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Introduction

Global warming influences the global
average increase in temperature which
has a significant effect on regional precip-
itation by changing the thermodynamic
properties of both sea and land (Lee, Lee
& Julien, 2018; Ding, Lu & Wang, 2019).
Regional and local flooding, droughts, and
snowstorms caused by extreme weather
conditions have environmental impacts
on the progress of forests, animals, agri-
culture, and socio-economic (Knapp et al.,
2008; Xiong et al., 2019). Precipitation is
one of the most significant environmen-
tal factors for diagnosing climate change
and may also determine the regional-
scale eco-environmental approach to cli-
mate change (Subba, Ma & Ma, 2019).

A great deal of research work has
been done around the world to study

extreme weather events based on some
extreme indices. These extreme indices
can be defined either based on the prob-
ability of occurrence of given quantities
or according to threshold exceedances
(Seneviratne, Pal, Eltahir & Schér, 2002;
Bartolomeu, Carvalho, Marta-Almeida,
Melo-Gongalves & Rocha, 2018). The
indices suggested by the Expert Team on
Climate Change Detection Monitoring
and Indices are commonly used (Parra-
cho, Melo-Gongalves & Rocha, 2016).
Globally, the fluctuations and trends of
extreme precipitations have shown sub-
stantial spatial variation (Alexander et
al., 2006; Li & Hu, 2019). Asadieh and
Krakauer (2015) study the patterns of
global average precipitation. They no-
ticed that 66.2% of their examined grid-
ded points displayed a positive pattern
in South America, Australia, and India
over the past 110 years, 18% of which
were statistically relevant at the 95%
confidence levels (Asadich & Krakauer,
2015). Many studies from different re-
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gions indicated though, that extreme
events in precipitation did not have the
same regional continuity as extreme tem-
peratures (Lovino, Garcia & Baethgen,
2014; Tan, Ibrahim, Cracknell & Yusop,
2017; Forestieri et al., 2018). Alexander
et al. (2006) suggested that alterations in
precipitation were significantly globally
risen and prevalent. CMIP3 and CMIP5
model output suggested an increase in
the global average of daily precipitation
levels from about 6 to 7% over 20-year
period (Dai, 2006). Several researchers
have also illustrated the important role
of patterns of large-scale circulation in
the optimistic pattern in rainfall anoma-
ly events (Kenyon & Hegerl, 2010). In
the Middle East, several studies investi-
gated extreme rainfall patterns (Balling,
Keikhosravi, Kiany, Sen Roy & Khosh-
hal, 2016; Gado, El-Hagrsy & Rashwan,
2019; Tongal, 2019). Alijjani, O’Brien
and Yarnal (2008) noticed that about 20%
of the land area was at significant rain-
fall risk. The most intense heavy rainfall
events were faced primarily by the warm,
dry southern coast and the western slopes
of the major north-south chain, the Zagros
Mountains. Sensoy et al. (2013) show
that there are strong consistent warm-
ing trends throughout Turkey impacting
both high and minimum temperatures,
but precipitation shifts are far more com-
plex. Using long-term average rainfall
data (1965-2015), Salman with research
colleagues investigated the unidirectional
patterns in rainfall and rainfall-related
extremes in Iraq. The findings indicated
that the region has suffered a long period
of drought (Salman et al., 2018).

This research work aimed to study
the behavior of extreme rainfall phe-
nomena in Iraq. The proposed approach

firstly divided the area of study into
three distinguished regions. Then a spa-
tiotemporal distribution of 10 extreme
precipitation indices was analyzed for
Iraq by using the daily data time series
1981-2017. The analyses were done us-
ing the RClimDex package and ArcMap
10.4 software.

Material and methods

The study area and data source

Iraq is located in the southwestern
part of Asia, with an estimated area of
438,320 km?. It is surrounded by many
countries, Turkey at the north, Iran in the
eastern part, the southwestern part with
Kuwait, and the Persian Gulf, and the
southern part with Saudi Arabia. Also, it
is located between the latitudes 37°22'N
in the northern part with Turkey and
29°5'N in the southern part with Saudi
Arabia, also, Iraq is located between the
longitudes 38°45'E, which bordered the
Syrian desert and 48°45'E nearly to Shatt
Al-Arab (Adeeb & Al-Timimi, 2019; Al-
-Shamarti, Manji & Albw Jbianah, 2019).
The climate of Iraq is generally subtropi-
cal and semi-arid, except for the moun-
tainous northern and northern east parts
that have a Mediterranean climate. Most
of the rainfall occurs between December
and April, and the annual average ranges
between 100 and 900 mm. The moun-
tainous region in northern Iraq has sig-
nificantly more rainfall than the central
and southern regions. Nearly 90% of
the annual precipitation occurs between
November and April. Annual average
rainfall was measured at 216 mm. Win-
ters are mild and dry, with a daytime
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temperature falling to 2°C at night with
a chance of frost. Summers are dry and
hot to very hot, with shade temperatures
reaching 43°C in July and August, but
falling to 26°C in the winter (Al-Lami,
Al-Timimi & Al-Salihi, 2014). A data-
set of daily rainfall of the period 1981
to 2017 for 36 meteorological stations
was used in this study. This dataset was
obtained from the official website of the
NASA with a spatial resolution (0.5° lat-
itude x 0.5° longitude). Figure 1 shows
the geographical distribution of the se-
lected station on the Iraq map.

The spatial distribution of rainfall
is more realistic and accurate in moun-
tainous terrain when elevation depend-
ence is considered (Al-Ahmadi & Al-
-Ahmadi, 2013; Song et al., 2019). Since
the rainfall average varies from one re-
gion to another, the study area was di-
vided into three regions depending on

the k-mean method. Region 1 (northern)
includes seven stations (Dukcan, Ema-
dia, Sulaymaniyah, Salahaddin, Zakho,
Duhook, and Erbil); Region 2 (middle)
includes 10 stations (Sinjar, Mosul, Ra-
biah, Kirkuk, Tel-Afer, Khanaqin, Tuz,
Baiji, Tikrit, and Samaraa); Region 3
(southern) includes 19 stations (Amara,
Basrah, Anah, Kut, Qaim, Fao, Hai, Ha-
dithah, Nasiriya, Heet, Ramadi, Bagh-
dad, Rutba, Diwaniya, Hella, Samawa,
Najaf, Kerbela, and Nukheb) — Figure 2.
To test the suitability and accuracy of
the study data, the RClimDex package
in R software was used to submit all the
rainfall data to a high-quality control.
The quality control procedures included
replacing the missing data with —99.99,
label negative data on the average pre-
cipitation as erroneous data, and check-
ing the abnormality of selected data by
considering all daily data that exceeding
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FIGURE 2. Classification of

rainfall regions of the study
area (Iraq)

the standard deviation for five times as
(not available). An analysis of the visual
data graphs was established to check the
abnormal values. Abnormal values were
omitted and adjusted based on statistical
analyses and data from neighboring sta-
tions (Zhang & Yang, 2004).

Rainfall indices

The extreme rainfall indices were
calculated using RClimDex for the daily
rainfall data of 36 meteorological stations
in Iraq. This package is recommended
by the Expert Team on Climate Change
Detection and Indices (ETCCDI). The
RClimDex has been developed by Zhang
and Yang (2004). Providing easy-to-use
software for estimating extreme climate
indices. From the 27 indices established

|:| > 150mm Region 3
- 150 -400 mm Region 2
I <00 - 300 mm Region1

by the ETCCDI, 11 indices were as-
signed to determine indices of extreme
rainfall. Ten indices are selected to quan-
tify extreme rainfall events in Iraq, and
these indices are widely used to study
the spatiotemporal analysis of extreme
rainfall. Ten indices were classified into
two groups. The first one is rainfall days
include (CDD, CWD, R10, and R20).
The other group is rainfall total contain
(PRCPTOT, SDII, R95, R99, RXlday,
and RX5day). The table shows the spe-
cific details of these indices.

Trends of the rainfall indices were
computed using the ordinary least square
method (OLS). To determine the slope
magnitude, the OLS used a linear model.
Linear p-value trends of less than 0.10
were considered statistically significant
in this study.
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TABLE. List of extreme precipitation indices, as adopted from (Dos Santos, de Brito, Jinior & Dantas,

2012)
Indices ID Name Description
PRCPTOT Annual total wet day rainfall Annual total from days > 1 mm rainfall
SDII Simple daily intensity index Ratio of annual total to WD in a year
Annual total rainfall of days in
R95 Vi td .
Rainfall P clywerans > 95 percentile
total Annual rainfall of days in > 99™ per-
R99p Extremely wet days nnual rainfall o .ays in per:
[mm] centile
RXl1day Max 1-day rainfall amount Annual maximum 1-day rainfall
. A 1 i tive 5-d
RX5day Max 5-day rainfall amount fua max1mu@ conseetive >-cay
rainfall
Maximum number of consecutive dry
CDD Consecutive dry days days
(rainfall of < 1 mm)
) Maximum number of consecutive wet
Rainfall CWD Consecutive wet days days
days (rainfall of > 1 mm)
[mm) A 1 fd h infall i
t
R10mm Number of heavy rainfall days fifual court of cays when ramtati 18
> 10 mm
A 1 f h infall i
R20mm | Number of very heavy rainfall days nnual count i 2d(? i:rr\;v en ramatiis

Results and discussion

Temporal analysis of extreme rainfall
indices

Depending on the rainfall values of
all the considered stations and by using
the k-mean algorithm, the study area was
divided into three regions, northern, mid-
dle, and southern from 1981 to 2017. The
annual time series of ten extreme rainfall
indices in the study regions (northern,
middle, and southern Iraq) are shown
in Figures 3—8. In Figures 3 and 4, the
rainfall indices in the northern region of
Iraq showed an increasing trend during
1981-2017. A significant increase trend

was distinguished for PRCPTOT with
a rate of change of 2.625 mm per year.
This is due to the effects of low-pressure
system which cause a high intensity of
rainfall especially in the northern regions
of Iraq. The trends of SDII significantly
increased with a change rate 0of 0.038 mm
per day per year. The regional values
of RX1day and RX5day were similar,
and the rate of positive trend 0.348 and
0.722 mm per year, respectively. R95p
and R99p showed a high value of slope
with a rate of 2.54 and 1.38 mm per day,
respectively. Regarding rainfall days in-
dices in this northern region, CDD and
R10 showed a significant increase in the
trend with a rate of change of 0.87 and
0.14 when compared to the trend of SDII

Spatiotemporal analysis of some extreme rainfall indices over Iraq (1981-2017)

225



(a) Percptot

500 1y - 2625750 24674

() SDIl
¥ = 0,03881 + 38852
R*=0.1765

R¥=0.1027
400
6
300
4
200
100 2
0+ 0+
1981 1986 19291 1996 2001 2006 2011 2016 1981 1986 1991 1996 2001 2006 2011 2016
Year Year
(€) RX1day (d) RX5day
50 ¥ = 0.3480% + 16.361 100 ¥=0.7223x+ 28.94
40 R = .2296 0 RE= 02074
30 60
20 40
10 20
0 04
1981 1986 1991 199 2001 2006 2011 2016 1981 1986 1991 1996 2001 2006 2011 2016
Year Year
(e) R95P 0 R99p
200 7 42841854 15,228 140 9y 1 3g9x. 67292
Ri=01872 120 R = 0.1514
150
100
30
04 g
1981 1986 1991 1996 2001 2006 2011 2016 1981 1986 1991 1996 2001 2006 2011 2016

Year

Year

FIGURE 3. Temporal variations for the northern region of extreme rainfall total indices: a— PRCPTOT;
b — SDII; ¢ — RX1day; d — RX5day; e — R95; £ — R99 respectively. The solid grey line is the linear
trend, the solid black line is the annual variations and the dotted black line is the five-year smoothing

average

(a) cDD (b) CWD
200 ¥ - 0.8762x+ 79.076
150
100

50

0+ -

1981 1986 1991 1996 2001 2006 2011 2016 1981 1986 1991 1996 2001 2006 2011 2016

Year Year
(€) R10mm (d) R20mm
14 9 y=01427x+ 3.6675 69 YTO00T4Tx 03741
y RI=0.1744

6
4
2
o

1981 1986 1991 1996 2001 2006 2011 2016
Year

1981 1986 1991 1996 2001 2006 2011 2016

Year

FIGURE 4. Temporal variations for the northern region of extreme rainfall days indices: a — CDD;
b - CWD; ¢ — R10; d — R20 respectively. The solid grey line is the linear trend, the solid black line is
the annual variations and the dotted black line is the five-year smoothing average

226

AM. Al-Lami, Y.K. Al-Timimi, H.K.A. Al-Shamarti



and R20. All indices showed a significant
increase during the last 10 years. The rea-
son for this significant increase could be
due to the El Nifio-Southern Oscillation
(ENSO) cold (La Nifia) phases in vari-
ous parts of the world and its impact on
the climatic events on these regions. Ad-
ditionally, the five years moving average
slope showed that there were three-clear
peaks for most indices that occurred dur-
ing 2015, 2006, and 1993. The result of
the temporal distribution for the ten in-
dices on the surrounding countries like
Iran, Turkey and also in China showed
an upward trend for all these indices

(a) Precptot
¥ = 326820+ 127.9
350 R’ = 0.2669

(Sensoy et al., 2013; Balling et al., 2016;
Ding et al., 2019).

Figures 5 and 6 illustrate the middle
region (Region 2). It can be seen that this
region has a positive trend that appeared
for all indices. Precipitation total indices
showed a high increase in PRCPTOT
and R95p with a change rate of 3.26 mm
per day per year and 1.61 mm per year,
respectively. A low rate of change was
noted for other indices, especially in
SDII and RX1day. There was no signifi-
cant increase in the trend in rainfall days’
indices, except a high trend that appeared
in CDD 0.5 days.
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Figures 7 and 8§ illustrate Region 3
which represents the southern parts of
Iraq, where only SDII showed a negative
trend with a rate of —0.0052 mm per year.
Other indices showed a less increase in
the trend compared to that of the middle
and northern regions. Spatial analysis in-
dicated that most western and southerner
stations included in this region showed
a negative trend for most indices which
led to low values of trend increasing in
the third region.

Spatial analysis of extreme rainfall
indices

Ten rainfall indices were divided
into two groups, the first group was
(PRCPTOT, SDII, R95, R99, RX1day,
and RX5day), and the second group of
indices (CDD, CWD, R10, and R20).
The spatial distribution of rainfall to-
tal indices during 1981-2017 is shown

in Figure 9. The high PRCPTOT value
occurred mainly in the northwestern re-
gion of Iraq, and the low values were
distributed primarily in the southwest-
ern regions. The values of PRCPTOT
fluctuated between 45.6 mm per year,
which appeared in Nukheb station, and
357 mm per year in Zakho station.
Herein 39% of stations showed
PRCPTOT values less than 100 mm per
year, 22% of stations showed a negative
trend of PRCPTOT, and these stations
were distributed primarily in the west-
ern parts of Iraq, except Basra and Fao
stations, in the south of Iraq. A higher
positive trend value appeared in Tuz,
Khanginand, and Zakho (4.6, 4.55,
and 4.04 mm per year, respectively).
The spatial distribution of this index
revealed that the wetter region was in
northwestern Iraq. Significantly high
values of SDII appeared generally in the
northern and eastern regions of Iraq, and

Spatiotemporal analysis of some extreme rainfall indices over Iraq (1981-2017)
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approximately 79% of SDII values were
more than 4 mm per day per year. A low-
er SDII value was recorded at Nukheb in
the southeastern of Iraq (1.2 mm per day
per year), because this site represents
the most drier site in Iraq according to
records of the total rainfall in this station.
Apercent of 36% of the stations revealed
a negative SDII value, the lowest signif-
icant trend was at Qaim —0.054 and the
highest trend appeared in Kirkuk 0.067.
The values of RX1day and RX5day also
indicated a similar distribution, and the
highest values of these indices appeared
mainly in the stations lies north 36° lati-
tude, while the lowest value was at the
western parts of Iraq. Additionally, Na-
jaf station indicated a low value of both
indices 11.8 and 16.6 mm per year, re-
spectively. A negative trend appeared in
19.4% of RX1day and 11% of RX5day.
Anah and Qaim displayed a significant
negative trend for both indices —0.19
and —0.14. The indices of very wet days
R95p and extremely wet days R99p
ranged from 10.9-78.3 to 2.7-25.9 mm
per year, respectively. However, both in-
dices in the northwest part of Iraq were
more extreme. The pattern of R95p and
R99p distribution also showed similar-
ity, where the lowest value appeared in
the western part of Iraq chiefly in Heet,
Najaf, and Rutba, but the highest val-
ues appeared in both Zakho and Emadi-
yah. A negative trend indicated only in
11.4% of stations. According to RX1day
and RX5day, only five stations showed
a negative trend (Anah, Basrah, Fao,
Nukheb, and Qaim). Significant positive
trends for both indices were indicated in
Sulaymaniyah and Dukan. Concerning
the above six indices, northern and east-
ern parts of Iraq showed positive trends

with a high probability of extreme rain-
fall in these regions. The cause can be
attributed to the elevation influence of
increased relief amplitude on airflow
variability, and the elevation of topog-
raphy has caused the northern parts of
Iraq to rainfall more than other regions.
Conversely, the low trend appeared
mainly in the western and southern parts
of Iraq. Another reason for trending in
extreme rainfall in this area could be the
event ENSO. Recent ENSO studies have
established a significant climatic corre-
lation between the anomaly of rainfall
and both the Southern Oscillation warm
(El Nifo) and cold (La Nifia) phases in
various parts of the world (Ding et al.,
2019; Xiong et al., 2019). Regarding the
spatial analysis of extreme rainfall days
(Fig. 10). The CDD values exhibited
a significant increase from the north-
western to the southwestern of Iraq, be-
tween 66 days at Samara and 197 days
at Najaf. Seventy eight percent of the
stations revealed a positive trend, how-
ever, only six stations have significant
trends increasing, and most of them
were distributed in the northern. Sama-
wah and Samara showed low values of
CDD due to the extremely low values of
rainfall intensity in these two stations.
In contrast, the CWD index spatial
trend ranged between 2.1 and 6.7 days
per year. The largest concentration of
CWD was maintained in the northwest
of Iraq. The peak values of CWD were
recorded in two stations Emadiayia and
Zakho (6.7 and 6.6 days, respectively).
The concentration was found to increase
with the rise in elevation for the north-
western part of Iraq (Al-Ahmadi & Al-
-Ahmadi 2013; Song et al., 2019). Only
four stations showed negative trends

Spatiotemporal analysis of some extreme rainfall indices over Iraq (1981-2017)
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FIGURE 10. Spatial distribution of extreme rainfall days indices: a— CDD; b— CWD; ¢ —R10; d— R20

respectively over Iraq

(Nukheb, Heet, Rutba, and Fao), most
of them in the western part of Iraq, ex-
cept Fao (Fig. 10).

The frequency of annual rainfall day
level (R10 mm) index ranged from 0.78
to 8.6 days per year. This index’s spatial
distribution was close to that of the CWD
index, although its higher concentration
in northwestern of Iraq. Figure 10 also

showed that R10 and R20 values were
similar and increased values appeared in
the northern parts of Iraq (Hassan, Zeki
& Salih, 2018; Al-Nassar, Pelegri, San-
gra, Alarcon & Jansa, 2020). Seven sta-
tions for both indices showed a negative
trend, most of them dispersed in the west
of Iraq. Additionally, all stations showed
a non-significant trend increasing,
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however, a maximum trend was noted
at Khangin for both indices (0.17 and
0.07 days, respectively).

Conclusions

In this study, we used daily rainfall
data from 36 meteorological stations in
Iraq to examine the spatiotemporal dis-
tribution of extreme rainfall indices us-
ing RClimDex package. Ten indices were
chosen and divided into two classes:
rainfall total (PRCPTOT, SDII, R9S,
R99, RX1day, and RX5day) and precipi-
tation days (CDD, CWD, R10, and R20).
The area of the study was divided into
three regions to investigate the temporal
characteristics of the time series for ex-
treme rainfall indices. This study came
out with several conclusions:

1. High values of rainfall total indices
appeared in the northwestern part of
Iraq, whereas the lowest values of
these indices appeared in western and
southern regions. Most of the stations
revealed positive trends except seven
stations in the western and southern
parts of Iraq (Heet, Haditha, Anah,
Rutba, Qaim, Nukheb, Fao), which
showed a negative trend.

2. Results of rainfall days revealed
higher values of consecutive dry days
(CDDs) in Najaf and Nukheb sta-
tions. Higher values of other indices
CWD, R10, R20 appeared mostly at
Zakho and Emadiyah in the northern
parts of Iraq. The positive trend was
non-significant for most rainfall days
indices.

3. A high probability of extreme rain-
fall in the northern and eastern parts
of Iraq.

4. Time series analysis of extreme
rainfall indices showed a positive
increase in the regions under study,
except one negative trend appeared
in SDII for Region 3. A high rate of
change appeared in the north of Iraq,
especially for PRCPTOT, R95, and
CDD.

5. All indices showed a significant in-
crease during the last 10 years.

6. According to the results of the study
we suggest that the Iraqi government
needs to take quick actions like de-
signing a national water master plan
and implement regional cooperation
and coordination.
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Summary

Spatiotemporal analysis of some ex-
treme rainfall indices over lIraq (1981-
—2017). Extreme rainfall is one of the environ-
mental hazards with disastrous effects on the
human environment. Water resources man-
agement is very vulnerable to any changes in
rainfall intensities. A spatiotemporal analysis

is essential for study the impact of climate
change and variability on extreme rainfall.
In this study, daily rainfall data for 36 mete-
orological stations in Iraq during 1981-2017
were used to investigate the spatiotemporal
pattern of 10 extreme rainfall indices us-
ing RClimDex package. These indices were
classified into two categories: rainfall total
(PRCPTOT, SDII, R95p, R99p, RXlday,
and RX5day) and rainfall days (CDD, CWD,
R10, and R20). Depending on the mean an-
nual precipitation data, the study area was
divided into three climatic zones to examine
the time series features of those 10 indices.
Results showed a tendency to increase in
precipitation toward the northwestern part of
Iraq, and more than 70% of stations achieved
a positive trend for most indices. The most
frequent negative trend appeared in eight sta-
tions distributed in the western and southern
parts of Iraq, namely (Heet, Haditha, Anah,
Rutba, Qaim, Nukheb, Najaf, and Fao). A sig-
nificant positive trend appeared obviously in
PRCPTOT and R95p with a rate of 0.1-4.6
and 0.5-2.7 mm per year, respectively. Ad-
ditionally, the least trend increasing appeared
in all precipitation days indices specifically
in R10 and R20. Time series analyses re-
vealed a positive trend in all regions under
study, except SDII in the southern region.
The most significant rate of change was
noticed in regions one and two (northern
and middle parts of Iraq), particularly for
PRCPTOT and R95p 3.26 and 2.45 mm per
day, respectively. Only the northern and east-
ern regions of Iraq experienced a high prob-
ability of significant extreme rainfall.
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