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Abstract

:

The aim of this work is to study the variability of winter (monthly mean of DJF) air temperatures in Saudi Arabia. The study of the coefficient of variation (CV) of winter air temperature time series shows that the CV is a function of latitude, decreasing generally gradually from north to south. The highest values of CV during the winter season are mainly because of the migrating extratropical cyclones (Mediterranean cyclones) from west to east, and active subtropical jet, as well as the polar jet. The trend analysis illustrates that all stations have positive trends for the wintertime series. The study of decadal fluctuations in the behavior of winter temperature shows that the period from 1982 to 2010 is characterized in general by negative trend values in most northern stations of Saudi Arabia. In the middle of Saudi Arabia, negative trend values also appear but for the period 1983 to 2003. The southern and middle stations are distinguished by a positive trend during the period from 2003 to 2018.
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1. Introduction


One of the most significant elements of climate is the air temperature because of its importance in surface-atmospheric processes and interactions [1]. Surface air temperature changes are important in a number of environmental, ecological, hydrological, and sociological applications. Analysis of trends in climate variables has led to an improved knowledge of the climate and facilitated the development of effective adaptation strategies at both global and local levels in recent years [2]. Over the last few decades, air temperature variability and changes have received much attention, especially since the average global surface temperature increased by 0.7 °C in the second half of the twentieth century [3,4,5]. Numerous studies have examined the variability of temperature at various spatial and temporal scales during the previous few decades, indicating considerable warming in North Africa and the Middle East regions [6,7,8]. Many previous regionalized studies examined the trend of temperature and identified a positive trend, such as for Saudi Arabia (SA) [9,10,11,12,13,14,15], Egypt [16,17,18,19,20], Morocco [21], and Libya [22]. A major factor affecting the spatiotemporal distribution of temperature trend is climate change [23].



Saudi Arabia, located in the southwest of Asia between latitude 15.5° N and 32.5° N and longitude 35° E and 55° E, is the biggest country on the Arabian Peninsula (AP). SA is considered an arid and semi-arid region, one of the hottest regions in the world, largely consisting of sand desert. The defining characteristics of SA include clear and hazy skies with high daytime temperatures and low night-time temperatures. This results in significant demand on freshwater supplies [24,25,26,27,28]. SA is extremely vulnerable to climate change and more susceptible to climate variability [29,30,31,32]. To design adaptation plans and actions to lessen the consequences of climate change for SA, it is crucial to understand the various effects of temperatures. Recently, several studies have investigated temperature variation across SA and surrounding regions. For example, based on the annual mean of air temperature in SA, a warming rate of 0.60 °C per decade was calculated [9]. The annual average daily maximum temperature was also found to increase by 0.06 °C every year in SA [10]. Almazroui et al. [11] used a simple regression approach to examine the trend magnitudes for annual temperature extreme indicators from 1981 to 2010. They discovered a significant increase (decrease) in the annual occurrence of warm (cool) days/nights. Moreover, the temperature extremes (hot and cold) in SA were discovered to have grown dramatically with a larger magnitude in the recent past (1996–2010) compared to the prior time (1981–1995). Islam et al. [12] found that the annual mean daily maximum temperature increased by 0.086 °C/year when they investigated the trends of extreme temperatures using Sen’s slope to evaluate trend magnitudes and the Mann–Kendall (MK) test to determine trend significance. In addition, Raggad [13] and Alhathloul et al. [14] used Sen’s slope to evaluate trend magnitudes and the MK test to determine trend significance in annual mean daily maximum temperature over SA during the period 1985–2014 and 1985–2018, respectively. The estimated trends are 0.053 °C/year and 0.047 °C/year during the examined period, respectively. Hasanean and Almazroui [15] discovered an abrupt change in surface air temperature in the 1980s over SA. Alhathloul et al. [14] discovered an abrupt change in 1987 (1988) in the stations located in the western (eastern) area of SA.



Additionally, the winter air temperatures (WAT) (average of air temperature at 2 m above the surface during the months of December, January, and February) have risen more quickly than other seasons of the year during the past two decades, according to a several studies [32,33,34,35]. Global temperatures are rising, particularly during the winter season [36]. These changes are more pronounced in the northern hemisphere and during seasons with lower levels of solar energy [37]. The climate of the semi-arid and arid regions in the middle latitudes of Asia has a warming trend in the cold seasons (November–March), with an increase of 2.4 °C more than the rest of the year [38]. Other studies confirm this winter warming in Korea [39], Venezuela and Colombia [40], and Iran [41].



The temperature fluctuation in SA has significant ramifications for human health, water resources, and agricultural productivity [42,43,44,45]. Despite the region’s major environmental, agricultural, and water resource challenges, our understanding of SA temperature changes remains restricted in comparison to other locations [46]. Therefore, this work aimed to study the variability of WAT at 2 m above the surface over Saudi Arabia. The data and methodology are described in Section 2. Section 3 contains the results and a discussion of winter temperature analysis and variability in SA, the Mann–Whitney test for the abrupt change of the time series for 25 SA stations, and the spatial analysis of winter temperature. Finally, the conclusions are presented in Section 4.




2. Data and Methodology


2.1. Data


Two types of data were used in this study. First, observed daily temperature records were compiled from 25 stations (Figure 1) from the Presidency of Meteorology and Environment (PME) in SA, where the stations under study cover most parts of SA. These stations were chosen for the quality and consistency of their recordings. After checking the accuracy of temperature time series data, the monthly time series is calculated by averaging the values of the daily data for each month. The monthly time series were used to create the wintertime series by averaging the temperature readings over three months (December to February). Table 1 illustrates the names, location (latitude and longitude), elevation, and the available period for each station. The observed dataset was used for studying the variability and the trend of WAT at SA stations.



The second type of data is the monthly temperature from the European Centre for Medium-Range Weather Forecasts (ECMWF) fifth-generation reanalysis ERA-5 dataset [47], with 0.5° × 0.5° grid spacing for the period from 1959 to 2022. The reanalysis dataset was used for investigating the spatial distribution of the mean, variability, and trend of WAT over SA during the period from 1959 to 2022.




2.2. Methodology


2.2.1. Homogeneity of the Data


To examine the homogeneity of the observed data, Bartlett test [48] was used to consider a Gaussian distribution of values. The procedure is simply carried out by splitting the time series into L subperiods and these subperiods have an equal number of data values (L ≥ 2). The variance of each subperiod (   S L 2   ) is calculated using the following relation [49]:


   S L 2  =     ∑  1 m       Y i  −  Y ¯     2    m − 1    



(1)




where (m) is the number of samples in each subperiods (L),    Y i    is the observed value, and   Y ¯   is the average of observations. We can estimate the value of the ratio between the highest and smallest variances of samples. This ratio is known as the F-ratio and is computed from the following formula:


  F - ratio =    S  m a x  2     S  m i n  2     



(2)




where:    S  m a x  2  = max    S 1 2  ,    S 2 2  ,   …   ,  S L 2      and    S  m i n  2  = min (  S 1 2  ,    S 2 2  ,   …   ,  S L 2  )  .



The estimated F-ratio value is compared to the values given in Table 31 by Pearson and Hartley [50] with n − 1 degrees of freedom and at a 0.95 confidence level. The value of the F-ratio can be used to determine whether the WAT values in the L samples have equal variances (homogeneous) or not (heterogeneous).




2.2.2. Variability of the Data


In this study, the coefficient of variation (CV) technique was used to examine the variability of WAT time series of 25 stations in SA and calculated as follows:


  CV = 100 ∗ σ /  Y ¯   



(3)




where   Y ¯   is the average for N years and σ is the standard deviation.




2.2.3. Trend Analysis


Different methods have been applied to estimate the magnitude of the WAT trend in studied area. These methods are (a) simple linear regression (SLR) [51], and (b) Sen’s slope method (SS). One of the methods with the highest usage rate for identifying linear trends is simple linear regression. However, this approach necessitates the presumption of residual normality [52]. The least-squares method (the most popular technique) is used to calculate the coefficients of the linear regression equation.



The trend magnitudes are also estimated as °C/year using Sen’s slope approach [53] and is computed from the following formula:


  β = Median      y i  −  y j    i − j        for   all    i < j  



(4)




where    y i    and    y j    are the data at times i and j. Sen’s slope is superior to regression’s slope in that it is less affected by outliers.



The Mann–Kendall (MK) test [54,55] was used to find any probable trend in the WAT series and determine whether or not it was statistically significant. The MK statistics do not make any assumptions about the data’s probability distribution. The standard normal distribution is used to assess the trend significance. According to [56], the MK test statistics S is computed from Equation (5) for a time series    y i    i = 1 , n    :


    S =   ∑   i = 1   n − 1     ∑   j = i + 1  n  s g n      y i  −  y j       



(5)







The time series tends to have later observations that are greater than those that arrive earlier if S > 0, and the reverse is true if S < 0. This means there is a decreasing trend if S is negative and an increasing trend if S is positive. To examine the monotonic trend with a 95% confidence level, standardized value (Z) should be computed. When the absolute value of Z is more than the value of    Z  1 −  α 2      (taken from Z-table) the null hypothesis (no trend) is rejected and the alternative hypothesis (a significant trend is existed) is accepted. Before calculating the standardized value, the variance should be calculated. The variance of S is computed by Equation (6) when n ≥ 8.


  V A R  S  =  1  18     n   n − 1     2 n + 5   −   ∑   p = 1  g   t p     t p  − 1     2  t p  + 5      



(6)




where    t p    is the ties number for the   p th   value and  g  is the total tied groups number. The standardized test statistics Z is given by Equation (7).


  Z =         S − 1     V A R  S          ,   i f   S > 0      0    , i f   S = 0         S + 1     V A R  S          , i f   S < 0              



(7)







Kendall’s Tau ( τ ) is used to evaluate monotonicity’s strength [55] and is computed from the following formula:


    τ =   2 S   n   n − 1      



(8)







The  τ  value fluctuates between −1 and 1, and it is negative when the trend decreases and positive when it increases.



The MK test’s variance rises as a result of autocorrelation in time series data [56] Trend analysis may be greatly questionable when there is a positive autocorrelation [57]. If autocorrelation exists in the time series, the modified MK tests such as [57,58,59] can be used to eliminate the autocorrelation effect. The Hamed and Rao modified MK test [58] was used in this study, as in [14].




2.2.4. The Cumulative Seasonal Means


The cumulative seasonal means (CSM) technique [60,61,62] was used to examine the persistence or the fluctuations (decadal and inter-decadal) in the behavior of the WAT over SA. This technique (CSM) has the advantage of identifying time-varying structures in time series. The time series of CSM can be defined as follows:


    CSM  j  =  1 j    ∑   i = 1  j   Y i  ,       j = 1 , 2 , … , N      



(9)




where    Y i    is the WAT and  N  is the number of years of data used.




2.2.5. Abrupt Change


The Mann–Whitney (M-W) test for step trend (rank-based) is used to determine the abrupt change points and significant fluctuations in WAT mean throughout the given climatic period [63,64,65]. The WAT data vector’s   Y =    y 1  ,  y 2  , … … … ,  y n      can split into two series:



   S 1  =   y ,  y 2  , … … … ,  y  m 1       and    S 2  =    y  m 1 + 1   ,  y  m 1 + 2   , … … … ,   xy   m 1 + m 2       where every series has its distribution function F(x). The M-W test statistics is given by


   Z c  =     ∑   t = 1   m 1   r    x t    −  m 1     m 1  +  m 2  + 1   / 2   /      m 1   m 2     m 1  +  m 2  + 1   / 12     1 / 2      



(10)




where   r    x t    =  r 1  ,  r 2  ,     … ,  r t    are the rank of the t observations. The H0 (null hypothesis) is accepted when   −  Z  1 − α / 2   ≤  Z c  ≤  Z  1 − α / 2     where α is the significance level of the test.




2.2.6. Evaluation Metrics of ERA5 Dataset


The accuracy of ERA-5 data was tested by comparing it with the data of the measured stations by calculating the different types of differences (errors) at four separate stations. The used statistical approaches are correlation coefficient (R), coefficient of determination (R2), Willmott index of agreement (d), root mean square error (RMSE), mean bias error (MBE), and mean percentage error (MPE%) [66]. The higher values (approximately one) of R, R2, and d indicate a perfect match between ERA-5 and observed data, while the lower values of RMSE, MBE, and MPE% reveal higher accuracy and less residual variance [66].






3. Results and Discussion


3.1. Homogeneity Test of the Data


In climatology, studies on the homogeneity of data are essential. Therefore, it is necessary for conducting a statistical climatic study on climate element data. In this study, the Bartlett test was used to analyses the homogeneity of the WAT time series for the SA stations. Table 2 illustrates the results from the Bartlett test for WAT at 25 stations. All stations data are sufficiently homogenous according to the results of this test at a 5% significance level.




3.2. WAT Tnalysis


Figure 2 illustrates the average of mean, maximum and minimum air temperature during the winter for each station. It reveals that the higher values of maximum Temperature (Tmax) appear in the middle of SA at Makkah, Gizan, Sharorh, Yanbo, Najran, Bishah, and Wadi Dawaser, respectively, while the lower values of Tmax appear at the northern stations, especially at Turaif. The southern stations also have higher values of Tmax except the mountain stations. Figure 2 also shows that the behavior of temperature mean (Tmean) and minimum temperature (Tmin) are similar that of Tmax, where the higher values of Tmean and Tmin appear in the middle and southern stations except the mountain stations. The lower values of Tmean and Tmin appear in the northern stations. Figure 2 shows that the maximum range (difference between the Tmax and Tmin) occurs at Bishah, Najran, Sharorh, and Wadi Dawaser, while the lower range occurs at Gizan and Wejh.




3.3. Coefficient of Variation


The CV values of WAT time series are presented in Figure 3. It is obvious that the values of CV of WAT decrease gradually from the north to the south of SA. The greater values of the CV of winter happen at the northern region of SA, especially at the stations Arar, Turaif, Aljouf, Guriat, and Rafha with the largest one at Turaif. In the middle SA the highest values occur at Gassim and Riyadh. In the southwestern area the highest values of CV for winter occur in Bishah, Khamis Mushate, and Wadi Dawaser. The highest CV values during winter can be attributed to the presence of several synoptic patterns that cause weather activity in SA. The most important of these patterns is that of the Mediterranean cyclones traveling from west to east, in association with upper air troughs and active subtropical jet, as well as the polar jet, causing rainfall during their traveling over the SA. The ability of Mediterranean cyclones to produce the activity of weather decreases generally from north to south, except at the mountainous regions where altitude acts as an intrinsic factor. The second important pattern is the interaction between the westerly frontal troughs transporting cold air from the northwest of Europe and the southerly moist warm air coming from Somalia and Sudan, producing a huge amount of cloud over the area of convergence. Finally, weather activity is strong over the eastern Mediterranean near the end of the winter season (February), where the secondary traveling depressions (secondary from the Mediterranean cyclones) are frequently linked with sandstorms might arrive and affect our region. Occasionally, these secondary depressions cause heavy rainfall in February and March, when the associated cold air meets the hot, moist southerly air.




3.4. Trend Analysis


The WAT time series for the 25 SA stations under investigation were examined in order to determine long-term trend behavior. The two procedures that are used to estimate the magnitude (°C/year) of the WAT trend in this study are SLR and SS. Table 3 illustrates the results of trend analysis for WAT at 25 stations. In general, the results of the SLR method are consistent with those obtained using SS method. The results of the SLR and SS illustrates that the positive trend is dominant at 23 stations while two stations only (Wadi Dawaser and Sharorh) have negative trends. The average increase trend for WAT is 0.038 using SLR and 0.037 using SS. The average decrease trend is 0.030 using SLR and 0.025 using SS. Moreover, it is obvious that the higher positive trend (0.046 SLR and 0.044 SS) appears in the center of SA (Gassim Wejh, Riyadh Madinah, Taif, Makkah, and Yanbu) with the maximum positive trend in Khamis Mushate (0.061 SLR and 0.063 SS) and Abha (0.044 for SLR and SS). The minimum positive trend appears in Turaif (0.017 SLR and 0.012 SS) and Ahsa (0.021 SLR and 0.02 SS). Generally, the central region contains the highest positive trend, followed by the southern region (Baha, Bishah, Khamis Mushate, Abha, Najran, Sharorh, and Gizan), while the northern region (Turaif, Guriat, Aljouf, Rafha, and Tabouk) contains the smallest positive trend during the study period. The average increase trend for WAT in the southern region is 0.037 using SLR and 0.037 using SS. The average trend in the northern region is 0.034 using SLR and 0.031 using SS. All stations have a significant trend, except for three (Rafha, Damam, and Sharorh) having a non-significant trend.




3.5. Cumulative Seasonal Means


The CSM technique has a smoothing effect and is used here to show the persistence or the fluctuations (decadal and inter-decadal) in the behavior of the WAT time series of SA stations. Figure 4a,b show the behavior of temperature values of each station. The results of CSM for Turaif station illustrate that there are two periods of lower temperatures than its CSM average. The first one is from 1983 to 1987 while the second period is from 1992 to 2002. The last period (2002–2015) shows a fluctuation of WAT values around the CSM average. Guriat has lower temperatures than its CSM average for the period 1992–2010. Two periods of higher WAT values occur throughout the behavior of the CSM of Guriat. The first one is from 1985 to 1992, while the second period is from 2010 to 2018. The CSMs for Arar and Aljouf show similar behavior during the period of study. They indicate lower WAT values than its CSM average from 1983 to 2011, followed by a higher value in WAT up to 2018. The average CSMs of these stations (Arar and Aljouf) are approximately 9.9 and 10.9 °C, respectively. Lower WAT values than its CSM average are found in Tabouk for the period 1982–1986 and from 1991 to 2007, followed by continuous higher values until 2018. The CSMs for Rafha and Qaisumah show similar behavior during the period of study. They indicate higher values in WAT from 1978 to 1983, followed by permanent lower values in WAT till 2013.



Results obtained from Hail and Gassim show that higher values in WAT than CAMs average are detected for the period from 1978 to 1982 and lower values in WAT from 1983 until 2002, followed by permanent higher values in WAT up to 2018.



Results obtained from Riyadh, Madinah, and Yanbu stations confirm that the CSM time series can be split into two periods. The first period illustrates lower WAT values, while the second one shows higher values in WAT than the average of CSMs. For Riyadh, the first extends from 1985 to 1999, and for Madinah and Yanbu, it is from 1983 to 2003 and 2005, respectively. Throughout the period 1985–1991, higher WAT values than the CSM average were the constant features at Ahsa. This period was followed by lower values until 2012. Results from Wejh station show that the CSM time series can be split into two periods. The first one (1978–1999) illustrates lower WAT values than the CSM average, while the second one shows higher WAT values (1999–2018). The lower values in WAT than the CSM average are the permanent features throughout the period from 1977 to 2001 in Taif, while the higher values are the permanent features from 2002 to the end of the record. This period was followed by higher WAT values until the end of the record. Results for Baha station confirm that there was a lower temperature from 1985 to 2001 than the CSM average and higher values from 2002 to the end of the record. Bishah and Khamis Mushate stations have the same behavior where the first period is characterized by lower values up to 1997, while the last period is characterized by higher WAT values than the CSM average. Except for 1985–1989, lower WAT values than the average have been detected in Makkah for the period 1985–2003, followed by higher values afterward. Except for 1978 to 1982, lower values of WAT than the average have been detected at Abha for the period from 1978 to 2003, and higher values from 2004 to 2018. During the period 1978–1998, Najran station had significantly lower WAT values than the CSM average, with higher values from 1999 to 2018. The Sharorh station experienced lower values in temperature during the first period from 1985 to 1991, followed by higher WAT values afterward. This station’s CSM average temperature is 20.59 °C.




3.6. Abrupt Change Analysis


The changes in the climate are non-linear because the climate system is a non-linear, chaotic system. As a result, it is essential to evaluate and comprehend the climate system’s change process utilizing nonlinear theories and methodologies, such as the theory of abrupt changes and the detection technique [67]. The definition and approaches of detection that can assist to comprehend and recognize abrupt changes were explored by [68]. Table 4 illustrates the years of abrupt cooling or warming of the WAT of SA stations by the M-W test for abrupt change. The results of the Mann–Whitney test for the abrupt change of the time series of 10 stations (Arar, Tabouk, Madinah, Riyadh, Taif, Makkah, Khamis Mushate, Abha, Gizan, and Najran) are illustrated in Figure 5 as an example of all stations.



Figure 5 shows the M-W test findings for sudden changes in the standardized WAT time series for the 10 selected stations across SA at a 95% confidence level. The test identified two increasing abrupt changes in the WAT time series of Arar station, the first occurring in 2008 and the second appearing around 2017. The years of abnormal decrease between 2009 and 2018 are 1983, 1989, 1992, and 1993, while the highest temperature appeared in 2010 and was higher than the average of the whole period by 3.2 °C. The WAT of Madinah (Tabouk) in 2009 shows an increasing abrupt change, according to the results of the M-W test (Figure 5). There are two periods in Madinah (Tabouk). The first is from 1977 to 2008, in which the average WAT is 0.27 (0.3) °C lower than the average of the whole period. The second one is from 2010 to 2018, in which the average WAT is 0.98 °C and 1.08 °C higher than the average of the whole period. The Mann–Whitney test of Riyadh (Taif) detected an increasing abrupt change in WAT about 1993 (Figure 5); it also shows two obvious periods in the past 34 (42) years. The first period is from 1985 to 1992, in which the average WAT is 0.93 (0.6) °C lower than the average of the whole period. The second is the higher period from 1994 to 2018, in which the WAT is 0.33 (0.41) °C higher than the average of the whole period. Figure 5 also shows that the M-W test identified an increasing abrupt change in the WAT time series of Makkah in 2008. Moreover, there are two periods. The first is the lower period from 1985 to 2007, in which the average WAT is 0.3 °C lower than the average of the whole period and the abnormal decrease years are 1989, 1990, 1992 and 1993 respectively. The second period is from 2009 to 2018, in which the mean WAT is 1.02 °C higher than the average of the whole period, and the highest temperature recorded was 1.9 °C above the average in 2010. The M-W test identified two increasing abrupt changes in the WAT of Khamis Mushate; the first one was found in 1986, while the second one was found in 1993 (Figure 5). The first lower period of WAT is 1977–1986, in which the mean WAT is 1.2 °C lower than the average of the whole period. The second lower period of WAT is 1987–1993, in which the mean WAT is 0.49 °C lower than the average of the whole period. The higher period of WAT is from 1994 to 2018, in which the mean WAT is 0.62 °C higher than the average of the whole period. The M-W test identified two increasing abrupt changes in the WAT of Abha; the first one is around 1993, while the second one is around 2011 (Figure 5). The lower period of WAT is 1978–1993, in which the mean WAT is 0.61°C lower than the average of the whole period. The first higher period of WAT is 1994–2011, in which the mean WAT is 0.2 °C higher than the average of the whole period. The second higher period of WAT is 2012–2018, in which the mean WAT is 0.9 °C above the average of the whole period. The W-M test determined two increasing abrupt changes in the WAT time series of Gizan; the first one is around 1998, while the second one is around 2013. Figure 5 illustrates that there are three obvious periods, the lower period of WAT is 1977–1997, in which the mean WAT is 0.37 °C lower than the average of the whole period. The first higher period of WAT is 1998–2012, in which the mean WAT is 0.22 °C higher than the average of the whole period. The second higher period of WAT is 2013–2018, in which the mean WAT is 0.75 °C higher than the average of the whole period.




3.7. Spatial Analysis of WAT


To clarify the spatial distribution of air temperature above the surface over all SA during the winter season, we used the gridded temperature at 2 m dataset from the European Centre for Medium-Range Weather Forecasts (ECMWF) fifth-generation reanalysis ERA-5 dataset. The ERA-5 data accuracy was assessed and investigated against the measurements from SA stations using the available period of each station (Table 1). In order to compare the reanalysis data with the observed data, four stations were selected from the grid dataset covering SA, the temperature time series for these stations were extracted. After that we compared these time series with the corresponding observed data at each station by calculating the correlation coefficient (R), coefficient of determination (R2), Willmott index of agreement (d), root mean square error (RMSE), mean bias error (MBE), and mean percentage error (MPE%). Table 5 illustrates the R, R2, d, RMSE, MBE and MPE% for the WAT between ERA-5 reanalysis data and observed data at Turaif, Madinah, Riyadh, and Najran stations in SA. According to Table 5, there is excellent agreement between observed data and ERA-5 reanalysis data for the four stations. Based on the results in Table 5, the Madinah station has the best agreement between the observed data and ERA-5 reanalysis data, where the values of R, d, R2, RMSE, MBE and MPE are 0.99%, 0.98%, 0.97%, 0.197%, 0.10%, and 0.76%, respectively. The Najran station had the lowest accuracy, although is still considered to represent a reasonably good agreement. Figure 6 displays an example of observed (solid black line) and ERA-5 (dotted blue line) seasonal mean of WAT data for Turaif, Madinah, Riyadh, and Najran stations, demonstrating their convenience and consistency. As a result, ERA-5 analysis data have been used to fill in the gaps on location where there are no observing stations.



Figure 7 illustrates the horizontal distribution of the mean, CV, trend magnitude (SS), Kendall’s Taum, and P-value of WAT during the period (1959–2022) using ERA-5 reanalysis data. Generally, the WAT in SA increases with latitude from north to south. The lowest WAT values are found north of 25° N, while the highest values of WAT occur in the south, particularly in the south-east regions of SA (Figure 7a). The WAT difference between the north and south of SA is approximately 12 °C. The latitudinal gradient of temperature is strong, especially north of 20° N. The region south of 20° N exhibits the lowest temperature gradient in winter. The strong latitudinal temperature gradient over northern SA is caused by the passage of Mediterranean cyclones (midlatitude traveling cyclones) from west to east, which impact the weather at this period. The distribution of the temperature gradient over the Red Sea region may be used to determine the influence of the Red Sea trough and the Red Sea water. Figure 7b shows the horizontal distribution of CV of WAT over SA. It is clear that the CV of WAT increases gradually from south to north of SA. The northern part of SA is characterized by higher variability in winter compared with other regions which may be because of the effects of the traveling Mediterranean cyclones and their interface with the Red Sea trough (inverted-V shape trough) as the extension of the Sudan monsoon low. Figure 7c shows the horizontal distribution of the trend magnitude (°C/year) of WAT over SA (computed by SS method) for the period 1959–2022. In general, the pattern of trend indicates positive trend (warming) over the most regions of SA (Figure 7c,d). The maximum values of the trend with highly statistically significant confidence level (95–100 %) are found in the southern and central regions of the SA, particularly over the southwestern region (Figure 7c,d). By comparing the results mentioned in Section 3.4 with the results here, note that there is an agreement between the results of the observed data and the reanalysis data in the CV, trend direction, and the strength of monotonicity. The length of the time series in the measured data differs from one station to another according to the origin of the station, and to benefit from the length of the ERA5 data period, the trend was calculated from it to know its direction and compare to the previously calculated data for other stations. Therefore, the comparison here is for the general direction of the trend and not for the accuracy of the magnitude.



Many researchers [9,10,11,12,13,14] indicate that surface temperature has increased in the last three decades. They noted that the current worldwide warming from 1976 to 2000 was basically synchronous, but it was more prominent in the Northern Hemisphere continents during winter and spring. Moreover, numerous studies have revealed that, during the past years, winter temperatures have risen more quickly than at other times of the year [32,33,34,35].





4. Conclusions


This research aimed to study the variability of WAT over SA. Results from the study of the CV of WAT of SA stations show that the CV of the WAT is a function of latitude. CV values are greater in the northern sections of SA and gradually decline in the southern areas. The greatest values of CV over the north of SA arise from the weather activity over this area, where the Mediterranean cyclones travel from west to east in association with upper air troughs at 500 hPa. These cyclones are usually associated with the activity of subtropical and polar jets and cause weather activity over the north of SA. The ability of Mediterranean cyclones to produce such weather activity generally decreases from north to south, except for mountainous regions where altitude acts as an intrinsic factor. The trend analysis by the SLR, SS, and MK methods for the WAT time series of 25 locations distributed over SA were made. The most significant finding is that all stations have warming trends for the WAT time series. A higher warming rate is observed in the stations located in the northeast region of SA. In general, the stations, located in the central, northeastern, and southeastern parts of SA, show the strongest warming trend in the WAT time series. Overall, it was found the highland stations in the western region have higher trend magnitudes in winter, while the northern stations have lower trend magnitudes.



The CSM technique is used to detect the persistence or the fluctuations (decadal and inter-decadal) in the behavior of the WAT over SA. It is found that the period from 1982 to 2010 is characterized in general by lower WAT values than its CSM average (cooling trend) in most northern stations of SA. The southern and middle stations are characterized by higher WAT values than their CSM average (warming trend) during the period from 2003 to 2018. The study of the Mann–Whitney test for the abrupt change of the time series of WAT for SA stations confirms that a change towards increasing WAT appears at many stations in the years 1986, 1993, 1998, 2008, and 2009, while a change towards decreasing WAT appears only at Wadi Dawaser in the year 2006. The abrupt change in the stations of the northeast region occurred later than the west region stations. However, the trend strength of the northeast region is higher. The climate change signal was detected in the western region at the highland stations earlier than other stations. The occurrence of abrupt changes may be related to El Niño and La Niña [69]. Overall, the results from the MK tests suggest the existence of a warming trend in temperatures in the regions.
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Figure 1. The name and location of Saudi Arabia stations are marked by blue triangles with shaded elevations (m). The red mark represents the stations that were used to evaluate the ERA-5 data. 
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Figure 2. The average of mean (green line), maximum (red line) and minimum (blue line) values of air temperature of Saudi Arabia stations during the winter. The stations are arranged from north to south. 
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Figure 3. The coefficient of variation of Winter Air Temperatures for Saudi Arabia stations. The stations are arranged from north to south. 
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Figure 4. (a) The Cumulative Seasonal Means time series and the averaged Cumulative Seasonal Means in Turaif, Guriat, Arar, Aljouf, Rafha, Tabouk, Qaisumah, Hail, Gassim, Wejh, Ahsa and Riyadh. [image: Climate 11 00067 i001] The means of CSM and [image: Climate 11 00067 i002] the CSM time series. The stations are arranged from north to south. (b) As in (a) but for the stations Madinha, Yanbu, Taif, Makkah, Wadi Dawaser, Baha, Bishah, Khamis Mushate, Abha, Najran, Sharoh and Gizan. 
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Figure 5. Shifts in the mean for standardization of the Winter Air Temperatures of Arar, Tabouk, Madinah, Riyadh, Taif, Makkah, Khamis, Abha, Gizan and Najran. [image: Climate 11 00067 i001] Weighted arithmetic means and [image: Climate 11 00067 i003] the standardization time series. 
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Figure 6. The comparison between ERA-5 Winter Air Temperatures data and its corresponding observed data for the stations Turaif, Madinah, Riyadh, and Najran. 
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Figure 7. The horizontal distribution of (a) Tmean, (b) coefficient of variation, (c) trend magnitude (Sen’s slope °C/year), and (d) Kendall’s Tau of Winter Air Temperatures during (1959–2022) over Saudi Arabia. 
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Table 1. Name, location, elevation, and the available data period for each of Saudi Arabia stations.
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	No.
	Station Name
	Latitude
	Longitude
	Elevation (m)
	Available Data





	1
	Turaif
	31.68° N
	38.73° E
	855
	1978–2018



	2
	Guriat
	31.40° N
	37.28° E
	509
	1985–2018



	3
	Arar
	30.90° N
	41.13° E
	555
	1979–2018



	4
	Aljouf
	29.78° N
	40.10° E
	689
	1978–2018



	5
	Rafha
	29.61° N
	43.48° E
	449
	1978–2018



	6
	Tabouk
	28.38° N
	36.60° E
	778
	1978–2018



	7
	Qaisumah
	28.31° N
	46.13° E
	358
	1978–2018



	8
	Hail
	27.43° N
	41.68° E
	1015
	1977–2018



	9
	Damam
	26.45° N
	49.81° E
	22
	2000–2018



	10
	Gassim
	26.30° N
	43.76° E
	648
	1978–2018



	11
	Wejh
	26.20° N
	36.48° E
	20
	1978–2018



	12
	Ahsa
	25.30° N
	49.48° E
	179
	1985–2018



	13
	Riyadh
	24.93° N
	46.71° E
	614
	1985–2018



	14
	Madinah
	24.55° N
	39.70° E
	654
	1977–2018



	15
	Yanbu
	24.13° N
	38.06° E
	8
	1978–2018



	16
	Taif
	21.48° N
	40.55° E
	1478
	1977–2018



	17
	Makkah
	21.43° N
	39.76° E
	240
	1985–2018



	18
	Wadi Dawaser
	20.50° N
	45.25° E
	629
	1991–2018



	19
	Baha
	20.30° N
	41.65° E
	1672
	1985–2018



	20
	Bishah
	19.98° N
	46.33° E
	1167
	1977–2018



	21
	Khamis Mushate
	18.30° N
	42.80° E
	2066
	1977–2018



	22
	Abha
	18.23° N
	42.65° E
	2090
	1978–2018



	23
	Najran
	17.61° N
	44.41° E
	1214
	1978–2018



	24
	Sharorh
	17.46° N
	47.10° E
	720
	1985–2018



	25
	Gizan
	16.88° N
	42.58° E
	6
	1977–2018
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Table 2. Bartlet test (short-cut) result of the Winter Air Temperatures for Saudi Arabia stations (m is the number of terms in each subperiod, and k is the number of the subperiod).
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No.

	
Station Name

	
m

	
K

	
95%

Significant Point

	
Homogenity of WAT

	
No.

	
Station Name

	
m

	
K

	
95%

Significant Point

	
Homogenity of WAT






	
1

	
Turaif

	
13

	
3

	
4.16

	
3.575

	
14

	
Madinah

	
13

	
3

	
4.16

	
4.05




	
2

	
Guriat

	
11

	
3

	
4.85

	
0.07

	
15

	
Yanbu

	
13

	
3

	
4.16

	
4.08




	
3

	
Arar

	
13

	
3

	
4.16

	
0.97

	
16

	
Taif

	
13

	
3

	
4.16

	
2.89




	
4

	
Aljouf

	
13

	
3

	
4.16

	
0.49

	
17

	
Makkah

	
11

	
3

	
4.85

	
0.14




	
5

	
Rafha

	
13

	
3

	
4.16

	
0.82

	
18

	
Wadi Dawaser

	
9

	
3

	
6.00

	
0.56




	
6

	
Tabouk

	
13

	
3

	
4.16

	
2.07

	
19

	
Baha

	
11

	
3

	
4.85

	
0.22




	
7

	
Qaisumah

	
13

	
3

	
4.16

	
0.35

	
20

	
Bishah

	
13

	
3

	
4.16

	
1.69




	
8

	
Hail

	
13

	
3

	
4.16

	
2.12

	
21

	
Khamis Mushate

	
13

	
3

	
4.16

	
1.34




	
9

	
Damam

	
7

	
3

	
8.38

	
2.82

	
22

	
Abha

	
13

	
3

	
4.16

	
3.38




	
10

	
Gassim

	
13

	
3

	
4.16

	
1.01

	
23

	
Najran

	
13

	
3

	
4.16

	
0.24




	
11

	
Wejh

	
13

	
3

	
4.16

	
3.21

	
24

	
Sharorh

	
11

	
3

	
4.85

	
1.26




	
12

	
Ahsa

	
11

	
3

	
4.85

	
1.79

	
25

	
Gizan

	
13

	
3

	
4.16

	
0.46




	
13

	
Riyadh

	
11

	
3

	
4.85

	
0.41
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Table 3. Results of trend analysis of Winter Air Temperatures for the 25 stations. The positive sign (+) denotes an increasing trend and the Negative sign (−) denotes a decreasing trend. S denotes a significant trend and NS denotes an non-significant trend.






Table 3. Results of trend analysis of Winter Air Temperatures for the 25 stations. The positive sign (+) denotes an increasing trend and the Negative sign (−) denotes a decreasing trend. S denotes a significant trend and NS denotes an non-significant trend.





	No.
	Station Name
	SLR (°C/Year)
	SS (°C/Year)
	p Value
	Tau
	Trend Direction





	1
	Turaif
	0.017
	0.012
	0.019
	0.08
	+ and S



	2
	Guriat
	0.026
	0.02
	0.003
	0.13
	+ and S



	3
	Arar
	0.053
	0.049
	0
	0.279
	+ and S



	4
	Aljouf
	0.047
	0.048
	0
	0.257
	+ and S



	5
	Rafha
	0.022
	0.02
	0.086
	0.085
	+ and NS



	6
	Tabouk
	0.041
	0.037
	0
	0.229
	+ and S



	7
	Qaisumah
	0.023
	0.03
	0.002
	0.156
	+ and S



	8
	Hail
	0.042
	0.039
	0
	0.28
	+ and S



	9
	Damam
	0.024
	0.031
	0.101
	0.099
	+ and NS



	10
	Gassim
	0.055
	0.057
	0
	0.333
	+ and S



	11
	Wejh
	0.048
	0.046
	0
	0.388
	+ and S



	12
	Ahsa
	0.021
	0.02
	0.001
	0.125
	+ and S



	13
	Riyadh
	0.043
	0.044
	0
	0.289
	+ and S



	14
	Madinah
	0.044
	0.04
	0
	0.324
	+ and S



	15
	Yanbu
	0.045
	0.04
	0
	0.328
	+ and S



	16
	Taif
	0.037
	0.038
	0
	0.364
	+ and S



	17
	Makkah
	0.071
	0.063
	0
	0.466
	+ and S



	18
	Wadi Dawaser
	−0.046
	−0.04
	0
	−0.198
	- and S



	19
	Baha
	0.038
	0.035
	0
	0.38
	+ and S



	20
	Bishah
	0.022
	0.023
	0.001
	0.217
	+ and S



	21
	Khamis Mushate
	0.061
	0.063
	0
	0.609
	+ and S



	22
	Abha
	0.044
	0.044
	0
	0.6
	+ and S



	23
	Najran
	0.024
	0.021
	0.002
	0.202
	+ and S



	24
	Sharorh
	−0.013
	−0.01
	0.262
	−0.059
	− and NS



	25
	Gizan
	0.031
	0.034
	0
	0.459
	+ and S
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Table 4. The detected years of abrupt warming (cooling) of the Winter Air Temperatures of Saudi Arabia stations by the Mann–Whitney test for abrupt change.
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	Year
	Stations
	Types of the Abrupt





	1986
	Bishah–Khamis Mushate–Najran
	Warming



	1993
	Riyadh–Taif–Baha–Khamis Mushate–Abha
	Warming



	1998
	Gizan
	Warming



	2001
	Yanbu
	Warming



	2006
	Wadi Dawaser
	Cooling



	2008
	Arar–Aljouf–Makkah
	Warming



	2009
	Tabouk–Hail–Gassim–Wejh–Madinah
	Warming



	2011
	Abha
	Warming



	2013
	Gizan
	Warming
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Table 5. R, R2, d, RMSE, MBE and MPE% for the Winter Air Temperatures between ERA-5 reanalysis data and observed data at the selected four stations in Saudi Arabia.






Table 5. R, R2, d, RMSE, MBE and MPE% for the Winter Air Temperatures between ERA-5 reanalysis data and observed data at the selected four stations in Saudi Arabia.





	Station Name
	R
	d
	R2
	RMSE
	MBE
	MPE%





	Turaif
	0.96
	0.95
	0.93
	0.337
	−0.032
	0.38



	Madinah
	0.99
	0.98
	0.97
	0.197
	2.21 × 10−14
	1.13 × 10−13



	Riyadh
	0.97
	0.95
	0.95
	0.271
	5.88 × 10−5
	0.0004



	Najran
	0.93
	0.91
	0.86
	0.339
	−0.64
	−0.22
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