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Abstract- Fourier spectral analysis is used to examine the cyclic structure for drought patterns and develop a long-term 
periodic model for precipitation data obtained from the arid region of Kuwait. The Standardized Precipitation Index (SPI) 
criterion is used to perform a time scale of 24 months. The periodogram technique reveals periodicities of 14, 19, 26, 31, 43, 
64, 103 and 258 months. It is advocated here that the 26- and 258-month periods present in the data are attributed, 
respectively, to a Quasi-Biennial Oscillation pattern and a solar cycle over which the magnetic polarity of the sun first 
reverses then reverts to its former state. The detected periods are manipulated in the SPI model to produce drought forecasts, 
which suggest that until the end of year 2024 the climate is considered normal to very wet. 
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I. INTRODUCTION 
 
Drought is a phenomenon, which may affect areas 
located in wet or dry environments, resulting in 
insufficient moisture due to a deficit in precipitation 
over a given time period. A thorough review of 
drought definitions was conducted by Wilhite and 
Glantz (1982), who classified drought into six 
categories based on meteorological, climatic, 
atmospheric, agricultural, hydrologic and water 
management features. The time scale over which 
precipitation deficits accumulate is important to 
elucidate these classifications. For example, 
agricultural droughts have typically a short-time scale 
of 1 month when soil moisture and rainfall cannot 
support crop growth and lead to yield losses, whereas 
hydrologic droughts have intermediate- and long-time 
scales of 3, 6, 12 and 24 months with marked surface 
and subsurface water depletion from lakes, streams, 
reservoir or groundwater. 

A widely acceptable index that has been 
used to assess and monitor drought characteristics 
quantitatively is the Standardized Precipitation Index 
(SPI) (e.g., McKee et al. 1993; Mishra and Singh 
2010). The SPI criterion represents the difference of 
precipitation from the mean divided by the standard 
deviation, where these two statistical parameters are 
determined from past continuous records, ideally of at 
least 30 years (McKee et al. 1993). Owing to the 
reason that this index is standardized, it can be used 
to assess global drought impacts. For a given 
location, the SPI may also be computed for any time 
scale whether short, intermediate or long by simply 
estimating the probability distribution function for the 
time scale selected. This feature will be instrumental 
to address effects of the abovementioned drought 
categories. The aim of this study is to use SPI 
criterion to model drought patterns determined from 
historical rainfall records for Kuwait and to provide 
possible forecasts. The computation of SPI values 
will consider a long-term scale of 24 months, 
generating average characteristics that are more 
reliable than short-term scales. The cyclical structure 

for SPI24 values will be examined in the frequency 
domain using the periodogram technique. A 
sinusoidal model that employs the results from the 
periodogram technique will then be developed.  
 
II. CASE STUDY 
 
Monthly total rainfall data for Kuwait are used in this 
study to perform a drought analysis. Owing to the 
relatively small land area, the average data for 
monthly total rainfall collected over the urban 
catchments of Kuwait from the weather stations 
shown in Figure (1) are nearly equivalent. These 
rainfall data are presented graphically in Figure (2) 
showing small differences of 3  mm. Accordingly, 
rainfall data collected for a point estimate can be 
considered spatially representative. The monthly total 
rainfall data from the weather station at Kuwait 
International Airport, which has the longest range of 
rainfall records among the other stations, can be 
employed here for the analysis. The data are plotted 
in Figure (3) for the period January 1967 to 
December 2009, with 516 monthly observations.  
 
III. SPI CALCULATION AND RESULTS 
 
The SPI index is equivalent to the Z-score often used 
in statistics. However, in many cases, the distribution 
of rainfall measurements is considered skewed. Thom 
(1958) found that the gamma distribution fits rainfall 
data more appropriately. The probability density 
function for the gamma distribution g(x) is defined as  
g(x) =

Γ( ) x e / 																																															(1)	 
where α > 0 is the shape parameter, β > 0 is the 
scale parameter, and x is the rainfall measurement. 
The gamma function Γ(α) shown in the above 
equation is defined as 
Γ(α)

= y e
∞

dy																																																					(2) 

Fitting the gamma distribution to rainfall data 
involves estimating α and β. Edwards and McKee 
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(1997) recommended estimating these parameters 
using Thom’s (1958) maximum likelihood 
approximation to obtain 

α

=
1

4A 1

+ 1 +
4A
3 																																																				(3) 

β =
x
α																																																																						(4) 

Where 
A

= ln(x) −
∑ ln(x)

n 																																																								(5) 
n is the number of rainfall measurements, and x is the 
mean of x. 

Integrating g(x) with respect to x and 
inserting estimates of α and β yields the cumulative 
distribution G(x) expression for a given month and 
time scale 

G(x)

= g(x)dx

=
1

β Γ(α)
x e dx																														(6) 

Assuming t = x/β, this cumulative distribution 
becomes 
G(x)

=
1

Γ(α) t e dt																																																			(7) 

As the gamma function is undefined for x = 0, and 
rainfall data may contain no measurements, the 
cumulative distribution may be conveniently 
expressed as 
 
H(x)
= q − (1 − q)G(x)																																																						(8) 

where q represents the probability of a value of zero. 
That is, if m denotes the number of zero 
measurements recorded in a rainfall time series, 
Thom (1958) states that q can be estimated from m/
n. The cumulative distribution H(x) is then 
transformed into standard normal random variable Z 
employing the approximate conversion provided by 
Abramowitz and Stegun (2012) as 

Z = SPI

= − t −
c + c t + c t

1 + d t + d t + d t 						for										0

< H(x) ≤ 0.5				(9) 
Z = SPI

= + t−
c + c t + c t

1 + d t + d t + d t 									for						0.5

< H(x) < 1.0		(10) 
Where 

t = ln
1

H(x) 																				for							0 < H(x)

≤ 0.5																								(11) 

t = ln
1

1.0− H(x) 									for					0.5 < H(x)

< 1.0																							(12) 
The coefficients in Equations (9) and (10) are equal 
to c = 2.515517, c = 0.802853, c = 0.010328, 
d = 1.432788, d = 0.189269 and d =
0.001308. 
 
The above criterion is used here to estimate SPI24 
values for Kuwait rainfall data. SPI classifications 
with regard to dry and wet events and the percentage 
available in each category in the time scale selected 
for Kuwait data are shown in Table (1). The SPI 
values are arbitrarily divided here into categories 
ranging from extremely wet (relative to the mean and 
standard deviation of the data) to extreme drought. 
The percentage available in the theoretical standard 
normal distribution is also presented for a comparison 
with the categories for Kuwait data.  

The temporal behavior of SPI24 values is 
presented in Figure (4). It is evident that drought 
intensities are highly variable and become less than -
1.0 and greater than 1.0 on several occasions. These 
variations are attributable to the seasonal nature of 
rainfall data. It is worth mentioning that the 
characteristics of the four seasons of Spring, Summer, 
Autumn and Winter are not distinct in the arid 
environment of Kuwait, which can rather be 
classified into rainy and dry months. Figure (3) shows 
that rainy months in Kuwait typically include 
November, December, January, February, March and 
April. Drought patterns appear largely after these 
months and grow worse during summer, i.e., June, 
July and August. However, on a larger scale, dividing 
the rainfall data in Figure (3) into three distinct equal 
time intervals of 172 months shows that the middle 
interval has lower rainfall levels than the others; total 
rainfall levels from the first to the third interval 
accumulate to 1,870, 1,420 and 2,160 mm, 
respectively. One long-term drought clearly presented 
in the SPI24 series endures for approximately 10 
years from December 1982 (month number 192) to 
January 1993 (month number 313). This drought 
event resulted from the low rainfall levels for the 
second time interval. 
 
IV. MODEL DEVELOPMENT 
 
The SPI24 data can be used to model drought 
variability. The patterns for SPI24 data can be 
examined in the frequency domain by plotting a 
periodogram. Figure (5) shows the periodogram, 
emphasizing periods such as 19, 26, 31, 43, 64, 103 
and 258 months. It is worth obtaining the 
periodogram for the rainfall data as in Figure (6). It is 
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evident that the periods identified in the rainfall 
pattern are similar to those found in the SPI24 data, 
with magnitudes of 12, 18, 26, 30, 42, 64, 103 and 
258 months. Overall, the existence of those periods 
suggests unclear climate variations. However, the 12-
month period in the rainfall data can certainly be 
related to a seasonal variation pattern. It can also be 
noted that the 26-month period is attributed to well-
known Quasi-Biennial Oscillation (QBO) patterns in 
zonal winds, a dominant natural oscillation in the 
equatorial lower stratosphere (Almedeij and Al-
Ruwaih 2006). The QBO involves a reversal of wind 
directions; that is, the prevailing wind direction is 
easterly for one year and then westerly for the 
following year.  

The 258-month period is similar to a 
fundamental solar cycle with an average duration of 
22 years, over which the magnetic polarity of the sun 
first reverses then reverts to its former state. When 
Newell et al. (1989) matched this solar cycle and 
temperature cycle, they found that the alternate peaks 
of the 11-year sunspot cycle correspond to alternate 
upward and downward swings of temperatures, 
suggesting that cooling takes place during one phase 
of solar magnetic polarity and warming during the 
other. Mitchell et al. (1979) reported that the 22-year 
solar periodicity modulates terrestrial drought-
inducing mechanisms that encourage and discourage 
the development of major continental droughts. 

The pattern for the SPI24 data can be 
estimated from the detected periods. In general, time-
based data with a periodic sinusoidal component of 
known wavelength can be modeled using the 
following simplified form of Fourier series 

s(t) = R cos(2πf t

+ θ ) 																																											(13) 
where s is the periodic sinusoidal component of 
SPI24; R is the amplitude of variation; f is the 
frequency equal to the inverse of the period; θ is the 
phase angle; and k is the total number of 
periodicities. The term (2πft + θ) is measured in 
radians. As determined from the data, the k value is 
equal to five for SPI24 series, and f values may be set 
by their periodic nature, i.e., f = 1/19, f = 1/26, 
… cycles per month. The θ  and R 	  can be 
determined by means of numerical optimization. The 
fitted model s(t) for the SPI24 data is presented in 
Figure (4), with coefficients shown in Table (2). Here 
it is seen that the model fits the data with some 
variations that represent a remaining stochastic time 
series component. The accuracy of the two models is 
evaluated in Figure (7), which plots SPI24 data 
against generated values. Here, the solid line 
represents the condition of perfect agreement, and the 
dashed lines represent discrepancy values of ∆SPI =
∓1. The percentages of data for SPI24 falling within 
these discrepancy values is 84.50%. 

Given that conditions used to derive the model 
remain the same, drought forecasts can be performed. 
The span of a period can tell, to some extent, how far 
in time the model can provide forecasts. Because the 
longest period employed in the model is of 258 
months (21.5 years), forecasts can possibly be 
provided from January 2010 until December 2030 as 
in Figure (8). According to the classifications defined 
in Table (1), average SPI24 values for January 2014 
(month number 565) to December 2024 (month 
number 696) are considered normal to very wet. The 
implication is that the model can be used to produce 
potential drought forecasts in order to assess critical 
policy requirements related to water resources 
management. 
 
CONCLUSIONS 
 
This study has found that the SPI24 data for Kuwait 
have obvious periodic pattern. The periodogram 
technique revealed distinct periods, some of which 
are similar to those found in QBO and solar activity 
patterns. This similarity indicates a possible 
connection of droughts with persistent phenomena 
that can be exploited to produce a long-term drought 
model. The developed sinusoidal model for SPI24 
was able to describe the data pattern with some 
discrepancies representing a remaining stochastic 
time series component. A wider range of data would 
thus be necessary to verify the accuracy of the 
revealed periods, unhide any other ones, and detect a 
possible trend in order to enhance the performance of 
the developed models. 
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Table (1). SPI values and classifications 

 
 a SPI categories adopted from Bordi et al. (2001) 
b Standard Normal Distribution 

 
Table (2). Estimated coefficients for  models withn=1 

 

 
Figure (1). Weather stations in urban areas of Kuwait. 

 

 
Figure (2). Seasonal mean of monthly total rainfall collected 

from different weather stations over the urban catchments of 
Kuwait for the time duration from January 1994 to December 

2005. 

 
Figure (3). Rainfall data obtained for January 1967 (month 
number 1) to December 2009 (month number 516). The two 

dashed lines divide the data into three equal time intervals at 
April 1981 (month number 172) and August 1995 (number 

344). 

 
Figure (4). SPI24 data versus time for January 1967 (month 

number 1) to December 2009 (number 516). 

 
Figure (5). Periodograms for SPI24 data obtained for January 

1967 (month number 1) to December 2009 (number 516). 
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Figure (6). Periodogram for monthly total rainfall data 

obtained for January 1967 (month number 1) to December 
2009 (number 516). 

 
Figure (7). Historical versus generated SPI data. 

 

 
Figure (8). SPI24 model forecasts obtained for January 2010 

(month number 517) to December 2030 (number 768). 
 
 
 
 
 
 
 

 


