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Relations between rainfall and the altitude of the terrain can have significant implications for rainfall-runoff studies in hydrology.
The aim of this paper is to report on a study of relationships between annual and seasonal rainfall and the altitude of the terrain in
Saudi Arabia (SA) using global ordinary least square (OLS) and local geographically weighted regression (GWR) methods. Results
using the OLS method showed a significant correlation between altitude and spring rainfall, with a coefficient of determination of
𝑟
2
= 0.54,𝑃 < .05 but no significant correlation for the annual and other seasons’ rainfalls.The relationships weremore pronounced

whenGWR local analysis was performedwith coefficients of determination of 𝑟2 = 0.78, 0.64, 0.83, 0.82, and 0.71 for annual, winter,
spring, summer, and fall rainfalls, respectively. There was some variation in the parameter estimates derived with GWR, but the
majority of the estimates indicated a positive association. Results from this study corroborate those of selected other studies in
which rainfall and altitude were found to be correlated spatially. The authors concluded that the use of a nonstationary local model
such as GWR enabled them to provide a deeper explanation of relations between rainfall and the altitude of the terrain than a global
model such as OLS in terms of spatial estimation and prediction.

1. Introduction

Understanding, estimating, and predicting spatial patterns
and amounts of rainfall are potentially important for a diver-
sity of human, social, economic, hydrological, and ecological
activities such as agricultural planning, water resources
management, flood prevention, groundwater recharge, forest
management, industry, and the welfare of the human popula-
tion and the national economy [1–3].The spatial and seasonal
patterns and total amounts of rainfall are key factors in the
water balance equation of Saudi Arabia [4].

Many scientists have studied associations between the
spatial and temporal distributions of rainfall and topographic
factors such as altitude [5–11], geographic location [8, 9],
slope [5, 7–10], aspect [5, 7, 10, 11], proximity to moisture
sources such as seas, oceans or lakes [6, 7] and exposure [5, 7,
8]. These topographic features have been applied as factors
to explore the relationships between topography and the
spatial distribution of mean annual, seasonal, and monthly
rainfall totals in different parts of the world using univariate
and multiple regression models and geostatistical methods.

These studies found that the spatial variability of mean
annual and mean monthly rainfall are best captured by such
topographic variables but results indicated that there were
varying degrees of success. For example, Sevruk et al. [8]
considered altitude as the best overall predictor of rainfall
distribution. Basist and Bell [5] found that exposure and
the product of elevation and exposure variables were related
to spatial variability of annual and mean rain falls, while
elevation and slope were the weakest predictors. Konrad [7]
found that altitude was strongly correlated with light rainfall
events but exposure and proximity to water sources were
associated with heavy rainfall events. Al-Ahmadi et al. [12]
explored the spatial variations between topography andmean
annual and seasonal rainfalls in the south-west of Saudi
Arabia using Kruskal-Wallis One-Way Analysis of Variance
(ANOVA). The topographic factors included physiographic
features (topography), altitude, slope, proximity to a ridge or
crest ofmountains, and proximity to the Red Sea.When these
factors were processed, the results showed that they were
statistically significant for estimating annual and seasonal
rainfalls.
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Rainfall distribution often differs on the windward and
leeward sides of mountain ranges. In Saudi Arabia, the
amount of rainfall on the western or windward slopes of the
AsirMountain Escarpment decreases in a northerly direction
due to the prevalence of winter monsoonal cloud formation.
The eastern or leeward slopes of the Mountains have lower
rainfall than the western side, due to the Asir Mountains
blocking the westerly and north westerly winds carrying
moisture from nearby water bodies [13]. Hayward and Clarke
[6] analyzed the association between rainfall, altitude, and
distance from the sea usingmultiple regression analysis.Their
results showed differences between ocean-facing and rain-
shadow stations. The associations between monthly rainfall
and altitude were more pronounced for rain-shadow stations
than for ocean-facing stations. Also, rainfall in themonsoonal
months increased with altitude and decreased with proximity
to the sea. Hatzianastassiou et al. [14] investigated the spatial
and temporal distribution of precipitation in Greece and
reported a difference between the wetter western (windward)
and the drier eastern Greece (leeward), whereas there was
very little precipitation over the Greek islands, chiefly in the
southern parts of Greece.

This study focused solely on the altitude factor as it was
the major factor and there was considerable complexity in
applying all of the known factors in a study of the huge geo-
graphical area of Saudi Arabia.There is a well-known physical
relationship between altitude and rainfall [15, 16], which has
been studied by many scientists working in different parts
of the world [3, 5, 10, 11, 17–23]. Several authors have found,
however, that using the mean altitude of the terrain within
a circle centered on the location of the rain-gauge station
and with a radius of a few kilometers improves the fit of the
relationmore than using the altitude of the station itself [7, 24,
25]. Pedgley [26] found that precipitation in the midlatitudes
is associated most strongly with smooth topography near
the rain-gauge. Chaun and Lockwood [24] used the mean
altitude of the rain-gauge within an 8 km radius about the
metrological station. Hill et al. [25] considered the average
altitude of 4 km grid squares. Konrad [7] adopted the mean
elevation within a 10 × 10 km2 grid. Johansson and Chen [27]
resampled elevations taken from 50 × 50m2 into a window
of a 4 × 4 km2 grid. Gouvas and Sakellariou [28] found that
the variable taking into account the surrounding altitude
of the adjacent mountains improved the description of the
increased rainfall in mountainous areas when compared to
using the altitude of the station itself. Alijani [11] calculated
the mean altitude of the terrain within a circle with a radius
of 2.5 km about a recording station. More recently, Gouvas et
al. [3] suggested that the variable Z, which takes into account
the altitude within a radius of 2.5 km around the recording
station, improved the predictive performance of the model
and can be used in the interpolation procedure.

Classical global modeling techniques, such as ordinary
least squares (OLS) linear regression or spatial regression
methods, assume a rendering process which is regarded as
being stationary, that is, spatially invariant or homogeneous.
This presupposes that the process runs similarly over the
entire area of study, and that there are no local variations
in the associations between the dependent and explanatory

variables [29]. Thus a single set of global parameters is
used to describe the process. Applying such techniques
may, however, obscure regional variations in the associations
between predictors and the outcome variable. The OLS
method addresses neither the issue of the nonstationarity
nor the occurrence of spatial autocorrelation among residuals
[30], yet it is progressively apparent that local variations
between the independent and dependent variables can play
significant exploratory and explanatory roles in the analysis
of spatial data [29]. Geographically weighted regression
(GWR) is a local spatial statistical technique used to analyze
spatial nonstationarity, where the relationships between the
variables can differ from location to location [31]. Maps
generated from the application of such analyses can play a key
role in exploring and interpreting spatial nonstationarity [32].

Rainfall exhibits nonstationary processes, as it differs in
type, frequency, and amount from one location to another.
This feature of spatial phenomena might be stated as regional
variation or spatial drift. Thus, the rainfall-altitude associa-
tion can be considered as a nonstationary relationship.While
there does not appear to have been many scientific studies
reported in the literature on the use of GWR to assess rainfall-
altitude relationships, Brunsdon et al. [33] used GWR to
explore the association between rainfall and altitude in Great
Britain.They studied the relationship between annual rainfall
totals and rain-gauge elevations over Great Britain and found
that such analysis allowed the spatial drift of regression
parameters to be identified, estimated, and mapped. Lloyd
[34] used nonstationary models, namely, moving window
regression (MWR), and GWR to explore the spatial varia-
tion concerning the relation between altitude and monthly
rainfall amounts in the United Kingdom and concluded that
global models masked widespread local variation and that
local models increased prediction accuracy. Lloyd [34] also
concluded that the association between elevation and rainfall
is complex, as are spatial variations of rainfalls and methods
such as GWR and MWR offer a great opportunity to explore
and understand these variations.

The present study aims to explore and understand the
spatial variation in the relationship betweenmean annual and
mean seasonal rainfalls and the altitude of rain-gauge stations
in Saudi Arabia using globalOLS and local GWRmodels with
monthly rainfall data over the years from 1971 to 2005.

2. Materials and Methods

2.1. Study Area. Saudi Arabia lies between 15∘ and 30∘
north of the equator and between 37∘ and 52∘ east of the
Greenwich meridian (Figure 1). It is surrounded by the Red
Sea (2250 km) to the west and the Arabian Gulf (500 km) to
the east, which are considered as the main sources of water
vapour in Saudi Arabia. The topography of the country can
be divided into regions of coastal plains, theWesternHeights,
theWestern plateau, theNajd plateau, the Eastern plateau, the
Northern plateau, and the Empty Quarter desert (Figure 2).
The coastal plains include the Tihama coast to the west of
the western mountains, which is about 1800 km long, and
the eastern coastal plain on the Arabian Gulf, which is some
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500 km long. The Western Heights has one of the notable
topographic features of Saudi Arabia, which is called the
Hijaz-Asir Scarp. It extends parallel to the western coastal
plains for some 1700 km and the elevation rises to 2990m.
Its width ranges from 120 km to 200 km, narrower at the
north and wider in the center and south. The slope of the
mountains is relatively steep towards the sea in the west but
less steep towards the east. The Najd plateau at the center of
SaudiArabia rises to between 800 and 1100mand includes the
Tuwayq Mountains, which form a range spanning 800 km.
The elevation of the Eastern plateau ranges between 170m
and 400m [35].

2.2. Rainfall and Altitude Data. This study used data from
180 rainfall stations with 35 years of monthly records from
1971 to 2005. The data were supplied by the Hydrology
Department of the Ministry of Water and Electricity. The
monthly rainfall data were categorized into four seasons,
namely, winter (December–February), spring (March–May),
summer (June–August), and fall (September–November).
From the monthly rainfall data, the authors calculated the
means of the annual and seasonal rainfalls. The altitude data
was derived from an ASTER DEM with 30 meters spatial
resolution [36].

2.3. Geographically Weighted Regression (GWR). Ordinary
least squares (OLS) or linear least squares is a global method
for estimating the association between a dependent variable
and a set of one or more independent variables and can be
written as [37]
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GWR extends the conventional OLS regression structure
by permitting local rather than global parameters to be
identified and estimated so that the model is rewritten as [31]

𝑦
𝑖
= 𝛽
𝑂
(𝑢
𝑖
, V
𝑖
) +∑

𝑘

𝛽
𝑘
(𝑢
𝑖
, V
𝑖
) 𝑥
𝑖𝑘
+ 𝜀
𝑖
, (2)

where the dependent variable 𝑦 is regressed on a set of inde-
pendent variables, each denoted by 𝑥

𝑘
and the parameters
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𝑖
, V
𝑖
) denotes the

longitude and latitude coordinates of the 𝑖th point in space
and 𝛽

𝑘
(𝑢
𝑖
, V
𝑖
) is a realization of the continuous surface of

parameter values and measurements of this surface taken at
a set of points to denote the spatial variability of the surface
[31, 38].

GWR is a local spatial statistical method used to examine
and determine the spatial nonstationarity, when the relation-
ships among variables vary from location to location [31].
The spatial influences among neighborhoods can be assessed
by applying GWR; however, this cannot be assessed using a
conventional OLS approach, which only produces a single
regression equation to summarize global associations among
the dependent and explanatory variables [31, 39]. The GWR
produces spatial data that explain the spatial variation in the
associations among variables. The hypothesis is that features

(observations) adjacent to one another have a greater effect
on one another’s parameter estimates than features farther
apart [32]. In order to specify the geographical weighting
structure in theGWRmodel, this requires the specification of
a kernel shape and a bandwidth. Overall, if the observations
are regularly distributed in the study area, then a kernel with a
fixed bandwidth is an appropriate choice. If the observations
are clustered and not regularly spaced, then kernel with an
adaptive bandwidth can be selected. The bandwidth can be
specified using three methods: user-supplied, minimizing
the cross-validation function, or minimizing the Akaike
Information Criterion (AIC). The goodness of fit that has
been used broadly inGWR is the correctedAIC [37].TheAIC
criterion in GWR is computed as [40]

AIC
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= 2𝑛log
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where 𝑛 is the number of observations in the dataset, �̂� is the
estimate of the standard deviation of the residuals, and tr(𝑆)
is the trace of the hat matrix.TheAIC can be used to compare
models of the same independent variable and can also be used
to compare the global OLS model with a local GWR model
[37]. The coefficient of determination (𝑟2) and the AIC are
used in this study to compare the goodness of fit for the OLS
and GWRmodels.

GWR models will be used to build a local regression
equation for each rainfall station in the study area in order
to examine the relationship between rainfall and altitude.
Wheeler [41] noted, however, that when the coefficient
estimates for the altitude variable correlate locally and across
space, there may be problems with local collinearity, which
can be assessed for predictor variables by computing the
condition number [42].The condition number is a diagnostic
of how sensitive a linear equation solution is to small changes
in matrix coefficients. Results associated with condition
numbers larger than 30 may be unreliable and be a sign
of collinearity problems [43]. Another issue in the GWR
model is that over- and underpredictions for a well specified
regressionmodel should be randomly distributed. Clustering
of over- and/or underpredictions is evidence that at least one
key explanatory variable is missing. The spatial autocorrela-
tion (Moran’s I) method can be used to examine whether or
not the GWR model residuals exhibit statistically significant
spatial clustering. The Global Moran’s I statistic provides a
measure of the degree of spatial autocorrelation based on
both the locations of events and the values associated with
the events at the same time. It indicates the degree of spatial
concentration or dispersion for a given point pattern [44].
The index, 𝐼, is calculated as follows:
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where 𝑍
𝑖
is the deviation of an attribute for feature 𝐼 from

its mean (𝑥
𝑖
− 𝑋); 𝜔

𝑖,𝑗
is the spatial weight between feature

𝑖 and 𝑗; 𝑛 is equal to the total number of features; finally,
𝑆
𝑂

is the aggregate of all the spatial weights. Statistically
significant clustering of high and/or low residuals (model
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under- and overpredictions) indicates that the GWR model
is misclassified [45].

2.4. Climate and Rainfall in Saudi Arabia. According to
Koppen-Geiger climatic types, Saudi Arabia is classified as
hot, dry desert climate coded as BWh, where “B” indicates
that the land area is arid, “W” indicates desert precipitation
falling mainly in the winter season, and “h” indicates a hot,
dry climate [46], with the exception of the southwestern
highlands. Most of Saudi Arabia falls under the dominant
influence of the subtropical high-pressure system causing sig-
nificant variation in temperature and humidity.The climate is
affected by the various airmassmovements, local topography,
and proximity to moisture sources. The topography has
a distinct influence on temperature and rainfall. The Asir
Mountains in the southwestern region exhibit moderate
temperatures and high average annual rainfall, while average
annual rainfall is very low for the rest of the country and
irregular. The temperature is high and humidity is low, with
the exception of small strips of coastal areas [47, 48].

The climate of Saudi Arabia can be explained by con-
sidering the different air mass movements, which influence
the rainfall distribution [49]. There are three major fronts of
moisture flowing into the Kingdom, including

(i) maritime tropical air masses (monsoon type), which
originate from the Indian Ocean and the Arabian
Sea, bringing warm and moist air, which produces
large amounts of rainfall in the south, southwest,
and southeast. This front prevails during late fall and
summer;

(ii) continental tropical air masses from the Atlantic
Ocean through the middle and north of the African
continent, which bring warm and moist air to the
western coast and prevail in the winter season pro-
ducing moderate to low amounts of rainfall;

(iii) maritime polar air masses, which originate from the
eastern Mediterranean Sea and affect the north and
northwest area of Saudi Arabia. They prevail in the
winter season and produce high tomoderate amounts
of rainfall [48–51].

Average annual rainfall in Saudi Arabia is generally
low and falls chiefly during winter and spring, except in
the southwestern region, where the average annual rainfall
is relatively high and occurs throughout the year due to
the monsoonal conditions during summer and the north
westerly Mediterranean air masses during winter [35]. In
Saudi Arabia, rainfall during spring contributes the largest
amount of total annual rainfall (37.11%), followed by winter
(23.14%) and fall (22.21%), while the lowest contribution is
during summer (17.27%).Themaximummean annual rainfall
occurs during fall (212mm) and summer (208mm), followed
by spring (180mm) and winter (113mm).

Figure 4 shows the mean annual and seasonal rainfall
distribution in Saudi Arabia between 1971 and 2005. During
thewinter period, rainfall is influenced chiefly by the cyclonic
system and the highest rainfalls (43–113mm) occur in the
southwest and northeast. The former can be attributed to

the maritime polar air mass from the Mediterranean Sea and
Atlantic Ocean, which is combined with local effects of the
Red Sea and the Hijaz-Asir Escarpment, where orographic
rainfall occurs, while the latter can be attributed to fronts
from the Mediterranean, which bring moist and cool air
masses to produce convective rainfalls [52].Moderate rainfall
(26–42mm) occurs in the central part and low rainfall in
the north and the central south (0–25mm). During spring,
the highest rainfall (71–180mm) occurs in the southwest, due
to the effect of the monsoonal moist air penetration from
the Indian Ocean. This region is also affected largely by the
escarpment of the Asir Mountains.There is moderate rainfall
(39–70mm) in the central part, while the west, north, and
east regions receive the lowest rainfall (0–38mm) due to
the dry northern air masses. During summer, the highest
rainfall (45–208mm) occurs in the southwest, which is a
result of the convectional instabilities in the air.Themoisture
continues to be supplied from the southwesterly flow of
monsoonal air, which produces thunder-storms in the south
and along the Red Sea escarpment [4]. During fall, high and
moderate rainfall (45–208mm and 33–56mm) occurs in the
southwest region and in the south part of the west region,
while low rainfall (14–32mm) occurs in the west and in parts
of the central and eastern regions. The lowest rainfall (0–
13mm) is in the north, central-south, and on the east (lee
ward) side of the Asir Mountains. During this season, the
southwesterly air flow diminishes and the westerly air from
the Mediterranean brings air moisture, which gives way to
tropical winter conditions. The southern area comes under
the influence of a combination of the Red Sea trough and the
Mediterranean depression, causing rainfall [53].

3. Results and Discussion

This study set out to explore and understand the spatial
variation in the relations between altitude and annual and
seasonal rainfalls in Saudi Arabia using global OLS and
local GWRmodels. The analyses were performed using ESRI
ArcGIS software (v10.1). In the GWR model, the adaptive
kernel with AIC estimated bandwidth was selected; that is,
the bandwidth was found by minimizing the AIC value. The
adaptive kernel rather than the fixed kernel was selected
because the rainfall stations are not regularly positioned in
the study area; that is, they are inhomogeneous and clustered
in some areas.

As mentioned earlier, several scientific studies reported
in the literature have shown that smoothed altitude values
of rainfall stations (i.e., mean altitude around the station)
can produce much better results than the absolute altitude at
the rainfall station site itself. Firstly, OLS and GWR analyses
were performed using different smoothing window sizes
for annual and seasonal rainfalls to assess the performance
through the coefficient of determination (𝑟2). In order to
assess the influence of the smoothing window size on the
relationship between altitude and rainfall and to decide on
the most appropriate window size, six spatial smoothing
window sizes were tested against the annual and seasonal
rainfalls. The mean altitude of rainfall stations was computed
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Figure 3: Rainfall stations with corresponding altitude.

within six square windows ranging in dimension from 1 ×
1 to 5 × 5, 10 × 10, 15 × 15, 20 × 20, and 25 × 25 km2
as well as the source ASTER DEM data at 30 × 30m2
resolution.

Figure 5 shows the global coefficient of determination
(𝑟
2
) derived with OLS models against different smoothing

window sizes of mean altitude values. Generally, the global
OLS model explained about 50% of the variation for spring
rainfall, while for annual, winter, summer, and fall, the
model’s explanations of the rainfall variations are less than
10%. This might be attributed to the fact that the largest
proportion of annual rainfall (37.11%) occurred during spring
and the highest rainfall totals (71–180mm) during this season
occurred in the south-west region of the area of study,
where rainfall is affected largely by the escarpment of the
Asir Mountains and the effect of the monsoonal moist air
penetration from the Indian Ocean. Orographic rainfall
occurs regularly in the Asir Mountains, while convective
rainfall usually occurs in the foothills of these highlands.
Although both orographic and convective rainfalls occur,
after the influence by altitude, the former are affected to a
much greater degree than the latter.

In terms of window sizes, the spring rainfall is highly
related to altitude using 1 km windows (𝑟2 = 0.55, 𝑃 < 0.05)
followed by 30m, 5 km, and 10 km (𝑟2 = 0.54, 𝑃 < 0.05),
while 20 km and 25 km windows showed the lowest relation
(𝑟2 = 0.34 and 36, 𝑃 < 0.05). The average 𝑟2 for annual and
seasonal OLS models for each window size are 0.14 for 30m,
1 km, 5 km, and 10 km, 0.13 for 15 km, 0.11 for 20 km, and 0.09
for 25 km.

Figure 6 shows the local coefficient of determination
(𝑟2) derived with GWR models against different smoothing
window sizes of mean altitude values. Note that the annual
and seasonal rainfalls were spatially associated with altitude
by using the seven smoothing windows with 𝑟2 ranging
between 0.59 and 0.85. The average 𝑟2 = 0.74 using 30m
and 1 km, 𝑟2 = 0.75 using 5 km and 10 km, 𝑟2 = 0.76 using
15 km and 20 km, and 𝑟2 = 0.73 using 25 km window size. As
the average of the coefficient of determination (𝑟2) was low
(0.09–0.14) using OLS and high (0.59–0.85) using GWR, the
mean altitude window size was selected based on the GWR
results. The selected window size in this study will be 15 km,
as it produced the highest value of 𝑟2 value using the GWR
model.

Comparisons of the coefficients of determination (𝑟2)
and AIC for both global OLS and local GWR models using
the selected window size, 15 km, are shown in Table 1 and
Figure 7. The OLS models explained 11%, 4%, 54%, 1%, and
−0.01% of the spatial variation of the annual, winter, spring,
summer, and fall rainfalls, respectively. The only acceptable
fit was during spring (54%). The GWR models explained
78%, 64%, 83%, 82%, and 71% of the spatial variation for the
annual, winter, spring, summer, and fall rainfalls, respectively.
As suggested by Burnham and Anderson [54], the difference
of AICs between two models is considered significant if it is
greater than 6. The difference in the AICs between the OLS
and GWR models ranged between 82 and 212 and showed
strong evidence of an improvement in the fit of the model
to the data for the GWR. The result implies that the GWR
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models explained muchmore of the variations in the relation
between altitude and rainfall than did the OLS models. The
OLSmodels failed to account for most of the spatial variation
of rainfall during all seasons except spring, as the 𝑟2 andAICs
values show, so the GWRmodel was used to fit themodel and
the results are presented and discussed below.

The resultswere comparable to those foundby [33, 34, 55].
For example, Lloyd [55] found that using monthly precip-
itation of Great Britain in 1999, the relationship between
elevation and precipitation using the OLS seemed to be
weakly related (𝑟2 = 0.110), while the relationship improved
using GWR (𝑟2 = 0.599). In a different field of research,
Mandal et al. [56] found that the relationship between breast
cancer in females and prostate cancer in males at the county
level in the United States was more pronounced when they
performed GWR analysis (𝑟2 = 0.552) compared to OLS
(𝑟2 = 0.332). Lin and Wen [57] examined the relationship
between dengue-mosquito and dengue-human relationships

Table 1: Coefficient of determination (𝑟2) and AICs derived by OLS
and GWRmodels.

Seasons OLS
(𝑟2)

GWR
(𝑟2) Δ (𝑟2) AIC for

OLS
AIC for
GWR ΔAIC

Annual 0.11∗ 0.78 −0.67 2165 2007 158∗∗

Winter 0.04∗ 0.64 −0.60 1581 1499 82∗∗

Spring 0.54∗ 0.83 −0.29 1687 1589 98∗∗

Summer 0.01∗ 0.82 −0.81 1803 1591 212∗∗

Fall −0.001 0.71 −0.70 1784 1658 126∗∗
∗Significance level at level 𝑃 < 0.05.
∗∗Significant Difference where ΔAIC greater than 6.

and found that GWR (adjusted 𝑟2 = 0.59) detected the
geographical heterogeneity much better than OLS (adjusted
𝑟
2
= 0.04). Potential reasons as to whyGWRperformedmuch

better than global OLS in this study could be attributed to
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Table 2: Coefficient of determination (𝑟2) derived by GWR, percentage of over- and under estimated rainfall stations and percentage of
rainfall stations with positive parameter estimate.

Seasons GWR (𝑟2) No. of overestimated
stations/total (%)

No. of underestimated
stations/total (%)

No. of stations with positive
parameter estimate/total (%)

Annual 0.78∗,∗∗ 2/180 (1.11%) 4/180 (2.22%) 153/180 (85%)
Winter 0.64∗,∗∗ 3/180 (1.66%) 3/180 (1.66%) 114/180 (63%)
Spring 0.83∗,∗∗ 2/180 (1.11%) 4/180 (2.22%) 166/180 (92%)
Summer 0.82∗,∗∗ 3/180 (1.66%) 4/180 (2.22%) 139/180 (77%)
Fall 0.71∗,∗∗ 4/180 (2.22%) 3/180 (1.66%) 125/180 (69%)
∗Random standardized residuals (−1.96 < 𝑧-score < 1.96), ∗∗Condition number < 30.
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Figure 5: Coefficient of determination (𝑟2) derived by OLS model
against different smoothing window size of mean altitude values.
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Figure 6: Coefficient of determination (𝑟2) derived by GWRmodel
against different smoothing window size of mean altitude values.

the former model distinguishing spatial variation in the rela-
tionships between altitude and rainfall while the latter global
model masked such variations. Also, as the observed spatial
and temporal distributions of rainfall are nonstationary; that
is, they vary from one location to another; the global OLS
model would probably not have detected a large proportion
of the local variations. This might explain the poor result of
the global OLS model.

0.11
0.04

0.54

0.01 0.001
0.14

0.78

0.64
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0
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Figure 7: Coefficient of determination (𝑟2) derived by OLS and
GWRmodels.

Generally, as shown inTable 2, theGWRmodel replicated
and fitted the data reasonably well, as the altitude explained
78% of the spatial variation of the annual rainfall (𝑟2 =
0.78) in Saudi Arabia. As for seasonal rainfall, the most
predictable seasonal rainfall was in spring (𝑟2 = 0.83)
and in summer (𝑟2 = 0.82), which implied a very strong
spatial correlation between altitude and rainfall during these
two seasons. Fall (𝑟2 = 0.71) and winter (𝑟2 = 0.64)
results accounted for the least but still indicated strong
correlations. GWR models built a local regression equation
for each rainfall station in the study area. However, when
the values for the altitude variable cluster spatially, there are
likely to be problems with local collinearity. Results become
unstable and the model becomes unreliable in the presence
of local collinearity, which is tested using condition number
(CN) and Moran’s I. As can be seen from Table 2, all CN
numbers are less than 30, indicating that no local collinearity
is violated. Another appropriate test statistic is Moran’s I,
which is used to measure the level of spatial autocorrelation
in the residuals. Given that the z-score was less than −1.65 or
greater than 1.65 for annual and seasonal rainfalls, indicating
that the pattern of the standardized residual did not appear
to be statistically different than random, there is no spatial
dependency. The residuals were approximately normal and
fewer than 2.5% (5/180) of the rainfall stations which had
standardized residuals greater than 3 standard deviations
above or below the mean (Table 2). However, the rainfall sta-
tions with these extreme residuals were scattered throughout
Saudi Arabia and were not clustered in a particular area.
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Figure 8: Locally weighted coefficients of determination (𝑟2) of GWR models for annual and seasonal rainfalls.

The authors deduced from this that the GWR models fitted
the data reasonably with no local collinearity and spatial
dependency.

The locally weighted coefficients of determination (𝑟2)
that quantify the model performance between the observed
and fitted rainfall values were mapped in Figure 8 for
annual and seasonal rainfalls. The values of 𝑟2 were not
homogenously distributed in Saudi Arabia.The overall GWR
regression fitted best in the southwest and central west of the
Kingdom for annual and spring rainfall; in the southwest dur-
ing winter; in the central west during summer, and in small
parts of the southwest region during fall.The authors deduced
from this that the model performed well and took account of
the spatial variations in rainfall in the complex physiographic
terrain of the Arabian Shield (western half of Saudi Arabia),
which included the Hijaz and Asir escarpments, the western
and eastern slopes of the escarpments, foothills, and the
Tihama (coastal plain). Although the amounts of average
annual rainfall varied spatially in this complex topography,
the model took account of this variation reasonably well.

The GWRmodel also fitted the east and northeast during
winter and summer. As for winter, the result produced a
moderate fitting of an inverse relationship (high rainfall in

low altitude), as rainfall in this season is mainly due to
the effect of the Mediterranean Sea depressions. In summer,
the results produced a moderate fitting of a weak positive
relationship (low rainfall in low altitude), as average annual
rainfall during this season is low. The model did not produce
results that correspond well in the central, northern, and
northeastern regions for annual and all seasons’ rainfall in
the eastern region for annual, spring and fall rainfall; and in
the southwest during summer and fall. The authors deduced
from this that much of the variance remained unexplained in
those areas and other variables would have to be included in
themodel specification, such as proximity tomoisture source,
air mass movements, temperature, and pressure.

The spatial variation of the GWR parameter estimation
for altitude is shown in Figure 9. Where the altitude param-
eter estimation values are large, the authors deduced that
a small increase in altitude corresponds to a large increase
in rainfall amount. During annual and seasonal rainfalls,
the relationship between rainfall and altitude showed that
increased rainfalls would be strongly related to increased
altitude in the southern and southwestern area of the Red Sea.
The reason for this can be attributed to the local topography
and air mass movement. According to Figures 2 and 3, it can
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Figure 9: GWR parameter estimation of the altitude for annual and seasonal rainfalls.

be noted that the escarpment ridge of the Asir Mountains is
divided in the southwestern region into two distinct zones,
namely, the western and the eastern slopes. The latter are
characterized by gentle slopes but the former by very steep
slopes.

The authors felt that this implies that the altitude on
the western slopes decreased rapidly; forming the western
foothills, while on the eastern slopes, altitude decreasedmore
gradually, forming the plateau. The western slopes received
more rainfall than did the eastern slopes, as the former were
located on the windward side while the latter were on the
leeward side. As the western slopes are in close proximity to
the water bodies of the Red Sea, and the coastal area is located
in close proximity to the foothills of the western slopes,
topographic and climatic influences promote the uplifting
mechanisms of the moist air to the Asir highlands.

The central western coast and the area along the Tuwayq
Mountains showed a moderate positive relationship between
altitude and rainfall during annual as well as seasonal

rainfalls. The relationship between rainfall and altitude is
quite limited in the northern half of Saudi Arabia. Higher
altitude areas do not necessarily receive more rainfall, but
some locations with high altitude receive low rainfall (inverse
relationship), such as the eastern slopes in the southwest
region particularly during summer and fall. This can be
attributed to the monsoon front during late fall and summer
that originates from the Indian Ocean and Arabian Sea, car-
rying warm and moist air. Additionally, inverse relationship
between altitude and rainfall can be apparent in the central,
east, and northeast areas of Saudi Arabia during winter. In
the eastern area at low altitudes (eastern coast), high rainfall
occurs in winter, while in the central and the northeast areas
at moderate altitude, there is low rainfall.

The spatial variation of the GWRparameter estimation of
the intercept is shown in Figure 10. The map of the intercept
represents the distribution of rainfall when altitude equals
zero, that is, where the intercept values are large, which
reveals that rainfall amounts are high irrespective of the
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Figure 10: GWR parameter estimation of the intercept for annual and seasonal rainfalls.

Table 3: Observed versus estimated mean amount of annual and seasonal rainfalls (1971–2005) using GWR.

Season Observed Estimated Observed − Estimated
Min Max Stand. Dev. Min Max Stand. Dev. ΔMin ΔMax ΔStand. Dev.

Annual 5 592 104 20 464 84 15 128 20
Winter 2 113 20 6 81 13 4 32 7
Spring 1 180 38 2 158 33 1 22 5
Summer 0 208 36 1 159 31 1 49 5
Fall 0 211 34 1 102 26 1 109 8

altitude. In general, it can be seen that intercept values tend to
be positive and large in parts of the southwestern region for
annual and seasonal rainfall. Additionally, positive and large
intercept values occurred in the central, east, and northeast
regions during winter and in the central areas during spring,
while during summer and fall, large values occurred only
in the southwest region. The interpretation of the altitude
parameter estimation supports the assumption that the areas
at lower elevations might receive high rainfall while those at
higher elevations might receive low rainfall due to the local
topography as a result of proximity to sources of moist air
and seasonal air mass movements.

Table 3 shows the descriptive statistics of the observed
versus the estimated mean amounts of rainfall in addition to
the spatial and temporal variation of the estimated amount
of rainfall in Figure 11. Note that the overall spatiotemporal
variation and the pattern of rainfall distribution are esti-
mated reasonably well compared to the observed pattern.
However, there is variation in the maximum and minimum
amounts of rainfall. The minimum mean amounts of rainfall
are overestimated (small range), while the maximum mean
amounts were underestimated (large range) for both annual
and seasonal rainfalls. The differences between the observed
and the estimated minimum amounts of mean rainfall
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Figure 11: Estimation of mean annual and seasonal rainfalls in Saudi Arabia (1971–2005) using GWR.

(ΔMin) are small, ranging between 1 and 4mm for seasonal
rainfalls and 15mm for annual rainfall.The largest differences
between the maximum observed and predicted mean rainfall
(ΔMax) are for annual (128mm) and fall (102mm), followed
by summer (49mm). Winter and spring show the lowest
differences with 32mm and 22mm, respectively. As for the
large underestimation of the maximum values (ΔMax), this
is not surprising, since the peak value of the observed
maximum mean rainfalls is extreme and represents one or
two rainfall stations among the 180 stations during summer
and fall and the difference would be lower without the
extreme stations. The lowest maximum difference (ΔMax)
during spring suggests that spring rainfalls are predicted
well for both the spatiotemporal pattern and average annual
rainfall.

4. Conclusions

In this research, the relationships between rainfall and alti-
tude of the terrain in Saudi Arabia were analyzed using
the global ordinary least square (OLS) and the local geo-
graphically weighted regression (GWR) methods using a

geographical information system. The monthly rainfall data
between 1971 and 2005 for 180 rainfall stations were modeled
using these methods and the results were compared and
critically evaluated. The smoothed altitude values for rainfall
stations were reported as producing results that gave a better
account of the results than did using the absolute altitude at
the rainfall station sites. In this study, different smoothing
window sizes were used and assessed and the 15 km window
size was selected because it produced the highest value of the
coefficient of determination and showed improvements in the
resulting regression equations.

One the one hand, the OLS results could account for
about 54% of the variation for spring rainfall, while the
results were unsatisfactory for the annual and other seasonal
data only accounting for less than 11% of the variation.
On the other hand, the GWR could account much better
for the spatial variation of the annual and seasonal rainfall
with results of 64% to 83%. Analyses showed that the
positive association between rainfall and altitude was most
pronounced in the south-west part along the escarpment
ridge of the Asir Mountains, in the west part along the Hijaz
Escarpment and through a moderate relationship along the
Tuwayq Mountains. The model was not such a good fit in
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the central, northern, and north-eastern areas because much
of the variance remained unexplained in those areas and
other variables would have to be introduced into the model
to obtain improved results. The results showed that higher
altitudes do not always receive more rainfall; some locations
with low altitude receivemore rainfall such as the eastern and
north-eastern parts during winter where the rainfall is chiefly
due to the effect of the passage of depressions emanating from
the Mediterranean Sea.

The physical characterizations of the altitude variable
used in the GWRmodels produced regression equations that
returned satisfactory values of the coefficient of determina-
tionwith random standardized residuals.The local regression
equations could be fitted to other periods in Saudi Arabia to
estimate the mean annual and seasonal rainfalls. Moreover,
the altitude variables used in this study can be derived
automatically from digital elevation model data which is free
and available online. As the GWR derived a local regression
equation for each rainfall station, one can use the altitude
as a covariate variable in spatial interpolation for producing
rainfall maps, particularly for those stations and areas with
high coefficients of determination. The authors concluded
that using a nonstationary local model such as GWR gave
a much better account than using a global model such as
OLS in terms of spatial estimation and prediction. It was also
concluded that the results could have significant implications
for rainfall-runoff studies in the country. Further research on
this topic in Saudi Arabia should therefore focus on including
more independent variables such as proximity to moisture
source, airmassmovements andwind direction, temperature,
and pressure.
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