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Abstract:  Many regions in the world have recently experienced more frequent and intensive disasters such 
as flash floods and persistent droughts. The Sultanate of Oman is no exception to this. We analyzed two-
decade long daily precipitation records in three major cities, namely, Sohar, Muscat and Salalah, mainly 
focusing on extremes. A set of climate indices defined in the RClimDex software package was used. 
Moreover, annual maximum 1-day precipitations in three study areas were analyzed using the Generalized 
Extreme Value (GEV) distribution function. Results showed significant changes in the precipitation regime 
in recent years. The annual total precipitation in Sohar and Salalah decreased, while that in Muscat shows 
statistically week increasing trend. However, all indices analyzed indicate enhanced extreme precipitation 
toward 2010 in Muscat and Salalah. As a result, the contribution from extreme events to the annual total 
rainfall steadily increases in both study areas. A clear conclusion could not be made based on selected 
indices for Sohar due to consistent drier years occurred from 1999 to 2005. Frequency analysis indicates that 
the annual the maximum 1-day rainfall estimated in Sohar and Muscat for 5 and 10 year return periods are 
approximately same (70 mm/day and 108 mm/day, respectively) but about two-fold greater than that in 
Salalah (29 mm/day and 60 mm/day, respectively).  
 
Keywords:  GEV distribution, RClimDex, Rx-1day,  Sohar,  Muscat, Salalah. 
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1.  Introduction 
 
In recent decades, weather has gotten more 
extreme in many parts of the world. These 
changes have been detected in the Arabian 
Peninsula (AlSarmi and Washigton 2013), Asia 
(Liu et al. 2015), America (Coopersmith et al. 
2014), and Europe (Haren et al. 2013). In a 
regional scale analysis, Groisman et al. (2005) 
reported that in the mid-latitudes there has been 
a notable increase in the frequency of very 
heavy precipitation (upper 0.3% of daily 
precipitation) during the past 50–100 years. 
Alexander et al. (2006) reported a significant 
decrease in the annual occurrence of cold nights 
and a significant increase in the annual 
occurrence of warm nights over two-thirds of 
the global land area. These extreme weather 
events often cause extensive damage to 
economies, the environment, and human life 
(Tezuka et al. 2014). For example, exposure to 
extreme heat can cause heat stroke, which may 
lead to death or permanent disability. Changes 
in a precipitation regime may result in flash 
floods and long-term droughts. Moreover, some 
plants and animals are highly dependent on 
specific climate conditions. Any changes in the 
climate of an area can affect them and the entire 
ecosystem (Tank et al. 2009). 
     Consequences of extreme weather events 
affect regions in different ways, and are 
projected to worsen conditions in water-scarce 
countries like Oman. Gunasekara et al. (2013) 
analyzed the combined impact of population 
change and climate change, and identified the 
Middle East as one of four regions that will be 
exposed to extremely negative impacts that 
could lower fresh water availability by 50% by 
2100 compared to the situation in 2000. In 
Oman, changes in precipitation and 
temperature have already begun to be detected. 
For example, the super cyclone Gonu in 2007 
caused extensive damage in coastal cities, with 
rainfall recorded at 256 mm/day at Seeb Airport 
in Muscat Governorate. The cyclone caused 
about USD$4.4 billion in damages at the time 
and 69 deaths. 
     Numerous studies based on global 
circulation model (GCM) and regional climate 
model (RCM) projections indicate that 
anthropogenic climate change could cause an 
increase in the frequency and intensity of 
extreme weather events (Beniston et al. 2007; 
Fowler et al. 2005). Under changing climate 
conditions (past and future), exclusive use of 
climatic norms derived from historical data may 

no longer be appropriate and could render 
infrastructure vulnerable by leading to design 
with insufficient capacity or by prompting the 
adoption of policy measures that become 
difficult to practice over time. Therefore, 
understanding the occurrence of past extremes 
is of great importance to avoid or at least reduce 
the damage due to catastrophic floods and 
prolonged periods of drought. The objective of 
this research is therefore to evaluate the trends 
of extreme precipitation in three of Oman’s 
major cities—  Muscat, Salalah, and Sohar—over 
recent decades. 
 
2. Study Area 
 
Oman is located in the southeastern corner of 
the Arabian Peninsula.  It covers an area of 
309,500 km2 and encompasses a diverse range of 
topography, including mountain ranges, arid 
deserts, and fertile plains. The climate varies 
mainly from semi-arid to hyper-arid. On 
average, annual rainfall is less than 100 mm 
compared to a global annual mean of 1,123 mm.  
     The city of Sohar is located in Al Batinah 
North Governorate in northern Oman (Fig. 1). 
The annual total precipitation average between 
1991–2010 was approximately 106 mm (Fig.  2), 
which suggests a strong negative trend in 
rainfall in the 21st century (67 mm/decade, P = 
0.05). A P-value of <0.05 leads a researcher to 
reject the null hypothesis and conclude that 
there is a significant linear trend. Cold frontal 
troughs originating in the North Atlantic Ocean 
or  Mediterranean  Sea   bring   nearly   75%  of  
 

 
Figure 1.  Three study areas. 
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Sohar’s total rainfall from November to April 
(Fig. 3). The number of wet days, which are 
defined as days with precipitation >1 mm, occur 
in Sohar about 11.7 days/year, which is higher 
than the number of wet days that occur in 
Muscat (7 days/year), but is significantly lower 
than the number of wet days in Salalah (25 
days/year).  Sohar’s monthly mean minimum 
temperature fluctuates between 14–29C, while 

the monthly mean maximum temperature 
ranges between 24–36C. 
    Muscat, the capital city, accommodated 
approximately 29.5% of the total population in 
Oman in 2010. The annual total precipitation 
average from 1991–2010 was approximately 87 
mm, showing a statistically weak trend, with 
precipitation increasing at an average rate of 18 

 

 

 
 
 
 
 
 
 
 
 
Figure 2.  Variations of annual total precipitation in three study areas. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.  Monthly precipitation and temperature variations in two study areas (Muscat and Salalah). 
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mm/decade (P = 0.57) (Fig. 2).  About 73% of 
the annual total precipitation occurs from 
November to April when the cold frontal 
troughs are active (Fig. 3). In addition, tropical 
cyclones originating in the Arabian Sea bring 
intense rainfall during the pre-monsoon (May-
June) and post-monsoon (October-November) 
seasons. Even though these cyclones are 
uncommon and their contribution is not 
apparent in long-term averages, they 
occasionally bring heavy rains to the coastal 
areas, causing substantial damages. The 
monthly mean maximum temperature in 
Muscat fluctuates between 25–40C, and the 
monthly mean minimum temperature ranges 
between 17–29C (Fig. 3). 
     The city of Salalah is located in the Dhofar 
Governorate in southern Oman (Fig. 1). Summer 
months are cooler than in the northern regions 
of the country; thus, Salalah attracts tourists 
from the other parts of Oman and neighboring 
countries. From late June to September, the 
region experiences monsoon precipitation, 
known locally as the Khareef, which brings 
approximately 61% of the total precipitation for 
the year (Fig. 3).  High humidity and drizzle are 
common through the Khareef season. As a result, 
Salalah experiences about 25 wet days per year. 
The annual total precipitation average from 
1991–2010 is 82 mm, which shows a statistically 
weak negative trend of -18 mm/decade (P = 
0.51) (Fig. 2). The monthly mean maximum 
temperature fluctuates between 27–33C, and 
the monthly mean minimum temperature 
ranges between 19–28C (Fig. 3). 
 
3.  Methodology 
 
Oman’s daily precipitation records between 
1991–2010 were used. In the current study, 
RClimDex software developed by the Expert 
Team on Climate Change Detection, Monitoring 
and Indices (ETCCDMI) was used to calculate 
nine indices that analyze different aspects of 
precipitation under changing climate conditions 
(Alexander et al. 2006). The quality control 
procedure in RClimDex was applied to identify 
errors in data processing, and a temporal 
homogeneity test was conducted using the 
RHtest software package. Climatic time series 
often exhibit abrupt changes and/or gradual 
shifts due to station relocation or changes in 
instruments or observing practices. However, 
no artificial step changes were detected in the 
time series of temperature or precipitation. Even 

though all nine indices were calculated, 
discussion is limited to the indices with 
hydrologically significant trends only. 
Definitions of the selected indices are presented 
below. 
 
     SDII: simple precipitation intensity index, 
where RRW is the daily precipitation amount on 
a wet day and W represents the number of wet 
days (Eqn. 1). 
 

ܫܫܦܵ    ൌ
∑ ோோೈ
ೈ
ೈసభ

ௐ
                                                  (1) 

 
     R10mm: annual count of days when daily 
precipitation is ≥10 mm. 
 
     Rx-1day: annual maximum one-day 
precipitation. 
 
     R95pTOT: annual total precipitation when 
RRw> 95p. Here, 95p is the 95th percentile of 
precipitation on wet days in the base period 
(1991–2000). 
 
ܱܶܶ95ܴ ൌ ∑ ܴܴௐ	

ௐ
ௐୀଵ whereܴܴௐ   (2)         95

 
     PRCPTOT: Annual total precipitation on wet 
days 
 
ܱܶܶܲܥܴܲ ൌ ∑ ܴܴௐ	

ௐ
ௐୀଵ                                         (3) 

 
     This analysis was further extended to 
investigate the spatial variation of extreme 
rainfall for different return periods. The yearly 
maxima of the daily precipitation were analysed 
using the GEV distribution function (Demaria et 
al. 2013;  Stahli et al. 2011). The cumulative 
probability distribution function for the GEV is 
given as in Eqn. 4. 
 

ሺ௫;ఓ,ఙ,ሻܨ ൌ exp െ ቀ1   ௫ିఓ
ఙ
ቁ
ିଵ/

൨                       (4) 

 
for {1+[(x-)/] 0}. For the location (), scale 
() and shape (), parameters of this distribution 
were estimated by the maximum likelihood 
estimation (MLE) method (Jenkinson 1955). The 
goodness-of-fit of the fitted distribution was 
tested using the Kolmogorov-Smirnov (K-S) 
test, which examines the null hypothesis that 
sample data follow the specified distribution. 
The characteristics of the precipitation 
distributions were assessed in terms of the 
return values and return periods of their annual 
extremes. Given an annual exceedance 
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probability of P(Xx), the return period is 
calculated by the reciprocal of P(Xx). 
 
Return	period	ሺܶሻ ൌ

ଵ

ሺ௫ሻ
ൌ

ଵ

ଵିሺவ௫ሻ
                 (5) 

  
     A T-year return value is defined as the 
threshold that is exceeded by an annual extreme 
in any given year with the probability P = 1/T 
(Kharin et al. 2007). 
 
4.   Results and Discussion 
 
The trends of selected indices are not consistent 
in showing whether precipitation will increase 
or decrease over the three study areas (Table 1). 
Of the three precipitation time series examined, 
Muscat and Salalah exhibited similar 
characteristics in trends analysis, while findings 
for  Sohar revealed results that are distinct from 
the other two cities. This can be attributed to the 
consecutive number of dry years which 
occurred for seven years, beginning in 1999, in 
Sohar (Fig. 2). For example, the total annual 
precipitation in Sohar from 1991–1998 was 180 
mm/year but was reduced to 56 mm/year from 
1999–2010. Therefore, calculations made relative 
to reasonably higher annual total precipitation 
rates in the past resulted in notably smaller 
estimations in recent years, suggesting a 

negative trend for precipitation indices overall 
(Figs. 4 and 5). 
     Even though Muscat and Salalah depict 
similar trends for most selected indices, their 
magnitudes were found to be significantly 
different. For example, the average annual Rx-
1day rate over 20 years in Muscat and Sohar 
was approximately 42 mm/day and 48 
mm/day, respectively, while in Salalah it was 
only 22 mm/day (Fig. 4).  Similarly, the average 
wet day intensity (SDII) estimated in Muscat 
and Sohar was approximately 14 mm/day and 
12 mm/day, respectively.  In Salalah, this figure 
decreased by more than three-fold (3.6 
mm/day). This difference has been mainly 
attributed to a comparatively higher number of 
rainy days and the drizzly, low-intensity rainfall 
events common during the Khareef season in 
Salalah. The 95th percentile of the precipitation 
rates on rainy days during the study period 
were calculated. Rainfall events that result in 
precipitation rates above the 95th percentile are 
generally accepted as extreme (Alexander et al. 
2006). This threshold in Salalah is 
approximately 13 mm, while in Muscat it is 
approximately 43 mm. Therefore, the 10 
mm/day threshold determined when 
calculating the R10mm index (Fig. 4) can be 
considered a mild event for Muscat but an 
extreme event for Salalah. 

 
Table 1.  A summary of calculated indices. 
 

Index 
Linear regression fitted using the least squares approach 

Sohar Muscat Salalah 

Rx-1day 
Negative 

(R2=0.05, p-value = 0.001) 

Positive 

(R2=0.31, p-value = 0.016) 

Positive 

(R2=0.39, p-value = 0.090) 

R10mm 
Negative 

(R2=0.10, p-value = 0.197) 

Negative 

(R2=0.14, p-value = 0.123) 

Positive 

(R2=0.005, p-value = 0.197) 

SDII 
Negative 

(R2=0.39, p-value = 0.001) 

Positive 

(R2=0.39, p-value = 0.090) 

Positive 

(R2=0.39, p-value = 0.073) 

ୖଽହ
ୖେ

 Negative 

(R2=0.31, p-value = 0.010) 

Positive 

(R2=0.005, p-value = 0.197) 

Positive 

(R2=0.042, p-value = 0.250) 
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Figure 4.  Trends in Rx-1day and R10mm indices: (a) Sohar, (b) Muscat, and (c) Muscat. 
 
     All indices examined in Muscat indicated 
increases in precipitation intensity over the past 
20 years. The annual Rx-1day (Fig. 4) and 
average SDII (Fig. 5) suggested positive trends 
with reasonably high statistical significance (P-
value = 0.016 and 0.005, respectively). 
Moreover, the number of days with mild 
rainfall intensity as calculated by the R10mm 
index depicts a statistically weak negative trend.  
 
 

 
To understand the effect of extreme 
precipitation on the total annual precipitation, 
the ratio between R95pTOT and the total annual  
precipitation (PRCPTOT) was calculated. As the 
R95pTOT index gives the total annual 
precipitation generated by extreme events, the 
R95pTOT/PRCPTOT ratio indicates the 
contribution from the extreme rainfall to the 
total annual precipitation. This ratio in Muscat 
(Fig. 5)  increased between 1991 – 2010, sugges-
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Figure 5.  Trends in contribution from very wet days and average wet day intensity: (a) Sohar, (b) 
Muscat, and (c) Muscat. 
 
ting enhanced extreme precipitation events over 
the study period.    
     All indices calculated for Salalah indicate 
evidence for increased precipitation intensity, 
even though the trend estimations were not 
found to be statistically significant (Figs. 4 and 
5). However, despite the decreases in total 
annual precipitation estimates for Salalah (Fig. 
2),  the  R95pTOT / PRCPTOT    ratio   suggests 

that the contribution from extreme rainfall to 
the total annual precipitation has steadily 
increased. 
     Intensity-duration-frequency (IDF) curves are 
used in designing hydraulic structures such as 
dams and open channels. The extreme value 
theory that produces the relationship between 
the intensity and return periods for selected 
durations requires the time series to be 
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stationary. Extreme events observed within the 
study period of the current research (eg. Cyclone 
Gonu in 2007), however, lie outside the 
envelope of constant variability assumed under 
stationary climate conditions. In such situations, 
the World Meteorological Organization (WMO) 
recommends conducting an analysis, assuming 
the non-stationarity within the time periods is 
sufficiently small, or using more advanced 
methods in which the parameters in the 
statistical models vary over time to describe the 
temporal evolution of the extremes (Tank et al. 
2009). Inclusion of a trend in one or more 
parameters of the GEV distribution implies a 
return level for a particular return period 
change over time; therefore, no return-level plot 
can be produced. The researchers in the current 
study used the second method, introducing a 
linear trend to one of the parameters in the GEV 
distribution. The most suitable parameter to 
consider the time variant was decided by the 
negative log-likelihood value  produced  by  the  
MLE method. Table 2 shows the constrained 
parameters in their study areas. Furthermore, 
Fig. 6 shows the estimated Rx-1day for the 10-
year return period with observed Rx-1day 
values plotted over the study period. In all three 
study areas, no major change in return levels 
was observed between 1991–2010. Inspection of 
the standard error (Table 2) shows that the 
value  for  the  time  variant  parameter  is much  

lower than its standard error. It is therefore 
concluded that the consideration of a time 
variant trend for more than one parameter 
could further increase the uncertainty of the 
results. These results also suggest that the 
assumption of stationarity is reasonably valid to 
generate IDF curves in the three study areas.       
In order to understand the differences in 
frequency and intensity of extreme precipitation 
in the three study areas, GEV parameters were 
estimated under a stationary assumption (Table 
3). The standard error in parentheses reveals 
that  the  shape  parameter  is always larger than 
the standard deviation, which rejects a two-
parameter distribution, also called a Gumbel 
distribution, for all the time series. The K-S test 
results indicated good agreement between 
observations and modelled probabilities. A 
reasonably higher shape parameter in Salalah 
may represent an increase in the annual Rx1-
day precipitation compared to the other two 
study   areas.   In   contrast,   the    location    and  
smaller scale parameters in Salalah compared to  
those in Muscat and Sohar can be attributed to 
the smaller intensity rainfall events. 
      The plot of results from the frequency 
analysis allows an estimate of the expected 
return levels (annual Rx1-day rainfall) for 
different return periods (Fig. 7). Moreover, Fig. 
8 was produced to compare the annual Rx1-day 
rainfall estimated for 5-, 10-, and 20-year   return 
  

Table 2.  Estimated parameters of the GEV distribution under non-stationary condition. 
 

Study 
area 

Parameters of the GEV distribution 
Location () Scale () Shape () 

Sohar 22.28+[-0.138(year-
1990)] {13.24, 0.922} 

20.48 {5.24} 0.5099 {0.2580} 

Muscat 
21.02+[0.124(year-
1990)] {8.66, 0.774} 

16.32 {3.43} 0.3431 {0.1575} 

Salalah 
7.44+[-0.066(year-1990)] 

{1.57, 0.040} 
5.16 {2.17} 1.298 {0.4534} 

  Standard errors are shown in parentheses {} 
 
Table 3.  Estimated parameters of the GEV distribution under stationary climate conditions. 
 

Study 
area 

Parameters of the GEV distribution K-S test 
significant 

at 5% 
level 

Reject 
Gumbel 

Hypothesis Location () Scale () Shape () 

Sohar 20.45 {5.22} 20.31 (5.11) 0.5290 {0.2341} Yes Yes 
Muscat 22.23 {3.99} 16.30 (3.43) 0.3449 {0.1572} Yes Yes 
Salalah 7.43 {1.61} 6.02 (2.14) 1.0397 {0.3417} Yes Yes 

  Standard errors are shown in parentheses. 
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                                                                                              (a) 

 
              (b) 

 
                                                                                               (c) 
Figure 6.  The 10-years return level estimated under non-stationary condition: (a) Sohar, (b) Muscat, 
and (c) Salalah. 
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                                                                                              (a) 

 
                                                                                              (b) 

 
                                                                                              (c) 

 
Figure 7.  Return periods of annual maximum 1-day precipitation estimated by GEV distribution: (a) 
Sohar, (b) Muscat, and (c) Salalah. 
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Figure 8.  Annual maximum 1-day precipitation estimated for different return periods in three study 
areas.  
 
periods in the three study areas. Results show 
that the annual Rx1-day rainfall estimated for 
the 5- and 10-year return periods in Sohar and 
Muscat are approximately the same, but are 
about two-fold greater than in Salalah. 
However, the rainfall for the 20-year return 
period in all three cities was estimated to be 
higher and reasonably close. This is because all 
of the study areas are affected by tropical 
cyclones, which bring occasional but heavy 
rainfall. 
 
5. Conclusion 
 
In this study, precipitation extremes in three 
major cities in Sultanate of Oman were 
examined using a set of climate indices. 
Moreover, a frequency analysis was conducted 
to understand the differences in annual 
maximum 1-day precipitation estimated for 
different return periods in the three study areas. 
In the end, the following conclusions were 
obtained.  
     The annual total precipitation in Sohar and 
Salalah decreased, especially in recent years, 
while that in Muscat slightly showed an 
increasing trend. This difference in Muscat is 
mainly because of the heavy precipitation 
caused by Hurricane Gonu in 2007. The average 
wet day precipitation intensity in Salalah is 
approximately 3.6 mm/day, which is 
significantly smaller than that in Sohar and 
Muscat (12 and 14 mm/day, respectively). This  
 

is mainly attributed to the frequent but low 
intensity rainfall events common in the Khareef 
season in Salalah. Despite the decrease in 
annual total precipitation estimated in Salalah, 
all indices analysed indicate enhanced extreme 
events toward 2010. Consequently, the 
contribution from extreme events to the annual 
total rainfall steadily increases in Salalah. The 
results in Muscat also lead to similar conclusion, 
which indicates that two-decades long wetting 
signal apparent in total precipitation can be 
attributed largely to the increases in extreme 
precipitation in recent decades. However, a 
comprehensible conclusion could not be made 
based on the selected indices for Sohar due to 
consistent drier years occurring from 1999 to 
2005. An analysis using long-term data with 
focus on potential drought is therefore 
recommended for Sohar. 
     Consideration of time variant parameter in 
GEV distribution produced no significant 
changes in return levels in all three study areas. 
Frequency analysis conducted under the 
assumption of stationarity indicates that the 
annual maximum 1-day rainfall estimated for 5 
and 10 year return periods in Sohar and Muscat 
are approximately the same but about two-fold 
greater than that in Salalah. However, the 
rainfalls for 20 year return period in all three 
cities were estimated to be higher and 
reasonably close. These results are expected to 
be useful for planning countermeasures for 
flash floods and persistent droughts in these 
study areas. 
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