long record length, homogeneity and few missing values.
2.2 Methods
There are many available daily precipitation indices in the literature such as those recommended by the joint World Meteorological Organization CCL/CLIVAR/JCOMM Expert Team
on Climate Change Detection and Indices (ETCCDI; Rahimzadeh et al. 2009). Following
Brunetti et al. (2004) and Martínez et al. (2007) for each grid point we have computed the
following daily precipitation-based indices:
1) Annual total precipitation (mm year−1): For each year of the time record, the cumulative
annual precipitation is computed from daily data;
2) Maximum daily precipitation (mm day−1): For each year, the maximum value of daily
precipitation is extracted;
3) Absolute maximum of daily precipitation (mm day−1): the maximum values of daily
precipitation occurred over the full data record are extracted;
4) Percentage of wet days in the year: For each year of the time section, the percentage of the
number of wet days to the whole year (365 days) is computed. Wet days are those days
with precipitation≥1 mm;
5) Number of rainy days for five precipitation classes in a year: percentiles of daily
precipitation are computed upon which all daily precipitation events for each year are
categorized into light, moderate, heavy, severe and extreme precipitation events if the
precipitation value equals to or exceeds the thresholds of 25th, 50th, 75th, 90th, and 95th
percentiles of daily precipitation, respectively;
6) Accumulated precipitation in rainy days for the five selected precipitation thresholds (mm
year−1) defined above based upon precipitation percentiles: For each year and precipitation threshold, the accumulated precipitation is computed;
7) Intensity of precipitation in rainy days corresponding to the five selected precipitation
thresholds (mm day−1): For each year and precipitation threshold, the accumulated
precipitation is divided by the number of rainy days;
8) Relevance Index, RI (%): For each year of the time section, the index is computed as the
percentage of the cumulative daily precipitation belonging to a given class interval relative
to the rainfall collected during the course of the selected year. In the present study, five
precipitation classes are considered: <25th, 25–50th, 50–75th, 75–90th, and ≥90th percentile intervals.
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The base period used for the computation of the percentiles thresholds is 1961–2004. All
the indices with the exception of the absolute maximum daily precipitation are averaged over
the 44 years considered to assess their spatial patterns over Iran, while their time series are
checked for long-term trends using a linear regression between time and precipitation indices
fitted to the time series by the least squares method, and using the non-parametric MannKendall test (hereafter MK) to assess its statistical significance. This test consists of
comparing each value of the time series with the remaining in a sequential order. The
normalized test statistics Z is computed and the probability level of significance of 95 %
is considered.

3 Results
3.1 Spatial patterns of daily precipitation indices
The spatial pattern of annual mean precipitation (Fig. 1c) displays the role of orography and
sea neighborhoods (Fig. 1a) in controlling the precipitation distribution over the country. High
values are observed in the northern face of the Alborz Mountain in the Caspian Sea coastal
region and in western Iran along the Zagros mountain ranges. The highest precipitation amount
(900–1,000 mm year−1) is observed in south-western Caspian Sea due to the interaction
between sea and orography. The second core of high annual precipitation amount (400–
600 mm year−1) is observed over the western face of the Zagros Mountain as a result of the
wind side effect. Precipitation amount decreases towards central, eastern and southern Iran,
approaching the lowest values (50–100 mm year−1) in central arid regions.
The spatial pattern of mean maximum daily precipitation (Fig. 1d) is relatively similar to
that for annual precipitation. Although south-western and southern Iran along the Persian
Gulf, are characterized by moderate annual precipitation amount (100–500 mm year−1),
these areas have the highest mean maximum daily precipitation. This suggests that the
major portion of annual total precipitation is due to a few heavy precipitation events
under the influence of the Sudanese atmospheric low pressure system (Raziei et al.
2013). Central and eastern arid and semi-arid regions receive the lowest mean maximum
daily precipitation (5–15 mm day−1).
The highest annual maximum daily precipitation (100–140 mm) is observed in southwestern Iran along the Persian Gulf (Fig. 1e), where the corresponding annual mean precipitation varies between 200 and 300 mm year−1 (see Fig. 1c); this suggests that the region
receives about one third of its annual total precipitation in just few extreme events that could be
related to the Sudanese atmospheric low pressure system. The maximum daily precipitation in
low land areas of central-eastern Iran, located in the lee sides of the mountains, is less than
40 mm day−1, showing a sharp reduction of rainfall toward semi-arid regions of eastern Zagros
and southern Alborz hill slopes. The spatial pattern of the annual number of wet days shown in
Fig. 1f resembles to that of annual precipitation (Fig. 1c); both depicting the role of orography
and sea neighborhoods. It should be noted that the total annual rainfall in central-southern Iran,
which is between 50 and 200 mm year–1, occurs in a limited number of days (i.e., percentage
of wet days below 10 %), while the rest of the year remains dry.
Figure 2 illustrates the spatial patterns of the 25th, 50th, 75th, 90th and 95th percentiles of
daily precipitation and the RI for the five precipitation classes. The minimum precipitation
value for all considered percentiles (Fig. 2a–e) is observed in low land areas in central-eastern
Iran owing to their lee side geographical positions. The maximum value is observed in western
Iran as well as in the coastal areas of south-western Caspian Sea.
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Fig. 2 Spatial patterns of daily precipitation in mm day for a 25th, b 50th, c 75th, d 90th, e 95th percentiles
R and
the Relevance Index (%) for the different precipitation classes: f <25th percentile, g 25th–50th percentile, h
50th–75th percentile, i 75th–90th percentile and j P≥90th percentile

Fig. 3 Spatial patterns of: a–e mean number of rainy days, f–j accumulated precipitation in rainy days in mm year−1,
and k–o precipitation intensity in mm day−1 for light, moderate, heavy, severe and extreme precipitation classes (see text)
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For the first two RI classes (Fig. 2f–g), the minimum contribution of the cumulative
precipitation to the total annual precipitation is observed in western and south-western Iran
as well as in the Caspian sea area, whereas the highest contribution is observed in the central,
eastern and northern country, with RI values up to 12 % and 16 %, respectively. The
contribution of the third class to the total annual precipitation is relatively uniform all over
the country (Fig. 2h). On the contrary, the spatial patterns of RI for the other two classes
(Fig. 2i–j), show the highest contribution to the total annual precipitation in the Caspian Sea
region, south-western and southern Iran, and the lowest in the central-eastern regions. Therefore, in western and Caspian Sea regions small percentages of the total annual precipitation are
due to rainy events below the 75th percentile, while percentages ranging from 24 to 40 % of
the total annual precipitation belong to the 75–90th and ≥90th percentile class intervals.
It can also be noted that the RI for the first two precipitation classes is relatively high in arid and
semi-arid regions, but not for the other classes. Thus, the contribution of low precipitation amounts
to the total annual precipitation is more important in these regions, whereas in western Iran the
greatest contribution is provided by intense and extreme precipitation events. Intense and extreme
precipitation events in south-western Iran could be related to the formation and development of the
Sudanese low pressure system over the Middle East individually or merged with the Mediterranean
cyclone (Raziei et al. 2013). In this synoptic pattern, the areas on the western side of 54°E
experience a strong upward motion and high positive vorticity values due to an appropriate location
of deep westerly wave trough in eastern Mediterranean, leading to moisture transports from
southern part of Red Sea, Arabian Sea, Persian Gulf and Mediterranean Sea to Iran.
Figure 3 depicts the spatial patterns of the mean number of wet days, the corresponding
accumulated precipitation and intensity for the precipitation thresholds defined by the 25th, 50th,
75th, 90th and 95th percentiles. The spatial patterns of the mean number of rainy days for
different precipitation thresholds and the associated accumulated precipitation (Fig. 3a–e and f–j),
respectively, also reflect the role of orography and the seas. The maximum and minimum number
of wet days for all precipitation thresholds is observed over the Caspian Sea region, and centraleastern and southern Iran, respectively. Those maps also reveal that the total number of low to
moderate wet days in a year is ≤40 days for central, eastern and southern arid and semi-arid
regions of Iran, and only a few days with heavy–extreme precipitation are observed.
However, the spatial patterns of precipitation intensity for different precipitation thresholds
(Fig. 3k–o) show different features with respect to the maps of the number of rainy days and
accumulated precipitation. Though the mean number of rainy days and accumulated precipitation
are higher in the north, the most intense precipitation events for different precipitation thresholds are

Fig. 4 Spatial patterns of the slope of the linear fit for: a total annual precipitation, b maximum daily
precipitation in a year, and c percentage of wet days to the whole year. Statistically significant upward and
downward trends detected by MK test are in light blue and red, respectively. Units in a and b are mm year−1, in c
% year−1
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observed in western Iran, along the Persian Gulf coast. This suggests that precipitation in this area
usually occur in the form of intense showers. Moreover, although the accumulated precipitation for
heavy–extreme precipitation classes over central arid and semi-arid regions is evidently low
(Fig. 3h–j), Fig. 4o indicates a relatively high intensity of extreme precipitation throughout central
and south-eastern arid and semi arid regions. These intense rainfall events have potential to produce
flash floods and soil erosion, consequently causing huge socioeconomic problems in this region.

Fig. 5 Spatial patterns of the slopes of the linear fits for: a–e the number of wet days, f–j total precipitation in
wet days, and k–o precipitation intensity in wet days corresponding to light, moderate, heavy, severe and extreme
precipitation events. Statistically significant upward and downward trends detected by MK test are in light blue
and red, respectively. Units in a–e are (no. days) year−1, in f–j (mm year−1) year−1, and in k–o (mm day−1) year−1
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Fig. 6 Spatial patterns of the slopes of the linear trends for the Relevance Index for the following precipitation
class intervals: a <25th percentile, b 25th–50th percentile, c 50th–75th percentile, d 75th–90th percentile and e
P≥90th percentile. Statistically significant upward and downward trends detected by MK test are in light blue
and red, respectively. Units are % year−1

3.2 Trend analysis
Figure 4a–c show the spatial patterns of the slope of the linear trend for total annual
precipitation, maximum daily precipitation per year and the percentage of wet days to the
whole year, respectively. Areas with statistically significant trend at 5 % level detected by MK
test are colored (light blue for upward trend and red for downward trend). Figure 4a and c
show significant downward trends in north-western and north-eastern Iran, whereas central,
southern and south-western regions are characterized by upward trends, being statistically
significant only in spot areas. Figure 4b shows that the maximum daily precipitation per year
has an increasing trend in most of Iran that is statistically significant in western regions.
Figure 5 shows that the number of wet days (Fig. 5a–e), the corresponding total precipitation
(Fig. 5f–j) and intensity (Fig. 5k–o) for different precipitation thresholds are increasing in most of
the country, especially in the western territories, whereas they are decreasing in some areas in northwest and north-east. Results suggest that in general the number of light and moderate precipitation
events and the associated cumulated amount and intensity are decreasing in the northern part of the
country at the expenses of increasing the number of heavy/extreme precipitation events. According
to MK test, the upward trends in the number of heavy/extreme precipitation events are statistically
significant in western Iran. For the intensity of precipitation events, the upward trend in southwestern and central Iran is statistically significant for all precipitation types.
Figure 6 shows that the values of the RI indices decrease in most of the country. This downward
tendency is statistically significant for the <25th, 25–50th and 50–75th percentile classes in western
Iran. For the 75–90th percentile class (Fig. 6d), a weak downward trend is observed in most of Iran,
Fig. 7 Scatter plots of maximum daily precipitation per year, cumulative precipitation greater than 90th b
percentile, percentage of wet days and annual total precipitation at the ten selected stations and APHRODITE
nearest grid points. Units are (mm day−1) year−1, mm year−1, % year−1, mm year−1

Climatic Change

Climatic Change

which it is not statistically significant. The spatial pattern for ≥90th percentile class (Fig. 6e)
illustrates upward trends in most of the country that is statistically significant in western regions and
in isolated locations in north-eastern Iran. Thus, there is evidence of a downward trend in western
and south-western regions for events falling into the first three classes, showing that the contribution
of light, moderate and heavy precipitation to the annual total is decreasing there. Conversely, the
observed statistically significant upward trend for the extreme precipitation events in the same areas
(Fig. 6e) suggests that precipitation tend to occur in a few intense events in this region.
3.3 Comparison with observations
Gridding of daily precipitation data overcomes many limitations of point observations, especially problems associated with missing data and lack of spatial coverage. However, gridding
procedures applied to daily data can noticeably influence precipitation characteristics such as
precipitation frequency, extremes or temporal trends (Robeson and Ensor 2006). The number
and homogeneity of stations contributing to a given grid point, as well as the spatial smoothing
introduced by gridding methods, may sensitively impact precipitation fields and caution is
required on using those gridding datasets for daily precipitation analysis. Although the APHRODITE dataset has been already used for the identification of seasonal daily precipitation
regimes in Iran in relation to large-scale atmospheric circulation types (Raziei et al. 2012,
2013), no attempts have been done to evaluate its adequacy in fully describing precipitation
variability at daily time scale. For this purpose, ten rain-gauge stations, which are representative
of different climates in Iran and have almost complete daily precipitation records, are considered for comparison with APHRODITE’s nearest grid points (Fig. 1b). These station-grid point
pairs of precipitation time series have correlation coefficients between 0.60 (Tabriz) and 0.81
(Shiraz), with highest values in December–January when precipitation is greater. Despite the
good correlation, precipitation time series at the stations differ from those at the nearest grids
affecting the precipitation indices. In Fig. 7 the maximum daily precipitation, the cumulative
precipitation above 90th percentile, the percentage of wet days and the annual total precipitation
at the stations and nearest grids are compared. The R2 statistic that is a measure of the agreement
between observations and gridded data varies with the location and with the precipitation index
considered. For example, at Shiraz, it is found R2 =72 % for the annual total precipitation, while
R2 =31 % for maximum daily precipitation. Overall, there is a good agreement for the annual
total precipitation while noticeably discrepancies occur for maximum daily precipitation and
cumulative precipitation above 90th percentile.
Based on these results it is expected that temporal trends of the indices at the stations and nearest
grids differ as well. In Table 1 the angular coefficient of the linear fit with R2 statistic and MK trend
test (Z statistics) of some daily precipitation indices at the ten selected stations and nearest grid
points are listed. It can be noted that generally the same tendency is found using observations and
gridded data but discrepancies occur on the magnitude of the slope and its statistical significance.
These results reflect the difficulties in preserving the real variability of daily precipitation observed
at station level when the gridding process is applied. The result is somewhat expected if we take
into account that more stations contribute to a single grid point and that the number of such stations
vary with time (see Yatagai et al. 2009, Fig. 3c). Also, the spatial interpolation method used to grid
daily precipitation values can introduce bias into the gridded dataset (Daly 2006; Ensor and
Robeson 2008). Despite the limitations of gridded datasets at daily resolution, an analysis of daily
precipitation indices like the one proposed here, appears of particular interest. This is both for the
understanding of the regional and temporal characteristics of precipitation fields (provided that
additional checks are carried out using other datasets and/or observations), and for giving new
insights to improve the gridding process.

The statistically significant trends at 5 % level are in bold

Table 1 Mann-Kendall test (Z statistic) and slope of the linear fit with the corresponding R2 for some daily precipitation indices at ten selected stations and nearest grid points
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4 Conclusions
Using daily gridded precipitation data from APHRODITE project for the Middle East, spatial
patterns and temporal trends of some daily precipitation indices over Iran were investigated.
The spatial patterns of daily precipitation indices averaged over the period 1961–2004
display the role of orography and sea neighborhoods. The highest values of annual and
maximum daily precipitation are observed in the northern face of the Alborz Mountain in
the Caspian Sea coastal region and in western Iran along the Zagros mountain ranges. This is
confirmed by the high values of precipitation intensity observed in western Iran when different
precipitation thresholds are considered, and by the Relevance Index showing that the major
contributions to the annual precipitation in that region are provided by rainfall events falling
into 75th–90th and ≥90th percentiles. The spatial pattern of the percentage of wet days to the
whole year also shows the maximum values around 50–80 % in north-western country and the
Caspian Sea region. According to the Relevance Index, the main contributors to the annual
rainfall in these regions and in central semi-arid areas are light and moderate rainfall events.
The spatial patterns of the slope of the linear trend and the associated MK statistic for total
annual precipitation and the percentage of wet days to the whole year revealed significant
downward trends in north-western and north-eastern Iran. The maximum daily precipitation per
year pointed out upward trends in western Iran that is statistically significant. Such significant
upward trends are found also in the number of wet days and in the accumulated precipitation and
intensity during wet days, especially when thresholds for heavy, severe and extreme precipitation
are considered. Moreover, the trend analysis applied to the Relevance Index showed that the
contribution of precipitation events below 75th percentile to the annual precipitation amount is
decreasing in western region, while that of extreme events is increasing. Considering that the
linear trend is sensitive to the different datasets considered and to the records length, and taking
into account the impact of the gridding process on precipitation fields at daily time scale, we
suggest caution in interpreting the linear trends of the indices time series here investigated. Further
analyses should be done using updated data, other gridded datasets and observations. Also, it
would be interesting to investigate whether the observed tendencies are related to some changes in
the atmospheric circulations that impact the precipitation regime in western Iran. Lastly, any
change in the frequency of precipitation extremes should be studied using the probability theory,
focusing on the tails of the distributions and how they vary in the presence of non-stationary
processes (Bordi et al. 2007; Cooley 2009). These will be topics for future investigations.
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