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Climate change is exerting considerable effects on arid and semi-arid regions. 
Increasing temperatures and dwindling precipitation in Saudi Arabia may 
negatively impact agricultural and water resources. This study focused on 
meteorological data in northern Saudi Arabia. Datasets comprised of 
meteorological data taken from the Al Jawf, Qaysumah, and Rafha climate 
stations in vicinity of the Imam Turki Bin Abdullah Royal Nature Reserve 
(ITBA) from 1978 to 2018. The Two-Sample T-Test, simple linear regression, 
and Mann-Kendall test were employed to analyze temperature, relative 
humidity, and wind speed as markers of climate change in the studied region. 
The analysis indicated that temperature parameters were much higher in the 
second period (1999-2018) than in the first (1978-1998), with minimum 
temperature being the most impacted parameter. The Mann-Kendall test 
indicated a warming trend in temperatures from 1985 to 2018. Qaysumah 
station exhibited the most pronounced alterations in all parameters, with an 
increase in humidity resulting from a decrease in wind velocity. The findings 
indicate an urgent necessity for responses and additional inquiry into the 
environmental effects of climate change on local biodiversity and agricultural 
production systems. 
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1. Introduction 

Numerous prior studies have concentrated on historical climate change [1-8]. Recent climate model simulations 
indicate that worldwide dry land areas may expand by approximately 10% by 2100, with the exception of India and 
northern tropical Africa, which are projected to see increased precipitation [9]. 

The Expert Team on Climate Change Detection and Indices (ETCCDI) recommended five daily climate indicators for 
evaluating and identifying global climate change [10]. The Intergovernmental Panel on Climate Change (IPCC) stated 
in 2007 that the rise in global average air and ocean temperatures since the mid-20th century is attributable to human 
activity, and the warming of the climate system is now "unequivocal" [11]. Temperature fluctuations and extreme 
temperatures affect numerous human endeavors, particularly agriculture, construction, and tourism. Therefore, these 
fluctuations have been analyzed over the years for numerous countries [12][13]. 

Semi-arid zones encompass around 15% of the Earth's terrestrial surface and sustained 4.4% of the world population 
in the year 2000 [14]. The ecosystems in these regions are delicate and susceptible to significant interactions between 
human activities and climate change [15-19]. The majority of climate change impacts on dry regions pertain to water 
scarcity and the interplay between precipitation and severe daily temperatures. During the past decade, it has been 
reported that drought trends may manifest in arid places due to global warming [20-22]. Surface water resources 
essential for agricultural irrigation and human activities are persistently degrading [23][24], causing alterations in 
urbanization and land-use. These alterations have resulted in significant anthropogenic changes in various nations 
[25-31]. 
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In arid locations, both empirical observations and modeling studies suggest that a warmer climate may result in 
prolonged and intensified droughts due to increased evapotranspiration and decreased precipitation [32]. Numerous 
researches were published in Arab countries within the same perspective. Climate variability was illustrated in 
Bahrain through alternating hot-dry and cool-wet occurrences [33]. In Kuwait, the occurrences of heat waves, hot 
days, very hot days, and extremely hot days during the warm seasons (May-August) from 1958 to 2000 were 
examined [34]. They determined that the exceptionally elevated temperatures throughout the warm season were 
attributed to the alterations in the regional circulation pattern. Signals of climatic trends, including an increase in 
maximum temperatures, a more pronounced rise in minimum temperatures, a decline in daily temperature range, and 
statistically insignificant reductions in precipitation, were seen in Jordan [35]. 

It was found that rising temperatures and declining precipitation in Saudi Arabia could significantly adversely affect 
agricultural and water resources [36]. The linear and Mann-Kendall analyses of future temperature and rainfall trends 
across several locations in Saudi Arabia indicated a rise in temperature in all areas and a decline in rainfall in 
numerous regions. Additionally, an excessive temperature trend was observed on the west coast of Saudi Arabia 
utilizing linear and Mann-Kendall tests [37]. The outputs of the NCAR Community Climate System Model for three 
emission scenarios (RCP8.5, RCP6, and RCP2.6) during the assessment periods of 2025-2044, 2045-2064, and 2065-
2084, respectively, compared to the average values from the reference period (1986-2005), indicated an increase 
across all regions from 1986 to 2005 [38]. The same study indicates that under RCP8.5, temperature increases in 
Saudi Arabia are projected to be within the ranges of 0.8-1.6 °C, 0.9-2.7 °C, and 0.7-4.1 °C for the periods 2025-2044, 
2045-2064, and 2065-2084, respectively [39]. 

This study provides a long-term examination of temperature trends using daily time series data gathered from 1985 
to 2018 across three meteorological sites in Saudi Arabia (Al Jawf, Qaysumah, and Rafha climate stations). The 
analyses encompass the estimation of warming or cooling rates utilizing the T-student and Mann-Kendall statistical 
tests. 

2. Material and Method 

2.1. Study area  

The study area is situated in Northeastern Saudi Arabia, encompassing a geographical area of approximately 91,500 
km² and recognized as Imam Turki Bin Abdullah Royal Nature Reserve (ITBA) (Fig. 1). The area is located between 
26°45' and 30°15' North latitudes and 40° to 45° East longitudes. It is bordered to the northwest by the Al-Jawf region, 
to the north by the Northern Borders with Iraq, to the south by Ha’il, to the southwest by the Al Qasim area, and to the 
east by the Eastern Province. The ITBA Nature Reserve is categorized as having a hot desert climate (BWh) according 
to the Köppen-Geiger climate classification, characterized by hot summers and cool winters. The region exhibits a 
relatively moderate climate compared to others, attributable to its elevated altitude. 

The study area is primarily influenced by two air masses: The Polar Continental, present from December to February, 
and the Tropical Continental, which occurs during the summer months of June to September. Both systems experience 
minor incursions of Polar Maritime and Tropical Maritime air [39]. 

The climatic conditions, soil properties, and relief topography significantly contribute to flora diversity in the area. At-
Taysiah and Al Hijra plateaus are notable for the prevalence of Dianthus cyri. Whereas Haloxylon salicornicum, 
Calligonum comosum, Ephedra alata, and Panicum turgidum are the primary plant species found in sand dune 
ecosystems. However, Suaeda is the most widespread plant genus in the Sabkhas (low-relief saline mudflats or 
sandflats) environment [40][41]. In the plateau environment, two predominant plant species, Rhanterium epapposum 
and Haloxylon salicornicum, are extensively distributed. Water courses serve as a significant habitat for various plant 
species, particularly Lycium shawii and Acacia gerrardii. 

The primary agricultural activities of the population in western ITBA include date production, vegetable cultivation in 
addition to camel breeding and livestock management. The agricultural sector is lately experiencing significant 
development, serving as an essential resource in the livelihood of numerous farmers. 
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Figure 1. Coordinates of Al Jawf (A), Qaysumah (B), and Rafha (C) meteorological stations in the vicinity of 
Turki Bin Abdullah Royal Nature Reserve (ITBA)  

 

2.2. Datasets 

Temperature (daily average, daily maximum, and 
daily minimum), relative humidity (daily average, 
daily maximum, and daily minimum), and wind speed 
(daily average and daily maximum) datasets were 
collected from the Al Jawf, Qaysumah, and Rafha 
climate stations (Table 1) for the period 1978-2018. 
Datasets for Al Jawf, Qaysumah, and Rafha climate 
stations are provided in Supplementary Tables 1-3, 
respectively. 

2.3. Trend tests 

2.3.1. Semi-averages technique 

The Two-Sample T-Test was utilized to compare the arithmetic means of two distinct samples. The time series for 
each climate indicator is partitioned into two segments: (1978-1998) and (1999-2018). The arithmetic means of the 
first and second segment were computed and compared employing Two-Sample T-Test through Minitab 19. The 
linear regression slope and R2 values of the trends were then calculated through GraphPad Prism 9.  

 

 

 

Table 1. Coordinates of Al Jawf, Rafha, and Qaysumah 
meteorological stations 

Altitude 
(m) 

Longitude 
(E) 

Latitude 
(N) Code Station 

668.1 40o05’55” 29°47’19” 40361 Al Jawf 
444.1 43o29’41” 29°37’17” 40362 Rafha 
357.6 46o07’49” 28°19’08” 40373 Qaysumah 
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2.3.2. Mann-Kendall test 

The Mann-Kendall test was employed in the period between 1985 and 2018 to examine the important patterns of 
severe temperatures as indicators of climate change. Recognized by the IPCC and the World Meteorological 
Organization (WMO), this method offers a trend test and serves as a significant instrument for analyzing 
substantial changes in climatic and hydrological time series data [42-44]. Under the null hypothesis (Ho), the Mann-
Kendall test statistic is defined by the subsequent mathematical expression: 

S = � � sgn(xi − xi) = �
+1 … . .  for t > 0
0 … … . . for t = 0
+1 … . .  for t < 0

n

j=+1

n−1

f−1

 

Where X1, X2…Xn is the sequence of measurements over time 

Z =

⎩
⎪
⎨

⎪
⎧
𝑆𝑆 − 1
𝜎𝜎

… . .  if S > 0

0 … … . . if  S = 0
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𝜎𝜎

… . .  if  S < 0

Where: 

σ2 =
n(n − 1)(2n + 5)

18

n: size of the time series. 

S: the statistic of the Mann–Kendall test. 

σ: standard deviation of the dataset. 

The Mann-Kendall test is a non-parametric method that does not necessitate properly distributed data. Another 
benefit of this strategy is its minimal sensitivity to sudden disruptions caused by an inhomogeneous time series [37].  

3. Results and Discussion

3.1. Climatic trends

The Two-Sample T-Test for temperature data indicated that all examined parameters (TMax, TMin, and TMean) were 
substantially elevated in the second period (1999-2018) relative to the first (1978-1998) across all locations (Table 
2). Notable regression slope values were likewise recorded for temperature parameters at the examined 
meteorological stations (Table 2) (Fig. 2). The values varied from 0.05 to 0.1, signifying a temperature increase of 0.5 
to 1 °C during the investigated period, with TMin being the most affected variable. The results align with previous 
results derived from applying the regional climate model (PRECIS), indicating a rise in summer temperatures and the 
frequency of hot days annually, and demonstrating a 0.65 °C temperature increase per decade [45]. The findings from 
another study reveal a temperature increase of 1.8-4.1 °C across various regions of Saudi Arabia [46]. 

In contrast to the temperature parameter, humidity indicators (HRMax, HRMin, and HRMean) exhibited a notable 
decline at the Al Jawf and Rafha stations, but an increase was recorded at the Qaysumah station throughout the second 
period of the study (Table 3). In accordance with these observations, negative relative humidity slope values were 
recorded at the first two sites (Table 3) (Fig. 3). The largest significant alteration was noted in RHMax at Al Jawf 
station (slope=-0.26), indicating that, on average, maximum relative humidity declined by 1% per five years over the 
analyzed period (1978-2018). Relative humidity is a vital determinant for the survival of desert-acclimated plant 
species, such as those reported in the studied area [39-41], therefore influencing the survival of animal species reliant 
on these plants. A substantial reduction in relative humidity will likely lead to a drop in plant cover density and floral 
diversity, subsequently resulting in diminished faunal diversity in ITBA. 
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The Two-Sample T-Test for wind speed characteristics (WSMax and WSMean) between the second and first periods 
yielded insignificant results at the Al Jawf and Rafha sites, exhibiting low slope values. A substantial decrease in mean 
wind speed was seen at Qaysumah station, shown by a considerable T-Value and a negative slope, alongside a nearly 
constant maximum wind speed, reflecting an overall decline in wind speed at this location throughout the study 
period (Table 4) (Fig. 4). 

Table 2. Two-Sample T-Test results comparing mean, maximum, and minimum daily temperatures (°C) (TMean, 
TMax, and TMin, respectively) between two temporal phases 1st period (1978-1998) and 2nd period (1999-2018) in 
addition to the simple linear regression slope and R2 values at Al Jawf, Rafha, and Qaysumah meteorological 
stations in the vicinity of Imam Turki Bin Abdullah Royal Nature Reserve (ITBA).  

Statistics 
Al Jawf Rafha Qaysumah 

TMean TMax TMin TMean TMax TMin TMean TMax TMin 
1st period 21.77 28.62 14.28 23.17 30.88 15.18 13.13 15.74 10.24 
2nd period 23.06 29.85 16.19 24.21 31.62 16.60 14.85 17.60 11.68 
T-Test 4.17** 4.93** 7.41** 4.17** 3.36** 5.12** 3.22** 3.73** 3.81** 
Slope 0.06** 0.06** 0.09** 0.05** 0.03** 0.08** 0.10** 0.10** 0.09** 
R2 0.42 0.46 0.77 0.40 0.19 0.64 0.43 0.48 0.56 

Ns: nonsignificant, *: significant at p<0.05, **: significant at p<0.01 
 

Table 3. Two-Sample T-Test results comparing mean, maximum, and minimum daily relative humidity (%)  
(RHMean, RHMax, and RHMin, respectively) between two temporal phases 1st period (1978-1998) and 2nd period 
(1999-2018) in addition to the simple linear regression slope and R2 values at Al Jawf, Rafha, and Qaysumah 
meteorological stations in the vicinity of Imam Turki Bin Abdullah Royal Nature Reserve (ITBA). 

Statistics 
Al Jawf Rafha Qaysumah 

RHMean RHMax RHMin RHMean RHMax RHMin RHMean RHMax RHMin 
1st period 32.15 50.30 18.50 35.87 51.69 22.76 31.24 46.98 17.97 
2nd period 29.25 44.13 17.66 34.12 47.70 23.23 33.47 48.02 21.82 
T-Student 3.5** 6.97** 1.50ns 1.16ns 2.19* 0.37ns 1.56ns 0.59ns 3.33** 
Slope -0.13** -0.26** -0.05** -0.12ns -0.21** -0.02ns 0.19** 0.16* 0.24** 
R2 0.28 0.54 0.12 0.09 0.18 0.01 0.25 0.13 0.49 

Ns: nonsignificant, *: significant at p<0.05, **: significant at p<0.01 
 

Table 4. Two-Sample T-Test results comparing mean and maximum daily wind 
speed (m/s) (WSMean and WSMax, respectively) between two temporal phases 1st 
period (1978-1998) and 2nd period (1999-2018) in addition to the simple linear 
regression slope and R2 values at Al Jawf, Rafha, and Qaysumah meteorological 
stations in the vicinity of Imam Turki Bin Abdullah Royal Nature Reserve (ITBA).  

Statistics 
Al Jawf Rafha Qaysumah 

WSMean WSMax WSMean WSMax WSMean WSMax 
1st period 7.433 16.09 6.94 16.34 17.43 24.967 
2nd period 7.615 16.32 7.11 17.12 14.84 26.02 
T-Student 1.07ns 0.76ns 0.30ns 0.61ns 6.16** 4.41** 
Slope 0.01ns 0ns 0.04ns 0.11* -0.11** 0.04** 
R2 0.02 0.00 0.07 0.11 0.46 0.33 

Ns: nonsignificant, *: significant at p<0.05, **: significant at p<0.01 
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Figure 2. The simple linear regression trend of mean, maximum, and minimum daily temperatures (°C) (TMean, 
TMax, and TMin, respectively) at Al Jawf (A), Rafha (B), and Qaysumah (C) meteorological stations in the vicinity 

of Imam Turki Bin Abdullah Royal Nature Reserve (ITBA). 
 

 

 
Figure 3. The simple linear regression trend of mean, maximum, and minimum daily relative humidity (%) 

(RHMean, RHMax, and RHMin, respectively) at Al Jawf (A), Rafha (B), and Qaysumah (C) meteorological stations 
in the vicinity of Imam Turki Bin Abdullah Royal Nature Reserve (ITBA). 

 

 

 
Figure 4. The simple linear regression trend of mean and maximum daily wind speed (m/s) (WSMean and 

WSMax, respectively) at Al Jawf (A), Rafha (B), and Qaysumah (C) meteorological stations in the vicinity of Imam 
Turki Bin Abdullah Royal Nature Reserve (ITBA). 
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3.2. Mann-Kendall test 

All locations exhibited a positive Z-Value alongside a positive and substantial Sen’s slope value for all temperature 
parameters. The rising trend in temperatures signifies a general warming pattern throughout the analyzed period, 
particularly in minimum temperatures, as corroborated by linear regression analysis (Table 5). A discernible declining 
trend in Al Jawf relative humidity was noted, indicated by the negative Z-Value and the substantial negative Sen’s 
slope for mean and maximum daily relative humidity. Whereas a considerable rise in minimum and mean relative 
humidity was recorded at Qaysumah station. No notable alterations in relative humidity were detected at Rafha 
station (Table 5). Marked declining trends in wind speed were noted in Qaysumah, while Al Jawf and Rafha exhibited 
less dramatic and statistically insignificant trends (Table 5). 

Table 5. Mann-Kendall test results in the selected weather stations 

Location Statistic 
Wind speed (m/s) Temperatures (°C) Relative humidity (%) 
Mean Max Mean Max Min Mean Max Min 

Al Jawf 
Z-Value 1.02 -0.21 4.71 4.91 6.55 -3.65 -5.09 -1.76 

Sen’s slope 0.01ns -0.01ns 0.07** 0.06** 0.09** -0.14** -0.26** -0.05ns 

Rafha 
Z-Value -0.47 1.35 4.57 2.71 5.92 -0.6 -1.27 0.91 

Sen’s slope -0.01ns 0.03ns 0.05** 0.03* 0.08** -0.06ns -0.14ns 0.06ns 

Qaysumah 
Z-Value -3.45 -4.21 4.14 4.37 4.57 2.41 1.45 4.35 

Sen’s slope -0.06** -0.11** 0.05** 0.06** 0.04** 0.13** 0.09ns 0.19** 
Ns: nonsignificant, *: significant at p<0.05, **: significant at p<0.01 

 

The findings from the Mann-Kendall test for the period 1985 to 2018 corroborate the patterns identified in the Two-
Sample T-Test and the overall regression model. Both analytical methods indicated that the most significant 
alterations in temperature, relative humidity, and wind speed were recorded at the Qaysumah station located to the 
south of the study region. The elevated relative humidity at Qaysumah may be ascribed to the reduction in average 
wind speed over the analyzed period. The observed changes necessitate immediate reactions and greater 
investigation into the environmental impact of climate change in the region to better understand its effects on local 
biodiversity and agricultural production systems. 

4. Conclusions 

Climatic factors in the study region underwent considerable changes from 1978 to 2018. A rise in temperature, with 
the most pronounced alterations noted at Qaysumah station, was noticed. This indicates a prevailing warming trend, 
especially in minimum temperatures. The research indicated a decrease in relative humidity in Al Jawf, whereas 
Qaysumah observed an increase in humidity. The results indicate the necessity for prompt responses and more 
studies regarding climate change's effects on local biodiversity and agricultural production systems. 

The study period encompassed the overall climate trends preceding the creation of the Imam Turki Bin Abdullah 
Royal Nature Reserve (ITBA) in 2018. The reserve's initiatives to safeguard and expand natural vegetation cover, 
along with afforestation programs, are anticipated to significantly influence climate change, as will be underscored by 
future studies, with observable positive repercussions in the forthcoming decades. 
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