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This study examined 30-year of in situ observations (1981–2010) to determine monthly, and diurnal characteristics of near-surface temperature gradients (TG) in the Sudanese desert, both spatially and with elevation. The TG variation, along with its spatial and elevation dependence, forcing mechanisms for its variability, and its relationship with moisture and gradients of other climatic variables, were evaluated using a multi-collinearity approach and empirical analysis, respectively. A distinct annual cycle was observed in both the temperature gradient (or lapse rate) with elevation (TGE) and the temperature gradient with latitude (TGLat). The TGE is strongly negative during the warmer months (summer) and less strongly negative (or even positive) during the colder months (winter). However, for TGLat, the results are reversed. The mean TGE value steepens during the summer due to intense adiabatic cooling during the day and less inversion during the night, while this process is reversed for the observed shallower TGLat value in the same season. This result is attributed to desert characteristics at the northern lower elevations or higher latitudes, as well as the effects of the ITCZ, moisture, and cloud cover as a result of high elevations at lower latitudes in the south and southwest region. Low solar insolation, and Mediterranean cold airflow and littoral effect, combined with inversion and radiative cooling at lower elevations or northern higher latitudes, lead the TGE (TGLat) value to be shallow (steep) during the drier months. Excluding the inversion and radiative cooling at night, this effect is more pronounced in the winter. The extreme high and low values of TGE and TGLat, as well as their diurnal range, were found to strongly coincide with variations in the equatorial trough, as well as diurnal radiative energy differences and the regional synoptic phenomenon. In addition to being valuable for hydro-climatic, ecological, and agricultural modeling, this study can be replicated in other tropical desert areas around the world to gain a better understanding of desert’s climate.
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1 INTRODUCTION
Near-surface air temperature is the most important characteristic of the Earth’s climate system thermal regime, and changes in near-surface temperature are widely used to assess the variability of climate change (Mokhov and Akperov, 2006; IPCC, 2013; Marotzke and Forster, 2015; Lian et al., 2017). The near-surface air temperature varies with space and time, and is affected by elevation, geographical coordinates, aspect, slope, extent and type of ground cover, as well as the temperature and stability of the overlying air (Cramer, 1972; Cutchan and Fox, 1986; Bolstad et al., 1998; Lookingbill and Urban, 2003; Bennie et al., 2010; Shen and Leptoukh, 2011; Good, 2016). More importantly, radiative conditions and the local energy balance regime influence the magnitude distribution of near-surface air temperature (Marshall et al., 2007). On the other hand, the magnitude of local surface energy balances is determined by the instability of atmospheric conditions (wind, cloud and humidity) as well as Earth surface characteristics such as albedo and thermal capacity (Jin et al., 1997; Good, 2016; Lian et al., 2017).
In general, maximum temperature is sensitive to differences in radiation, whereas minimum temperature is strongly influenced by relative slope position and mountain air currents (Bolstad et al., 1998). Both of these effects have an impact on the mean temperature (Lookingbill and Urban, 2003). In the mid-latitudes of the northern hemisphere, for example, north-facing slopes are a few degrees Celsius colder than south facing slopes at the same elevation (Lookingbill and Urban, 2003). The situation is reversed in the southern hemispheric mid-latitude region (e.g., Albaba, 2014; Pelletier et al., 2018). These effects are largely governed by the slope orientation to solar radiation relationship, particularly for the maximum temperature (Bolstad et al., 1998; Lookingbill and Urban, 2003; Toro Guerrero et al., 2016). Inversion and cold air pooling in low-lying areas, flat or valley terrain, on the other hand, influence temperature and topographic elevation relationships, particularly at night.
The near-surface air temperature drops linearly with increasing topographic elevation as a result of the “lapse rate effect.” When this effect is eliminated, the continent’s interior warms as a result of less cloud formation and drier atmospheric conditions due to decreased moisture transport (Kitoh, 1997). This study employs the terms “TGE” “TGLat” and “TGLon,” to describe near-surface air temperature as a function of elevation (or temperature gradient with elevation or lapse rate) and to define near-surface air temperature as a function of latitude and longitude, respectively (see Kattel et al., 2019). In addition, as with Kattel et al. (2019), a steeper gradient in this study refers to a more negative gradient, with a high decrease in near-surface temperature (or climatic variables) with elevation and geographical coordinates. An inversion is defined as a shallower gradient value (or a less strong negative or positive value), which refers to the opposite effect of a negative temperature gradient.
The value of TGE is not a constant that varies with location and time, as it is determined by the local energy balance regime (Bolstad et al., 1998; Rolland, 2003; Jain et al., 2008; Kattel et al., 2019). Local topography can also significantly alter deviations from the linear dependence of near surface air temperature on elevation, as well as its relationship with geographical coordinates (Lookingbill and Urban, 2003; Kattel et al., 2019). Furthermore, the presence of mountains, surface characteristics, synoptic climatic regime, vegetation cover, wind speed, proximity to the ocean, pooling of cold air, and inversion effects in low-lying areas all have an impact on their relationship (Mahrt, 2006; Kattel et al., 2013; Kattel et al., 2017; Kattel and Yao, 2018; Kattel et al., 2019).
Earlier studies from the mid-latitude mountain system demonstrates that TGEs or near-surface temperature lapse rates are steeper during warmer periods (summer) than colder periods (winter), and during the day than at night (e.g., Diaz and Bradley, 1997; Barry and Chorley, 2003; Rolland, 2003; Blandford et al., 2008; Pérez Díaz et al., 2015). The seasonal trends in TGE in the mid-latitude mountain system are explained by increased inversion frequency and cold air pooling in low-lying areas in winter and dry convection in summer (e.g., Whiteman et al., 1999; Harlow et al., 2004; Minder et al., 2010). The author reports a contrasting result, i.e., a bi-modal pattern of TGE (i.e., two maxima (steeper) in the pre- and post-monsoon season and two minima (shallower) in the summer and winter seasons, respectively) in several mountain systems across the Hindu Kush, Karakorum, and the Himalayas (HKH) (see Kattel et al., 2013; Kattel et al., 2015; Kattel et al., 2017; Kattel et al., 2019). A similar pattern is observed on the southeastern Tibetan Plateau (SETP) on the northern slopes of the eastern Himalayas, with the exception of winter. The reduction in TGE during summer in the HKH region over the Third Pole is considered to be due to strong dampening effects from monsoon moisture. The observed contrasting result in the SETP in winter (strong negative gradient) is attributed to both cold air surges and snow-temperature feedback, as well as elevation (Kattel and Yao, 2018).
The evaluation of near-surface air temperature lapse rates (or gradients), particularly the TGE, is a simple and effective method for better explaining the physical processes of the atmospheric thermodynamic system, particularly the adiabatic process over terrain (e.g., Kattel et al., 2013; Kattel et al., 2015; Kattel and Yao, 2018; Kattel et al., 2019). Derivation of location-specific near surface temperature gradients or lapse rates is critical to quantifying the temperature field at higher elevations or in data-scarce regions, particularly in glacier, hydro-climatic, and ecological modeling. In addition to understanding the interaction between the local and regional climate systems, TG derivations can be used to explain the cloudiness-surface temperature feedback (Schneider and Dickinson, 1974; Komatsu et al., 2010; Kattel et al., 2019). However, most studies of the relationship between near-surface air temperature, elevation and geographical coordinates have been conducted in mountainous regions, but not in desert regions. Furthermore, many studies of tropical desert land surfaces, such as Sudan, are focused on climatic trends (e.g., Elagib and Mansell, 2000; Elagib and Elhag, 2011).
However, evaluations of local climatic processes, particularly the monthly dependence of the country’s near-surface air temperatures as a function of elevation and geographic coordinates, as well as the forcing mechanisms responsible for their diurnal range variations, are still scarce. Therefore, the primary goal of this paper is to investigate the monthly, and diurnal characteristics of the near-surface air temperature gradient (or lapse rate) with respect to elevation and geographical coordinates in order to gain a better understanding of their behaviour in relation to local and regional climatic processes. The gradients of other climatic variables, primarily rainfall, relative humidity, saturation (es), and actual (e) vapor pressure, as well as the vapor pressure deficit (∆e) and moisture flux (qv), were also computed to evaluate the relationship and controlling processes for TG variations. The results of this study are also compared to those obtained from mountainous regions in the Third Pole, located in humid and high elevation areas and having distinct local and regional climatic regimes. Results of this study can be used to better understand the causes of differences, especially the distinct variation in temperature gradients over time and with different land surfaces and geography.
2 STUDY AREA AND CLIMATOLOGY
Sudan has a land area of approximately 2.5 million km2 and is located in the northeastern part of the African continent, between latitudes of 8°N and 23°N and longitudes of 21°E–38°E. The study area is depicted in Figure 1A. The majority of the country’s land surface is flat, with the exception of the Nubu and Marra mountains in the west and the Red Sea Coast in the northeast (Elagib and Elhag, 2011). The territory in the northeastern part of the country, which is bordered along the Red Sea coast, is about 853 km long. Salt-marsh vegetation can be found in this coastal region (Elagib, 2010). The desert covers the vast majority of the country’s land area, particularly in the north. The desert is mostly composed of gravel and stone, with only thin layers of soil, but sand has shifted to form and reform massive dune complexes (Wilson, 1991). The Nile River, which flows from south to north, cuts through the majority of the country’s flat land. The strips of land along the banks of the Nile and Atbara rivers render a living environment in the northern region.
[image: Figure 1]FIGURE 1 | The study region’s location, spatial distribution of stations, elevations, and mean temperature. The contour lines in Figure 2B represent the elevation distribution in the study region. The mean temperature is calculated over the period 1981–2010.
The country is unique for its climate diversity, which ranges from dry and semi-arid or arid (desert) over a large area in the north to humid in the south (Elagib and Mansell, 2000). Sudan’s climate is classified into three distinct seasons: summer (wet), winter (dry), and autumn (hot). The spring season is generally not defined in the region. Elagib and Elhag (2011) explain the general characteristics of seasons in Sudan. Because of the dry and arid climatic regime of the study region, the sky is usually clear throughout the year (Diabaté et al., 2004). The northern part of the country has a continental climate, the middle has a savannah climate, and the southern parts have an equatorial climate (Elagib and Elhag, 2011). The heating and cooling processes in the region are generally influenced by dry hot desert and maritime moist air (Burpee, 1972). The monthly variation in wind vector and moisture fluxes at 850 hPa over the study region, illustrated in Figure 2, also provides a general overview of the regional synoptic phenomenon.
[image: Figure 2]FIGURE 2 | Monthly variations in mean wind vector and moisture flux at 850 hPa over the Sudanese region between 1981 and 2010.
The spatial distribution of the mean temperature in Sudan is presented in Figure 1B. The average maximum, minimum, and mean temperatures are 36.32°C, 21.23°C, and 28.77°C, respectively. The month of May has the highest Maximum (40.54°C) and mean (32.82°C) temperatures, but the month of June has the highest minimum temperature (25.40°C). January is the coldest month (Tmax = 31.12°C, Tmin = 12.71°C, and Tmean = 22.92°C). The country is characterized as a high thermal regime region, with high insolation and low evaporation, resulting in low surface pressure throughout the year (Lavaysse et al., 2009). Aside from rainfall, the monthly variability of mean temperature in the region is also linked to dust storm variability (Wilson, 1991). Most parts of the country experience cold and dry weather in December and January (Diabaté et al., 2004; Elagib and Elhag, 2011), with the coldest being July and August in the south (Elagib and Elhag, 2011). Temperatures in the southern parts of the country are mostly uniform and low throughout the year, in contrast to the northern parts (Figure 1B).
The onset of the rainy season in Sudan is highly sporadic with respect to location and timing. Several studies have suggested that the occurrence of rainfall over the study region is correlated to the apparent movement of the Inter Tropical Convergence Zone (ITCZ) (Kyle, 1970; Burpee, 1972; Elagib and Elhag, 2011). The ITCZ is known as a zone of convective rain belt (Sultan and Janicot, 2003), but there is little or no rainfall in its vicinity in the Northern African region due to extreme dryness of the surface air on its pole-ward side and mean tropospheric subsidence aloft (Kyle, 1970; Burpee, 1972). The ITCZ coincides with the minimum surface pressure over the North African land mass: when temperatures are high, a thermal low develops that is elongated in the east-west direction (Burpee, 1972). During the rainy season, the ITCZ is located in the country’s extreme south, which receives the most rainfall.
The spatial distribution of monthly rainfall is presented in Figure 3. Excluding winter, the southernmost part of the country receives the most rainfall. Rainfall is measured from April to October, for the majority of stations in the southernmost part during the summer. However, the amount of rainfall decreases sharply from the south to the country’s extreme northern border during this period (Figure 3). The months of July and August are the wettest in all areas, with the exception of the Red Sea coast. The rainy season in the northern region is found to be relatively short, with rainfall occurring only in August (Figure 3). However, rain is common in winter, especially from October to January in the surrounding area of the Red Sea coast due to littoral effects; but the distribution is quite erratic (Figures 2, 3). Because of the effects of occasional depressions from the southeastern Mediterranean region, the peak amount of rainfall in this study was observed in November (Tsvieli and Zangvil, 2005; Elagib, 2010; Elagib and Elhag, 2011). In response to the effects of westerly winds, noticeable precipitation is also observed in the northern and northeastern parts of the country during the winter months (Figures 2, 3).
[image: Figure 3]FIGURE 3 | The spatial distribution of monthly mean rainfall in Sudan between 1981 and 2010.
Based on previous research by Elagib and Elhag (2011), the classification of seasons in the region is distinct, as we noted earlier. We divided the time in this study into four segments based on meteorological or astronomical classification for ease of comparison with earlier findings from other parts of the world. The amount of solar energy received at the Earth’s surface determines the seasons. This amount is mostly influenced by the angle at which sunlight strikes the surface and the position of the Sun’s shins at any latitude (daylight hours) (Ahrens 2009). Therefore, the months of December, January, and February in this study represent astronomical winter; March, April, and May represent astronomical spring; June, July, and August represent astronomical summer; and September, October, and November represent the astronomical fall (or autumnal). A detailed description of the astronomical categorization from the equator to the pole in both hemispheres is described by Ahrens (2009). It should be noted that this study focuses on the monthly variation in near-surface air temperature gradient and its diurnal range, it does not examine the seasonal variation based on local classification.
3 DATA AND METHODS
3.1 Data and Quality Controls
Thirty years (1981–2010) of monthly mean temperatures (maximum, minimum, and mean), rainfall, cloud cover, and relative humidity data from 29 Sudanese stations (hyper-arid region) were collected from the Sudan Meteorological Authority (SMA), Government of Sudan. This study’s meteorological stations range in elevation from 5 to 850 m above sea level (m a.s.l.). The contour lines in Figure 2B represent the elevation distribution in the study region. The average elevation of the ground is lower in the northern region of the country than in the southern, mountainous region of Darfur (Elagib and Elhag, 2011). Figure 1A depicts the spatial distribution of stations and the elevation of the study region. Table 1 displays information about stations and mean temperatures.
TABLE 1 | Information about the stations used in this study.
[image: Table 1]All 29 stations’ maximum and minimum temperature time series data were subjected to quality control and homogenization. Firstly, all data sets were manually inspected, and any erroneous values, such as minimum temperature greater than the maximum temperature value, were filtered. Then for each data series, Grubb’s method was used to identify unusual values (Grubbs, 1950; Grubbs, 1969). This method helps in the detection of a single outlier in a univariate data set with a reasonably normal distribution. The procedure is described in detail by Kattel et al. (2013) and Kattel and Yao (2013). Outliers were detected in 4.73 percent of the 20,880 (29-station × 12-month × 30-year × 2-maximum and minimum data series) data values. The test statistics and significance values were used as a filter to determine whether these values are outliers or true values. The test statistics for all detected values ranged from 1 to 6. During evaluations, 172 (17.41%) of the 988 outliers had statistically significant (p < 0.05, 0.01, 0.001, and 0.0001). If the test statistic is ≥4 and the significance value p is ≤ 0.0001, the detected values are deemed suspect and removed from the data set. Only 70 (0.33 percent) of the 172 outliers with test statistics of ≥4 and a significance value of p ≤ 0.0001 were removed from the data set.
For all data series, homogeneity tests with respect to time were performed using the well-known criteria of Pettitt (1979), Standard Normal Homogeneity (Alexandersson, 1986); Buishand’s (1982); Von Neumann’s (1941) ratio test . Previous studies by Kattel et al. (2013); Kattel et al. (2019) provide a detailed description as well as standard values to confirm the homogeneity of the data sets. For the investigation, only data sets with significance values greater than 0.01 from this test were used. Based on this criterion, all 29 stations’ data series were found to be homogeneous. Monthly means for each parameter at all stations were calculated from 1981 to 2010 to evaluate temperature gradients and their relationships with other climatic variables.
In addition to the in situ data analysis, we plotted monthly distributions of moisture flux (qv) and wind vector (U, V) for six different pressure levels, 1,000, 925, 850, 700, 600, and 500 hPa, to evaluate its distribution and compare it to the temperature gradient variability over the study region. The moisture flux (qv) was quantified using reanalysis data for the U-wind, V-wind and the specific humidity (q). The National Centers for Atmospheric Research and the National Centers for Environmental Prediction (NCAR/NCEP) provided reanalysis data sets distributed in a 2.5° × 2.5° square grid. Monthly moisture flux (qv) values were also extracted for the above mentioned pressure levels for comparison and analysis. The Open GrADS program was used to compute the moisture flux (qv) and visualize the spatial distribution of moisture in the study region. The analysis covered the same time period, from 1981 to 2010.
3.2 Methods
3.2.1 Estimation of Temperature Gradient
A simple linear regression method is usually used to estimate the near-surface temperature gradient (or lapse rate) value, primarily using two variables (e.g., temperature and elevation). A preliminary analysis of this study shows an inverse relationship between elevation and both latitude (R = −0.74, p = 0) and longitude (−0.59, p = 0.001), possibly due to the north-to-south or southwest distribution of mountains. Individual regression results between temperature and latitudes or elevations (not shown) were also determined to differentiate the elevation and latidutional controls on temperature. We used a simple linear regression model based on a single independent variable in order to obtain the result. Individual model patterns for temperature gradients with elevation or latitude on an annual cycle are identical to multicollinearity results. The linear regression model reveals that the temperature-longitude relationship is relatively weak and variable.
It should be noted that the monthly variation in the magnitude of temperature gradients with latitude is almost identical in both results. Individual models, on the other hand, show that the magnitude of positive and negative gradient (or lapse rate) of temperature with elevation is higher in both summer and winter months. Based on the preliminary evaluations, the elevation effect is likely to be strongest in the summer and the latitude effect is likely to be strongest in the winter. Therefore, we have chosen a model to fit all parameters so as to obtain precise results for evaluations. In addition, the study area is spread across a wide range of geographical coordinate bands of about 14° from south to north and 16° from east to west. Thus, as in previous studies by Kattel et al. (2013), Kattel et al. (2015), and Kattel et al. (2019), a multi-collinearity model was used to determine the best multivariable relationship, primarily to describe the relationship of near-surface air temperature with both elevations and geographical coordinates, per Eq. 1.
[image: image]
The model presented in Eq. 1 is used to investigate the impacts of various simultaneous influences (for example, latitude, longitude, and elevation) on a single dependent variable (temperature). The symbol “[image: image]” in Eq. 1 refers to dependent variables (e.g., temperature in °C). The independent variables are geographical coordinates such as [image: image] (latitude in °N) and [image: image] (longitude in °E), and [image: image] (elevation in kilometers). Similarly, in Eq. 1, “[image: image]” and “[image: image]” represent the constant and error of multiple regression terms, respectively. “[image: image], [image: image] and [image: image]” are the model coefficients, and are temperature gradients with geographical coordinates (latitude and longitude) and elevation, respectively.
3.2.2 Estimation of [image: image], es and e
The distinction between wet and dry atmospheric conditions is crucial to understanding the causes of the variation of the lapse rate (or gradient) near the surface (e.g., Kattel et al., 2013), because the atmospheric water-vapor pressure depends only on the vapor temperature. To investigate the moisture present in the atmosphere and its gain or loss, the amount of vapour pressure deficit [image: image] was calculated using Eq. 2.
[image: image]
Tetens (1930) developed an empirical formula for [image: image] based on laboratory measurements, the magnitude of which is influenced indirectly by air temperature (Barry and Chorley 2003). Thus, in Eq. 2, [image: image]) is the saturation vapor pressure and [image: image] is the actual vapor pressure, both in hPa. “[image: image]” is the relative humidity in percent.
The above-mentioned Equation for [image: image] is a well-known formula from Magnus (1844), which can be easily derived from the Clausius-Claperon equation for heat condensation (Brunt, 1939). In the above derivation, when the observed values of [image: image] [image: image], the values 7.5 and 237.3 were used for the coefficients of a and b (Tetens, 1930), respectively. When [image: image], the values of the coefficients [image: image] and [image: image] were used to compute the [image: image].
The gradients of rainfall, relative humidity, saturation vapor pressure ([image: image]), actual vapor pressure ([image: image]) and vapor pressure deficit [image: image] were also computed for analysis and comparison using a similar method, as shown in Eq. 1.
4 RESULTS AND ANALYSIS
4.1 Evaluations of Co-Linearity, Estimation Strength, and Factors Influencing the Relationship
Table 2 summarizes the results of the multicollinearity analysis, while Table 3 shows the computed error and significance values. In general, the variance inflation factor (VIF) (or [image: image] is an important statistical parameter in regression analysis to detect multicollinearity. The estimation of VIF values is crucial because it explains how much variance is inflated in the regression coefficient due to multicollinearity in the model. The values of VIF in this study from the model (Eq. 1) are 2.24, 1.57, and 3.01 for latitude, longitude, and elevation, respectively. According to Brien and Robert (2007), the VIF value of ≥10 indicates a potential multicollinearity problem. Thus, the observed lower value of VIF suggests that variables are collinear, which is reasonable for the slope (or gradient) estimations and evaluations.
TABLE 2 | Results from the multi-collinearity statistical model.
[image: Table 2]TABLE 3 | The coefficient of standard error and the significance value from the multiple regressions.
[image: Table 3]The significance values derived from the multicollinearity model in this study indicate that the strength of the relationship is more linear between temperature and latitudes than between temperature, elevations, and longitudes, with the exception of the month of May (Table 3). Both latitude and longitude showed a monthly variation in coefficient of standard errors from regression analysis for maximum temperature values between 0.11°C and 0.18°C and 0.08°C and 0.12°C, respectively (Table 3). When compared with geographical coordinates, the coefficient of standard errors for elevation were lower, ranging from 0.002°C to 0.003°C. The errors for the minimum temperatures are also lower than those for the maximum temperatures across all 29 stations. The lower error values observed further imply that the computation results are accurate enough.
Based on the analysis above, the monthly mean square error (MS) of multiple regression is highly variable. The MS for the mean temperature ranges from 0.64°C to 1.95°C. The maximum temperature has larger errors (1.26°C–3.20°C) than the minimum temperature (0.93°C–3.63°C). MS errors for maximum temperatures are highest during the dry months (March to June, September, and October). The highest error (3.20°C) was recorded during the month of April. However, when it comes to minimum temperatures, the winter months has higher MS error values. This season, the highest error value (3.63°C) was recorded in December. In April and December, the highest coefficient values of standard error are also observed for maximum and minimum temperatures (Table 3). In contrast, the lowest MS values are observed in May (0.93°C) for the minimum temperature and in December (1.26°C) for the maximum temperature.
Figures 4A,B depicts the monthly variation in R2 and residual error. The results indicate that a lower (higher) R2 value corresponds to a higher (lower) mean square error. Variation in local topoclimates, surface characteristics, air moisture content, and the synoptic system can all weaken the relationship and cause higher errors (e.g., Harlow et al., 2004; Dobrowski et al., 2009; Kattel et al., 2013; Kattel et al., 2015; Kattel et al., 2019). Furthermore, the R2 value is higher for maximum temperatures (range: 65.5–90.5%) than for minimum temperatures (range: 32.4–83.6%), excluding the months of April, May and October. The lowest R2 values obtained, particularly for minimum temperature, could be attributed to the effects of inversion and local terrain. This effect is more pronounced during the winter months. There is a reduction in R2 value for both maximum (19.6 and 24.0%) and minimum (32.4 and 46.6%) temperatures in May and October (Figure 4; Table 2), presumably because of synoptic disturbances that occur during these transition months (discussed below). Based on the evaluations of R2 and errors, it is also reasonable to explain that local topoclimate influences are stronger for maximum temperatures during April-June, September-October and November, and December-February for the minimum temperatures.
[image: Figure 4]FIGURE 4 | Annual variation in the proportion of variation (A) and residual error (B) resulting from multi-coolinearity assessment.
[image: Figure 5]FIGURE 5 | Annual cycle of temperature gradient with elevation (A), latitude (B), and longitude (C) over the study region.
4.2 Gradients of Climatic Variables With Elevation and Geographical Coordinates
4.2.1 Temperature Gradient (or Lapse Rate) With Elevation (TGE)
The results of the multi-collenearity evaluations are summarized in Table 2. In this study, the mean monthly values of the near-surface air temperature lapse rate (or gradient) with elevation (TGE) were lower than the value of the free-air moist adiabatic lapse rate (−6.5°C/km). The monthly mean TGE’s values are both positive and negative. August is the month with the highest mean TGE value (−5.81°C/km). It is also the month with the steepest gradient for both maximum (−6.28°C/km) and minimum (−5.35°C/km) temperatures. The TGE values are shallowest (or strong positive) in April, especially for the mean (0.60°C/km) and minimum (1.40°C/km) temperatures, but positive gradient is highest for the maximum temperature (0.69°C/km) in January. During January, March, and December, a positive gradient is observed in maximum temperature with elevation. However, the rest of the year shows negative values (Table 2). The positive gradient values for maximum temperature with elevation range from 0.23 to 0.69°C/km, whereas the negative gradient values range from −6.28 to −0.20°C/km. For February to April, as well as November, the minimum temperature gradient is positive (0.31–1.40°C/km). During the rest of the period, the negative values of minimum TGEs range from −5.35 to −0.44°C/km (Table 2). The study found that TGE values for mean temperature are positive between January and April (ranging from 0.13 to 0.60°C/km), and negative between May and December (ranging from −5.8 to −0.08°C/km).
4.2.2 Temperature Gradients With Geographical Coordinates
In comparison to TGE, the monthly variation in TGLat shows an opposite pattern as shown in Figures 5A,B and Table 2. Latitudinal gradients for maximum (minimum) temperatures range between 0.18°C/°N (0.14°C/°N) in October to −0.95°C/°N (−0.67°C/°N) in February. The mean TGLat value is shown to be positive, close to zero in May (0.04°C/°N), but negative (−0.81°C/°N) in February during cold and dry periods. In January and April, as well as November and December, the mean TGLats are negative. During this period, the gradient value ranges between −0.43 and −0.81°C/°N. TGLats, on the other hand, are positive between May and October, with values ranging from 0.04 to 0.81°C/°N. Temperature gradients with latitude show a similar annual pattern, both for maximum and minimum temperatures. In this study, the negative gradient values range from −0.43 to −0.95°C/°N for maximum and −0.07 to −0.67°C/°N for minimum temperature (Table 2). However, the positive gradient values for maximum and minimum temperatures range from 0.15 to 1.08°C/°N and 0.14 to 0.54°C/°N, respectively. The gradient of temperature with longitude (TGLon) in this study exhibits a pattern similar to the TGE. In contrast, the temperature gradients with longitude are positive for all observation periods except July- September (Figure 5C).
4.2.3 Gradient of Rainfall
Figure 6 shows the monthly variations of mean rainfall and relative humidity (RH) over a 30-year period from all 29 Sudanese stations. August has the most rainfall and the highest humidity (rainfall = 91 mm, RH = 55 percent). However, rainfall in February is almost nil (0.01 mm). The results show that the country experiences low levels of rainfall during the winter months (range: 0.01–0.58 mm), which lasts until the month of March, though some moisture (RH) is observed during this time (RH ∼ 20–35 percent) (Figure 6).
[image: Figure 6]FIGURE 6 | The monthly variation in mean rainfall and relative humidity in Sudan between 1981 and 2010.
The Figure 7 and Table 4 present the annual cycle of rainfall gradients with respect to elevation and geographical coordinates. The rainfall gradient with elevation is positive from July to October, with values ranging from 8.67 mm/km to 114.65 mm/km. Furthermore, the positive gradient is highest in August (Figure 7; Table 4). Except for the months of March (1.49 mm/km) and summer and October, the rest of the year shows a negative rainfall gradient. November has the highest negative RGE value (−13.93 mm/km). It should be noted that, with the exception of August, these results are not statistically significant.
[image: Figure 7]FIGURE 7 | Monthly variations in rainfall gradients and their significance values as a function of elevation (A) and geographical coordinates (B).
TABLE 4 | Rainfall gradients with elevation and geographical coordinates (latitude and longitude) in the study region.
[image: Table 4]RGE’s monthly variability is generally consistent with RGLon’s pattern, but the trend is nearly the opposite of RGLat’s (Figures 7A,B). The rainfall gradient with latitude is shown to be negative throughout the observation period, with values ranging from −0.003 to −16.25 mm/°N. There is a strong negative RGLat (−16.25 mm/°N) in August. During the winter, however, RGLat values are almost negligible (not significant). However the results are statistically significant when the RGLat values are steepest, (Figure 7B; Table 4). Except for the month of August, the results for longitude during the entire observation period were not statistically significant.
4.3 Empirical Relationship
Table 5 displays the gradients of es, e, and Δe with elevation and geographical coordinates. A relationship was evaluated empirically between the gradients of temperature and climatic variables (e.g., rainfall, relative humidity, moisture fluxes (qv), es, e, and Δe) to determine the forcing processes (Table 6). The relationship between the annual cycle of mean TGE and rainfall (r = −0.98, p < 0.0001), as well as relative humidity (r = −0.94, p < 0.0001) is strong and statistically significant (Table 6). TGE and rainfall gradient are also found to have a statistically significant but inverse relationship (r = −0.88, p < 0.001). On the other hand, TGEs have a positive relationship with the es GE (r = 0.998, p < 0.0001), e GE (r = 0.31, not significant) and Δe GE (r = 0.82, p < 0.01). In addition, the correlations between maximum and minimum TGE, as well as maximum and minimum es GE, are strongly positive and statistically significant (max: r = 0.99, p < 0.0001; min: r = 0.99, p < 0.0001). These results are consistent with previous studies on the Hindu-Kush and Karakorum mountain ranges by Kattel et al. (2013) and Kattel et al. (2019).
TABLE 5 | The gradients of saturation (es), actual vapor pressure (e) and vapor pressure deficit (Δe) in the study region as a function of elevation and geographical coordinates (latitude and longitude).
[image: Table 5]TABLE 6 | The coefficients are measured from the correlation evaluation between the gradient of temperatures and climatic variables.
[image: Table 6]In this study, TGLat and rainfall (r = 0.90, p < 0.0001), as well as relative humidity (r = 0.86, p < 0.0001), were found to be positively related (Table 6). With the exception of the relationship between TGLat and e GLat (r = −0.97, p < 0.0001), the relationships between TGLat and other variables, such as es GLat (r = 0.99, p < 0.0001), Δe GLat (r = 0.99, p < 0.0001) and RGLat (r = -0.96, p < 0.0001), are similar to the TGE observations. TGLon relationships with all variables, on the other hand, are similar to TGE relationships. Mean TGEs and TGLats have a strong and statistically significant inverse relationship (r = −0.93, p < 0.0001). Its relationship with TGLons, on the other hand, is inverse (r = 0.886, p < 0.0001). Therefore, the above results confirm that temperature gradients in the study region are highly sensitive to changes in moisture and local topoclimate, in addition to elevations and geographic coordinates.
5 DISCUSSION
The annual cycle of near-surface temperature gradients (or lapse rates) with both elevation and geographical coordinates in this study has revealed distinct seasonal trends (Figure 5). However, when compared to TGE and TGLon, the pattern for TGlat is inverse. TGE values are steeper during the summer (rainy season) months, but they are shallower (or less strong negative or even positive) during the winter months (Figure 5A). These findings are in agreement with observations from the mid-latitude mountain system (e.g., Rolland, 2003), and partially in agreement with observations from southern slopes of the Karakorum and the Himalayan mountain ranges (e.g., Kattel et al., 2013; Kattel and Yao, 2018; Kattel et al., 2019). The above finding, however, contrasts with findings from the southeastern Tibetan Plateau (SETP), which is located on the northern slopes of the eastern Himalayas (e.g., Kattel et al., 2015). A number of factors determine the thermal conditions in desert regions, including the degree of aridity, latitude, elevation, distance to the coast (Nicholson, 2004). These factors may differ from those that determine the temperature in the Third Pole region’s mountain system. Furthermore, the climates in mountainous areas over the Third Pole region are dominated by tropical cyclones, especially in summer, whereas in this study region, the inter-tropical convergence zone (ITCZ) and equatorial trough dominate the climate (Figure 2). Additionally, the region’s extremely dry and arid climate plays a role in regulating the local thermal regime in comparison to areas over the Third Pole mountain system. As a result, this distinct observation in this study area is not surprising in comparison to the results from the mountain system over the Third Pole and mid-latitude region.
5.1 Forcing Processes for Temperature Gradients Variation Over the Desert Land Surfaces
5.1.1 Variation in Temperature Gradients During Wet and Hot Period
This study demonstrates a strong negative gradient in temperature with increasing elevation during the rainy season (or summer months), but the result is reversed for latitude (Figures 5A,B). Numerous studies from the mid-latitude mountain systems (e.g., Rollend, 2003) have reported similar results, indicating that the steepening of gradients with elevation, particularly during summer, is associated with strong dry convection. The evaluation of various climatic parameters in this study suggests that the forcing mechanisms for TGE variation in summer months are partially consistent with the mechanisms reported in the mid-latitude mountain system. This result, however, is diametrically opposed to those reported in monsoon-dominated areas over the Third Pole regions, where the shallowest TGE value is recorded in rainy summer due to latent heating at higher elevations (e.g., Kattel et al., 2013; Kattel et al., 2015; Kattel and Yao, 2018).
The steepest temperature gradient with elevation (TGEs) in the study region in rainy season (or summer months) corresponds to a period of high solar radiation emissions. The country lies in the tropical belt, which receives a large amount of sensible heat during summer. Combined with the desert land surface, the hot, dry and arid environment creates an extreme thermal environment, particularly in the northern lower elevation regions. Desert land surfaces, in general, cause considerable heat transfer from the ground, as well as mostly ascending air motion in the summer (Barry and Chorley, 2003). As a result of sinking air, lower elevations warm, causing TGE to steepen in this season, especially due to strong dry adiabatic cooling. The high positive TGLat values for this season (Figure 5B) suggest warmer atmospheric conditions at the northern lower elevation station, which agrees with earlier statements. Moreover, increased cooling at higher elevation (or lower latitude) stations in the south and southwest due to excessive rainfall, cloud cover and moisture are responsible for steepening the TGE value during this period (e.g., Leffler, 1981; Kattel and Yao, 2018; Kattel et al., 2019). This is exacerbated by the elevation effect, which is stronger in the region located in the northern lower latitudes. Over the Sudanese region, the upward velocity in a stable atmosphere between pressure levels of 925 and 700 hPa, where the adiabatic term averages, usually result in a cooling process (Lavaysse et al., 2009). This can lead to rain and cloud cover over higher elevation land in the south and southwest, as opposed to the northern and central part of the country (e.g., Figures 2, 3).
The majority of stations in Sudan’s southernmost region experience a sudden drop in air temperature throughout the summer months. This result is associated to elevation, moisture and cloud cover, in addition to the effects of cooling mechanisms (Figure 2). The cooling mechanism in southern Sudan is caused by the ascent of a large parcel of horizontal air, which is simply the congregation of air parcels or masses. This is a common phenomenon on the African continent (Johnson and Morth, 1960). Strong divergence of moisture from the equatorial region at 1,000 and 850 hPa and convergence at 700 hPa (Figure 8) may have triggered precipitation and cloud formation at higher elevations in the south and southwest, possibly induced by cooling mechanisms. The dramatic changes in the relationship between TGE and moisture flux (qv) from 700 hPa (r = 0.89, p < 0.0001) to the higher pressure levels [1,000 hPa (r = −0.85, p < 0.001) and 850 hPa (r = −0.61, p < 0.05)] (Table 6), support the earlier statements. The relationship between TGLat and qv in this study, however, is inverse [e.g., 1,000 hPa (r = 0.84, p < 0.001), 850 hPa (r = 0.62, p < 0.05) and 700 hPa (r = −0.94, p < 0.0001)], which further support the result. The relationship between TGLon and qv is similar to that between TGE and qv, which is consistent with the argument relating the cooling process.
[image: Figure 8]FIGURE 8 | Monthly variation in the study region’s area weighted mean moisture flux (qv) at different pressure levels.
Cloud formation and rainfall in this region are also influenced by the northward migration of the Inter Tropical Convergence Zone (ITCZ). The ITCZ is a low pressure trough (also known as a thermal low), which occurs near 18°N and extends east-west near the equator, where the surface northeast and southeast trade winds meet and converge (Burpee, 1972; Flohn et al., 1974; Nicholson, 2004). As these winds converge, warm, moist air is forced upward, resulting in clouds and heavy precipitation. During the summer, the ITCZ can be found in the extreme southernmost part of Sudan, bringing moisture to the region and causing rainfall (Flohn et al., 1974). Thus, our results confirm that the reduced solar heating as well as the increased absorption of heat due to rainfall, moisture, and cloud cover as a result of the ITCZ effects at the south and southwestern higher elevations result in an increased (decreased) TGEs (TGLats) value during the rainy season. Moreover, the intense adiabatic cooling due to the high thermal environment at the northern lower elevation station (or the higher latitude region) enhances the negative (positive) TGEs (TGLats) value. Figure 2 depicts the distribution of U and V, as well as the wind moisture flux (qv) (for a more detailed example in August), which may corroborate the above results.
5.1.2 Variation in Temperature Gradients During Cold and dry Periods
It has been discussed previously that summer months has the greatest negative (positive) value for temperature gradients with elevation (latitude). On the other hand, the result is opposite during cold and dry periods. During the summer, the tropical and subtropical desert regions typically experience very steep temperature gradients, resulting in significant heat transfer from the surface and generally upward motion (Barry and Chorley, 2003). Direct contact with the heated surface causes the air to warm, become more buoyant, and rise. Rising air causes a decrease in atmospheric pressure at the surface, resulting in the formation of a “low”. This upward movement will eventually result in an upper-level outflow (a “high” aloft), which will cause more air to flow into the surface low (Nicholson, 2004; Trapasso, 2004). However, in the winter, air subsidence is associated with high-pressure cells, which are a prominent in desert regions (Barry and Chorley, 2003).
In this study, the shallowest (steepest) values (less negative or even positive) of mean TGEs (TGLats) can be observed from January to April and November to December (Figures 5A,B; Table 2). The mean TGE in this study is close to zero in November, indicating “isothermal” conditions (Figure 5A). Low solar insolation is associated with less strong negative or positive temperature gradients with elevation (TGEs) during dry and cold months, notably in the tropics during winter. Strong positive gradients were found from the individual model results between temperature and elevation regression (not shown). This is mostly owing to latitude effects. The observed strong negative TGLat values during this time period support the above statement (Figure 5B). The observed negligible gradient of TGE, or somewhat “isothermal” conditions during dry months, especially in November, is due to low heat transfer, which is associated with a constant thermal regime across all stations.
Despite a few exceptions, the majority of months in a year cycle in the study region, excluding summer months, record negligible precipitation (Figure 6), indicating a relatively dry period. Additionally, the amount of actual vapor pressure (e) is at its lowest level during this time period. In this time period, the distribution of moisture flux (qv) is inverse in comparison to the summer months, with a particular convergence between pressure levels of 1,000 and 850 hPa (Figure 8). Furthermore, during the cold and dry months, the mean es GE value is found to be shallower (or positive, i.e., close to zero) throughout the observational records (Figure 9A). In this period, however, the result is reversed for es GLat (Figure 9B). The months of December to February are the coldest months in most parts of Sudan, particularly in the north, which is influenced by the continental climate. This could also be one reason for the positive gradients in temperature with elevation in this period. It should be noted that these months also exhibit daytime inversion, which could be attributed to the effects of latitude. The observed reverse patterns of maximum and minimum TGLat in comparison to TGE support the result (Figure 5B).
[image: Figure 9]FIGURE 9 | The annual cycle of es, e and Δe gradients with elevation (A,B), latitude (C,D) and longitude (E,F) over the study region.
In the winter (December, January, and February), the country receives cold and dry air from the Mediterranean Sea, with pressure levels ranging between 1,000 and 925 hPa. A little moisture flux convergence is observed at 850 hPa in December, particularly along the southern and some middle regions of the country (Figure 2). The atmosphere in the study region is dry from January to April and November to December. The winter months are extremely dry in comparison to the other months. Precipitation is almost negligible throughout the country during winter, with the exception of the northeastern Red Sea coastal belt (Figures 2, 3, 6). In general, rainfall can occur at any time in the coastal region. Nevertheless, it is common during the winter in this study region, and its spatial distribution is quite erratic from October to January, with the peak amount of rainfall occurring in November (Figure 3) (also see Elagib and Mansell, 2000; Elagib and Elhag, 2011).
Rainfall is typically associated with moisture-laden air masses that arrive in Sudan’s coastal region from both the Red Sea and the Arabian Sea. A high amount of moisture convergence was observed at 925 hPa over the Red Sea coast, particularly in November (not shown). A similar pattern can be seen in April, May, and October in the country’s northern and northeastern belts (Figures 2, 10). Furthermore, rainfall occurrences in these months over the study region are linked to the recurrence of occasional depressions along the Eastern Mediterranean Sea (Elagib, 2010). Thus, it is reasonable to conclude that shallower (steeper) TGE (TGLat) values in the study region, mainly in winter, are strongly associated with the effects of latitude, as well as the effects of Mediterranean cold airflow and the prevalence of high rainfall and humidity in the northern and northeastern regions. It is noted that there was a strong inversion during the night in the winter months, when excluding the coastal station in the multicollinearity model (not shown).
[image: Figure 10]FIGURE 10 | The spatial distribution of moisture flux (qv) and wind vector in three different pressure levels over 3 months (e.g., 1,000, 700, and 500 hPa).
5.2 Temperature Gradients Diurnal Range Variation and Extreme Value Observation
The above discussion suggests that seasonal variations in temperature gradients in the study region are closely associated with changes in air moisture content, as well as regional synoptic systems and local topoclimates. In this study, the highest positive value of mean TGE was found in April, whereas its value was strongly negative in August (Figure 5A). The diurnal range of TGE value is recorded as the lowest in contrast to the rest of the year, excluding the months of January, April, July, August, October, and November, as seen in Figure 11A. The minimum diurnal range of TGLat however, is found between the months of April and October (Figure 11B). Apart from the greatest/lowest values of the diurnal range of temperature gradient variations, the month for extreme value observations over the region strongly corresponds with the variation in the Equatorial Trough (ET). In January, April, and October, changing diurnal patterns of temperature gradients are evident, both for elevations and latitudes (see Figures 5A,B), which is also reflected in variations in ET. Similar to the monthly variation in temperature gradients, the moisture flux (qv) also exhibits a similar trend (Figure 8). The study also shows that in summer, the maximum TGE (TGLat) is higher (lower) than the minimum TGE (TGLat), but in winter the result is reversed (Figures 5A,B).
[image: Figure 11]FIGURE 11 | Variation in the diurnal temperature range and its gradient with elevation (A) and geographical coordinates (B) in the study region.
5.2.1 Possible Causes for the Extreme Temperature Gradients Observation
This study found that the most unique changes in magnitude of temperature gradients for elevation and latitude occurred in the months of January, April, July, and October (Figures 5A,B). In the study region, these months are referred to as transition months because the annual climate fluctuates considerably during these months. The month of August in summer has the steepest value for TGE (mean = −5.81°C/km; maximum = −6.28°C/km; minimum = −5.35°C/km) (Figure 5A; Table 2). The mean TGE value is also steeper in July (−5.40°C/km), but the magnitude is slightly lower than in August. This month has the highest amounts of rainfall and relative humidity (Figure 6), but their magnitudes are greatest in the southern and southwestern high elevation regions (Figure 3). There is more rainfall in southwestern parts of the country than in the northern or northeastern parts, and this may be due to regional synoptic phenomena (Figure 2). It has been observed that in July and August, water vapor from the south west (south of 10°N) is transported to the Darfur hills (Flohn et al., 1974). A southern component of the ITCZ typically transports water vapor to the convergence zone between latitudes 7°N and 12°N. At 1,000 (also 850) hPa, the divergence of moisture flux from the equator is evident during these months, while the moisture over southern and southern-eastern parts of the country converges at 700 hPa (Figures 2, 8). A convergence of relatively moist air masses usually results in rainfall patterns. This process also reflects the Sun’s seasonal migration (Griffiths, 2004). The observed high amounts of rainfall (Figures 3, 6), particularly at higher elevations, as well as the highest positive (negative) gradient value for rainfall with elevation (latitude) throughout the observation period (Figure 7) are consistent with the above result.
In addition to ITCZ and elevation effects, the steepest value of mean TGEs observed in this study during July and August could be attributed to the dry desert climate found at lower elevations in northern regions (or higher latitudes). There are higher (lower) values of e (Δe) in these months than the rest of the year. Thus, it is also reasonable to explain here that the cooling of moisture received from the surroundings during dry convection in July and August may also result in rainfall (e.g., Kattel et al., 2013; Kattel and Yao, 2018), particularly at higher elevations in the south and southwest. Consequently, the magnitude of TGE may increase further in these months. The magnitudes of es GE (July = −19.00 hPa/km, August = −19.91 hPa/km) and Δe GE (July = −7.65 hPa/km, August = −8.56 hPa/km) are steeper during these months (Figure 9; Table 5), indicating the northern, low-elevation sites receive large amounts of sensible heating. The greatest positive value of mean TGLat, es GLat, and Δe GLat observed in these months throughout the observational record (see Figures 5B, 9B,D) agrees well with the above result. Thus, the steepening of the TGE value in this study during July and August is owing to increased cooling caused by prevailing moisture, rainfall, and cloud cover at the southern lower latitudes due to ITCZ and elevation effects. Furthermore, the strong effects of dry convection caused by receiving large sensible heat due to desert land surface characteristics at the northern lower elevations strengthens the negative TGEs values over the region during these months.
The month of April, noted in this study as a transition month, records the shallowest (highest positive) value of TGE (0.60°C/km) (Figure 5A; Table 2). This month has a very low amount of moisture (Figure 6). In April, the vertical distribution of moisture flux was found to be almost stable (i.e., minimum changes of moisture with changing pressure levels) (Figure 8). Additionally, the value of Δe reaches its peak this month (not shown). The shallowest (highest positive) value of es GE (Figure 9A) is also recorded in April, but the value of Δe GE is shown to be lower (Figure 9B). This suggests that the dry and cold atmospheric period in April corresponds to the highest positive value of mean TGE. The climate of the region is influenced by the cold airflow from the Mediterranean Sea (Figure 10). This synoptic phenomenon intensifies atmospheric cooling over the land surface in higher latitudes or northern lower elevation areas in April, resulting in a sharp reduction (or increase in inversion) in gradient value. However, due to rainfall, the northeastern part of the country is relatively moist this month (Figures 2, 3) as a result of littoral effect. Also, this could lead to a decrease in temperatures over northeastern areas, which might help to boost positive TGE values (or increase inversions). In this study, the temperature gradient with elevation (latitude) steepens (shallows) consistently from April to September (Figure 5). The situation is almost identical for es, e and Δe gradient variations (Figure 9). A similar monthly feature in moisture flux variation is also noticed (Figure 8). Evidence also suggests that the monthly variation in TG over the region is strongly related to the variation in moisture content in the air.
The terms “high Sun” and “low Sun” in summer and winter, respectively, are used to describe reasonably changing temperatures in the tropics, (Griffiths, 2004). In this study, the steepest (strongly negative) value for TGLat was observed in February (Figure 5B). The mean es GLat and Δe GLat values are steepest in the months of February and March (Figures 9C,D). The mean es GE is extremely low in February (Figure 9A). In this study, however, the e GLat is negligible during the winter compared to the other seasons (Figure 9D). In February, in addition to the effects of the low Sun, the influence of the Mediterranean cold and dry air on higher latitudes is stronger. The magnitude of the wind vector component is found to be greater in this month than in April (Figure 2), which agrees with the result. Moreover, the result shows that the value of TGLat in October is close to zero (0.16°C/°N) (Figure 5B; Table 2). This month has the highest positive value for Δe GE, which is nearly identical to the observation in April (Figure 9B). In October, the Δe value is higher, but the magnitude is lower than in April. In addition, the magnitude of e GE is greatest in this month compared to the rest of the period (Figure 9B). Thus, the result suggests that the forcing process in October is similar to that in April, but moisture convergence in this month is expected to be greater at higher pressure levels than in April (Figure 10). This could be a factor in the occurrences of rainfall in the north and northeastern lower elevation region, causing TGE (TGLat) values to shallow (steepen) further this month. The high amount of rainfall and relative humidity observed in October compared to April (Figures 3, 6), agrees well with the result. It is therefore reasonable to conclude that the variation in extreme values of temperature gradient in the study region are influenced by the equatorial trough, as well as moisture, regional synoptic phenomena, and local topo-climate.
5.2.2 Forcing Processes for Temperature Gradient’s Diurnal Range Variation
Deserts are characterized by an extreme thermal environment, and by large changes in temperature between day and night throughout the year (Griffiths, 2004; Nicholson, 2004). The scant of cloud cover and low moisture content in the air in subtropical desert regions results in a regime of high solar insolation and surface temperature. The diurnal range of TGE (TGEmax–TGEmin) in the study region is found to be greater (negative) during the months of July (−0.89°C/km) and August (−0.93°C/km) (Figure 11A). The TGLat results are comparable, but the diurnal range differences (TGLatmax−TGLatmin) are positive throughout the observation period (Figure 11B). The greatest diurnal range for both TGE and TGLat observed in this study is associated with high solar insolation during the day and intense radiative cooling at night. In July and August, we observe steeper (shallower or positive) values of TGEs (TGLats) during the day than at night (Figures 5A,B; Table 2), which is consistent with the aforesaid result. Except for coastal belts, precipitation is minimal in the northern parts of the country during these months (Figure 3). The northern parts of the country also receive significant solar heating in July and August (Burpee, 1972). This could explain why we observed stronger positive TGLat during the day than at night in this study (see Figure 5B).
In general, the dryness of the soil and the lack of dense vegetation cover to absorb and redistribute solar radiation near the ground raise the temperature in desert regions (Nicholson, 2004). Heat is confined to the surface of the dry ground due to the deeper layers of soil; with depth into the ground as well as height above it, temperatures decrease rapidly. The observed steepest value (negative) of es GE during the day versus night in July (−19.00 hPa/km) and August (−19.91 hPa/km) (Figure 9A), clearly explains the above statements. The positive maximum TGLat (or es GLat) is greater than the negative minimum TGLat (or es GLat) in this month (Figures 5B, 9C), which further supports the result. The northern lower elevation atmosphere warms as a result of the effects of high solar insolation and a dry desert climatic regime, resulting in strong dry adiabatic cooling during the day. Furthermore, during the day, high amounts of rainfall, relative humidity, and cloud cover reduce solar insolation, favoring cooling of air near the surface at higher elevations in the south and southwest. As a result of these two processes, the temperature gradient values in the region are accentuated; therefore, the daytime TGE (TGLat) value is steepest (shallowest) in July and August in the region.
In the summer, radiative cooling at low elevations exacerbated by desert surface characteristics and warming at higher elevations caused by inverted lapse rates reduce TGE values at night. Increased temperatures at higher elevations at night due to increased cloud cover, rain, and relative humidity also reduce the minimum TGEs value (less strong negative than the maximum TGEs) in this period. There is no subsurface thermal reservoir due to the concentration of heat at the surface in the desert region (Nicholson, 2004). Moreover, where there is little or no vegetation cover, at night the surface cools extremely rapidly and efficiently. Generally, clear skies and dry air near the ground allow the majority of heat accumulated during the day to escape to the upper atmosphere at night (90% as compared to 50% in humid regions). This accentuates the nighttime cooling (Nicholson, 2004; Kattel et al., 2013; Kattel and Yao, 2018). The high summer values of positive minimum TGLat, as illustrated in Figure 5A, are coherent with the aforementioned statements. Significant differences in DTR values, such as higher (lower) at lower (higher) elevations or higher (lower) latitudes (not shown), further support the result.
The lowest TGE diurnal range values were found in June (0.09°C/km) and September (0.23°C/km) in this study (Figures 5A, 11A). However, there is a discrepancy with the result of TGLat (Figures 5B, 11B). Dust winds could be responsible for the lowest DTGER in these months. During hazy conditions, solar heating can be reduced during the day, while warming at night can be increased at lower elevations (or at higher latitudes) due to trapped released heat. This could be the reason for lower DTGER values in the study region in June and September. Diabaté et al. (2004) found a low clearness index along the northern African desert region during these months, which may support the above statements. These months also have lower DTR range values than July and August, particularly at the lower elevation station. A decrease in DTGR value may also be associated with increasing and decreasing cloud cover at higher elevations during the day and night, respectively (e.g., Kattel et al., 2013).
The value of the diurnal range for TGE is highest in the month of April (Figure 11A). This month, the minimum TGE value is considerably higher (1.40°C/km) than the maximum TGE (−0.20°C/km). In general, DTR values in desert regions can be extreme, sometimes exceeding 20°C (Griffiths, 2004). This extreme condition could be caused by the high amounts of radiation and sunshine hours. During the month of April, the majority of the stations in this study record DTR values above 18°C. Hence, the greatest diurnal range of TGE observed during this month is associated with strong radiative heating during the day and significant radiative cooling during the night. The observed shallowest value for minimum es GE in April (strongly positive) (1.6 hPa/km) compared to maximum es GE (−2.41 hPa/km) (Figure 9A; Table 5) is in good agreement with the result. Additionally, the highest positive value of Δe GE (Figure 9B; Table 5) further supports the above statement.
In April, the daytime TGE value is relatively weak, indicating somewhat isothermal conditions. This month, however, the TGLat difference between day (−0.43°C/°N) and night (−0.40°C/°N) is stable (Figures 5B, 11B; Table 2). TGLat had a similar result in October. The diurnal pattern of TGLat in this study is reversed from April to October (e.g., the increasing rate of maximum temperature with latitude is greater than the increasing rate of minimum temperature with latitude). The result for es GLat is similar, but the magnitude of the diurnal range varies slightly in April and October. Thus, evidence clearly indicates the effects of regional synoptic phenomena in addition to the effects of moisture variability. The amount of moisture is higher in October than in April (see Figure 10), also supports this notion. The variability of the regional climate system may also have played a role in this distinct observation, since April and October are also transition months, and the climate of these months is primarily influenced by the equatorial trough, as well as the westerly winds.
The mean TGE value is relatively stable during the winter months (DJF) and in March during the astronomical spring months. For TGLat, the result is almost comparable (Figure 5B). In May, the diurnal range of TGE over the study region is negligible (Figures 5A, 11A; Table 2). This month, the mean TGLat value is close to zero (0.04°C/°N). The diurnal range of es GLat is also found to be negligible in this month (Figure 9C). It is worth noting that the value of es GLat in May is slightly greater than the value in October. The climate of the study region is relatively dry, and rainfall is almost negligible during this time period. During the winter months, relatively small amounts of moisture convergence can be observed along the Red Sea coast (northeast part) and in the central western part of the country; this leads to a decrease in daytime air temperatures at lower elevations.
During the winter, the most frequent heat lows (West Africa) occur over the eastern Central African Republic (8°N, 20°E), mainly along the southeastern edge of the Darfur mountains (Lavaysse et al., 2009). In March, the elongated heat trough is moving slightly to the north, which is linked to the solar radiation moving northward. The western African heat low over the Sudanese region in November takes the form of an elongated heat trough, the same as in March. Finally, the heat low position in December is similar to that in January. Therefore, in addition to the synoptic phenomenon, the region’s diurnal TGE range variation can also be attributed to the variation in heat trough, in addition to the effects of strong radiative cooling and inversion, especially during cold and dry periods. The observed reverse pattern of TGLat (Figure 5B), and the greatest DTR range recorded in this period (not shown), support our conclusion.
The maximum TGLat is found to be steeper (strongly negative) between November and March (Figure 5B). TGE, on the other hand, has the opposite effect (Figure 5A). Results suggest that the atmosphere along the northern lower elevation stations is relatively cooler than that along southern higher elevation stations during the day. The cold airflow from the Mediterranean Sea combined with the low Sun can be attributed to this result. Moreover, the dampening effect of dust haze/storms is attributed to daytime cooling in the northern part of the country during the dry season (Elagib, 2010). Strong northerly winds blow for much of the long dry season, causing dust storms in the study region and greatly reducing visibility and Sun effects. As a result, sudden temperature drops occur (Wilson, 1991). The observed inverse TGLat during the day as previously discussed, agrees well with the above-mentioned result. The clearness index (m) is found to be greater than 0.70 in the boreal winter, particularly from November to March. With the exception of December, when dust winds occur and reduce the clearness index (m) to 0.66, the value reaches a maximum of 0.74 in February (Diabaté et al., 2004). Except for the month of June, the clearness index (m) is always greater than 0.60 during the rest of the year. During this month, the clearness index in the study region is generally 0.55, owing to heavy dust winds, which also corroborates the aforementioned results.
6 CONCLUSION
This paper investigated for the first time the monthly, and diurnal characteristics of temperature gradients with elevation and geographical coordinates over tropical desert land surfaces using a 30-year (1981–2010) climatic data set collected at 29 Sudanese stations. Gradients were computed using the multicolinearity technique, and additional forcing mechanisms were determined by establishing empirical relationships between gradients of temperature and gradients of other climatic variables (e.g. es, e, Δe, rainfall, RH and qv). The proportion of variations (R2) and errors were evaluated to determine the accuracy of the results and also to determine the possible effects of topo-climate and other local/regional factors on the relationship.
This study demonstrates TGE’s distinct annual cycle, with the steepest value (greatest negative) occurring during the warm and rainy period (or summer months) and the shallowest (less strong negative or even positive) value occurring during the cold winter or dry months. However, the result is reversed for TGLat. Reduced solar heating during the day and increased heat absorption at night due to increased rainfall, humidity, and cloud cover associated with the ITCZ, as well as elevation effects on lower latitudes in the south and southwest, are likely to contribute to the steepest (shallowest) TGE (TGLat) values observation during wet months (or summer). In these months, a combination of intense adiabatic cooling (inversion) during the day and less inversion (cooling) effect during the night resulted in further increases (decreases) in mean TGEs (TGLats) values.
The shallowest value of mean TGE occurs during the cold and dry months and even has positive values during the winter months, as well as the months of March and April in this period. For TGLat, the result is reversed. Low solar insolation during the day, combined with the effects of Mediterranean cold air flow, inversion and radiative cooling during the night at northern lower elevations (or higher latitudes), results in the shallowest or even positive values for mean TGE and steepest values for TGLat during cold and dry periods. The amount of rainfall and moisture at lower elevations in the north and northeast causes a less strong negative or positive (strong negative) gradient value for TGE (TGLat) during the winter months. During these months, this is also contributes for weakening the inversion effect during the night.
In addition to the highest and lowest gradient values, the dramatic variation in maxima and minima diurnal range for temperature gradients is observed during transition months (e.g., January, April, and October), which strongly coincides with the variation in the equatorial trough, moisture, as well as diurnal variation in radiative energy. Again, the considerable effects of desert land surfaces, Mediterranean cold air flow, and ITCZ further strengthen the TG magnitude and diurnal range over the region. The contrasting features of TG, most notably the gradient of temperature with elevation in this study from the mid-latitudes to mountainous areas over the third pole, are due to distinct differences in local and regional climate, as well as variation in topography, land surfaces, microclimate, and geographical coordinates.
The study’s findings add value to temperature variation analysis in the desert region, and it also suggests expanding the region’s monitoring network stations. More fine and precise scale variation of TG is required using in situ data sets in combination with the use of operational environmental satellites in remote regions. Nevertheless, the study’s findings can be effectively used by the region’s hydro-climate research community to more accurately monitor the variation of climate variables, as well as to better understand the country’s basic climatic characteristics and processes. In addition, the results are applicable to hydro-climatic, ecological, and agricultural modeling, particularly in quantifying the temperature field in the desert region.
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C refers to constant, RG, rainfall gradient; Lat, latitude; Lon, longitude; E, elevation; SE, standard error of estimate; T, test statistic; p, significance value; RS, residlual error; R, proportion of

variation.
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