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Rwanda has experienced high temperature rising phenomena over the last decades and hence, highly vulnerable to climate change. This paper examined the spatial and temporal variations of daily maximum and minimum surface air temperature (Tmin and Tmax) and diurnal temperature range (DTR). It studied variables at monthly, seasonal and annual time-scales from 1961 to 2014. The study applied various statistical methods such as ordinary least-square fitting, Mann-Kendall, Sen’ slope and Sequential Mann-Kendall statistical test to the new reconstructed ENACTS dataset that cover the period from 1983 to 2014 while pre-1983s recorded data from 24 meteorological stations have been added to complete the lengthiness of ENACTS data. The January to February season did not show a significant trend at seasonal time-scales. The authors decided only to consider March-to-May, June-to-August and October-to-December seasons for further analyses. Topography impacts on temperature classified stations into three regions: region one (R1) (1,000–1,500 m), region two (R2) (1,500–2,000 m) and region three (R3) (≥2,000 m). With high confidence, the results indicate a significant positive trend in both Tmin and Tmax in all three regions during the whole study period. However, the magnitude rate of temperatures change is different in three regions and it varies in seasonal and annual scale. The spatial distributions of Tmax and Tmin represent a siginificant warming trend over the whole country notably since the early 1980s. Surprisingly, Tmin increased at a faster rate than Tmax in R3 (0.27 vs. 0.07°C/decade in March-to-May) and (0.29 vs. 0.04°C/decade in October-to-December), resulting in a significant decrease in the DTR. This is another confirmation of warming in Rwanda. The mutation test application exhibited most of the abrupt changes in the seasonal and annual Tmax and Tmin trends between 1984 and 1990. The present work mainly focus on the spatial and temporal variability of Tmin, Tmax and DTR in Rwanda and their relationship with elevation change, leaving a gap in other potential cause factors explored in the future.
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INTRODUCTION
The harmful impacts of climate change on human life, infrastructure and ecosystem have led to increased studies on the subject globally (IPCC, 2001a; Alexander et al., 2006; Myoung et al., 2013). Temperature is one of the most critical climate factors that affect human, agriculture, and to a significant extent, thermal comfort (Walther et al., 2002; Diaz et al., 2005). Global warming and climate variability have remained a hot topic of debate worldwide (Morak et al., 2013; Otto and Friederike, 2016; Easterling et al., 2000; Penuelas and Flella, 2001; IPCC, 2001b). Globally, the temperature has been characterized by warming in minimum and maximum temperature (Vose et al., 2005; Brown et al., 2008; Donat et al., 2013).
The fifth assessment report (AR5) of the Intergovernmental Panel on Climate Change (IPCC) approximated an average increase of global temperature in 1951–2012 to be 0.72°C. Furthermore, The IPCC (2013) revealed that the hottest 30-year period in the last 1,400 years might have been between 1983 and 2012. The report suggested that the trend in Tmean may be due to changes in either Tmax or Tmin, or relative changes in both (IPCC, 2013). Considering that the changes in mean temperature (Tmean) were broadly an essential indicator of climate change, but changes in maximum and minimum temperatures (hereafter Tmax and Tmin) provide more valuable information than the Tmean alone (Safeeq et al., 2013; Iqbal et al., 2016; Yang et al., 2013; 2020a). Several authors noted that the minimum temperatures are warming more rapidly than maximum temperatures (IPCC, 2007; Christy et al., 2009; Stern et al., 2011; Nicholson et al., 2013). Consequently, the assessment of fluctuations of observed and simulated Tmax and Tmin has captured many researchers’ attention (Revadekar et al., 2013; Sayemuzzaman et al., 2015; Easterling et al., 1997; Lobell et al., 2007; Tingley and Huybers, 2013). It is likely agreed that Tmax and Tmin trends and variability play an essential role in detecting climate change impacts on human health such as vector-borne disease (Ren et al., 2016; Sun et al., 2017). The impacts of extreme temperature on mortality have been confirmed in a number of other studies (Barreca et al., 2016; Heal and Park, 2016; Ndenga et al., 2006) revealed that unusual high maximum temperatures positively correlate with many malaria cases. For instance, according to the findings from Rwanyiziri and Rugema (2013), the rise in temperature and changes in the amount of rainfall and its distribution have altered water resources availability, consequently affecting rice productivity across Bugesera District. Moreover, studies have indicated that spatiotemporal changes of Tmax and Tmin significantly affect the intensity, duration and extent of temperature extremes worldwide (Salman et al., 2017; Sun et al., 2017). Furthermore, food production, biodiversity, and ecosystems are highly affected by Tmax and Tmin changes (Qasim et al., 2016; Walther et al., 2002; Smith et al., 1999). Similarly, Parmesan et al. (2003) found that climate change is already affecting living systems. Other studies indicate that the changes in Tmax and Tmin has a significant impact on agriculture, health, food security (Iqbal et al., 2016). Thus, the assessment of Tmax and Tmin’s long-term changes is to better understand impacts of climate change to a country with economy depending on agriculture like Rwanda (Minitere, 2006). Moreover, such information is useful for proper climate adaptation plan in future at the local level (Berardy and Chester, 2017).
Rwanda has experienced a significant increase in temperatures in recent years and hence, highly vulnerable to climate change. Previous studies have reported dynamic changes in Tmax and Tmin over different parts of Rwanda (Henninger, 2009; Minitere, 2006; Eriksen and Rosentrater, 2008; Safari, 2012). An increase in temperature of approximately 0.7–0.9°C over Rwanda in the last century were reported (Eriksen and Rosentrater, 2008). Similarly, Henninger (2009) reported an average of 1.5°K increase in temperature with air pollution increase in Kigali city. The detected temperatures fluctuation in Kigali city was attributed to the growing population urbanization and industrialization experienced in that area. By analyzing precipitation and air temperature records from 6 sites in Rwanda for the period 1964–2010, a warming pattern over past 40 years at the average of 0.35°C per decade has been noted by Mohammed et al., 2016.
Moreover, a significant warming trend for the period after 1977–1979 has been detected where the capital Kigali recorded a slope of 0.0455°C/year (Safari, 2012). The studies mentioned above have reported significant results in terms of dynamic variability of Tmax and Tmin over some regions of Rwanda. However, most of those previous studies were limited to a specific area, which may fail to cover country’s general representation. Furthermore, none of those previous studies did consider the impact of topography and seasonal variation factors, which are very important in detecting and attributing climate change in Rwanda’s regional difference. Previous studies have almost agreed that topography regulates temperatures distribution in many regions where Tmin changes has been recorded to be significantly related to the elevation (Revadekar et al., 2013; Sun et al., 2017). Therefore, it is of great importance to have appropriate knowledge of previous Tmax and Tmin variability to reduce the impact caused by their changes in the future.
The present study’s objective is to examine the long-term variations and trends of the surface air temperature based on a perspective of Tmax and Tmin, and diurnal temperature range (DTR) series over Rwanda on monthly, seasonal and annual time-scales. Thus, this study improves terms of changes in Tmax and Tmin with the extended time scale, stations and additional statistical analysis. Furthermore, no comprehensive research made to assess the spatial and temporal changes in Tmax and Tmin over the whole country. Rwanda recorded significant economic development over last years. The government aims to achieve more in its vision 2050 (Punam and Manka, 2011; U.N Economic Commission for Africa, 2016). However, climate change and its related risks could become potential threats to achieving these goals. Therefore, it is vital to assess the spatial and temporal changes in Tmax, and Tmin in the study area.
This study focus on observed changes in Tmax and Tmin over Rwanda for the period 1961–2014. It is also the first of its kind to detect abrupt changes in seasonal and annual time series of Tmax and Tmin in the target area and to combine the new reconstructed ENACTS (the Enhancing National Climate Services) data with the previous observed stations data for analysis.
STUDY AREA, DATA AND METHODOLOGY
Rwanda with equatorial climate lies within latitude 1°4′–2°51′S and longitude 28°53′–30°53′E (Figure 1A). It is positioned near the equator in between central and East Africa. Rwanda is bounded with Uganda in the north, Tanzanian East, the Democratic Republic of the Congo in West and Burundi in South. The high elevation influence leads the country to enjoy temperate climate varying with topography (Figure 1A). Its topography dominated by mountains in the volcanic highland areas of north and north-western region with abundant rainfall (>1,200 mm) and savannah region to the east and southeast with less rainfall (<900 mm) through the year (Figure 1B). Rwanda has two rainy seasons separated by two dry seasons with March-May being the ‘long rains’ season. The monthly averaged maximum temperature occurs in August. The monthly averaged sub-maximum monthly averaged temperature occurs in February. There are two minima for monthly averaged temperature in May and November (Figure 1C). The average, maximum and minimum temperature for Rwanda varies with the topography. For example, the warmest annual average temperatures are in the eastern plateau (20–21°C), and the southwestern in the valley of Rusizi (23–24°C), and cooler temperatures are in higher elevations of the central plateau (17.5–19°C) and high-lands (<17°C) (Figures 2A–C).
[image: Figure 1]FIGURE 1 | Study area: (A) Location of Rwanda in Middle Africa, (B) Topography of Rwanda, (C) Climatological monthly means of Tmax, Tmean and Tmin over Rwanda during 1961–2014.
[image: Figure 2]FIGURE 2 | Distribution of (A) Minimum, (B) Maximum and (C) diurnal temperature over Rwanda for the period of 1961–2014. Unit (°C) (Note: X-axis refers to longitude while Y-axis stand for latitude).
The data used in this study were obtained from Rwanda Meteorology Agency (RMA). Due to the existing gap in observed stations data of mid-1990s during the Genocide to 2010, the ENACTS project supported by the International research Institute for Climate and Society (IRI) and its partners was initiated and aimed to fill that gap. The reconstructs temperature data were obtained by combining station data with reanalysis data and the merged final product is spatiotemporally complete from the early 1983s to present. The ENACTS data used in this study cover the period from 1983 to 2014. The quality control of station data was performed during the generation of new data set. The same ENACTS data were used by Siebert et al. (2019) to analysis the temperature climatology for the period between 1981 and 2016. Detailed information on ENACTS data can be freely accessed online via http://maproom.meteorwanda.gov.rw. In order to cover the whole study period of 54 years, a monthly temperature was calculated from observed daily data from 24 weather stations covering the period from 1961 to 1983. The selected stations from observed data are the same stations used in ENACTS data. Data quality was checked and only stations with length records completeness are used. The selected stations from observed data are the same stations used in ENACTS data. It is very important to mention that before 1990s, there is no significant gap in reported data from meteorological stations. Safari, 2012 used the same observed data to examine the trend of mean annual temperature from five observatories during 1958–2010. While those previous studies have used stations observed data and ENACTS data separately, the current study combine both datasets to give more information on Rwanda’s climate. Due to the strong influence of topography those stations were classified into three different regions; region one (R1), region two (R2) and region three (R3) with the elevation ranging 1,000–1,500 m, 1,500–2,000 m, and ≥2,000 m respectively (Table 1), to provide a proper spatial coverage over the entire country.
TABLE 1 | Selected Stations and their respective location based on their elevation in three various regions (region one, region two and region three).
[image: Table 1]Table 1 shows the details of the weather stations used in this study to complete the ENACTS dataset. For each region, stations with elevation in the same range are combined together and monthly values were averaged for the temperature to get seasonal and annual averages. Although the calculation of data from each station can provide an insight into climatic trends for those particular regions, it is not appropriate to use a single station to represent the entire region. Homogeneity of the regional series was checked before in-depth analysis and confirmed by applying the Kruskal-Wallis test (Theodorsson-Norheim, 1986). The three seasons considered were long rains season “March to May” (MAM), the dry season “June to August” (JJA), and short rains season “October to December” (OND). Those chosen three seasons have a very significant impact on crop production and hence people’s life. During preliminary results, the JF season temperatures did not show a significant change, therefore JF was removed from further analysis.
The magnitude of the trends was derived from the regression line’s slop using the least-squares method. Simultaneously, the statistical significance was determined by Mann-Kendall and Student t-test (Sneyers, 1990). The Sneyers’ research, in temperature and precipitation studies, the moving average is a conventional procedure used to reduce the intra-annual variability of series. A 5-years running average was employed in this study. For each element Xi (i = 1, … ,n), the number of lower elements Xj (Xj < Xi) preceding it (j < i) is calculated and the statistical parameter t is given by:
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The distribution of the test statistic t under the null hypothesis has an expected value [image: image] and variance [image: image] such that:
[image: image]
The hypothesis is rejected for [image: image] with a statistical significance of 5% and with:
[image: image]
Mann-Kendall (MK) Test
The Mann-Kendall (Mann 1945; Kendall 1975) test is applied in trend analysis to detect the type of trend in temperatures and its significance. The MK test is a nonparametric test widely known for its flexibility and simplicity f in estimating trends. This test is commonly used in meteorological studies (Asfaw et al., 2018; Weldegerima et al., 2018; Praveen et al., 2020). It is based on null and alternative hypotheses (H0 and H1). In the assessment, the null hypothesis (H0) assuming no trend in the data is rejected if standard normal test statistics Z > 1.96. Alternative hypothesis H1 suggests a monotonic trend. The computation of the MK test is shown below:
[image: image]
where,
[image: image]
The components xj and xk are seasonal mean temperature values in years j and k with k > j.
S represents the Kendall test statistics and is assumed to be normal distributed. A positive (negative) value of S indicates an increasing (decreasing) trend. Thus, for the selected sample with [image: image], the E(S) = 0, and the variance is calculated as follows:
[image: image]
n is the number of observation and variables m and ti stand for the number of ties and sample points in the sample [image: image], respectively.
The statistical test Z is obtained from Eqs (2) and (3) as follow:
[image: image]
The positive or negative Z value depict trends directions (upward or downward). In case Z = 0, the data series is assumed to be normally distributed. The standard test statistic Zα is used to measure the trend significance. In case |Zα| is greater than Zα/2, the trend is significant. Here α represents the chosen significance level (e.g., 5% with Z 0.025 = 1.96).
Theil Sen’s Slope Estimator
The magnitude of seasonal temperature trends is based on Theil sen’s slope method (Sen, 1968). Senvs slope estimator is another nonparametric method widely used to detect the magnitude of time series data. It frequently used to estimate an intercept of a linear regression equation.
For a given time series x, the computation of slope Q between two random values use equation below:
[image: image]
xk and xj are the data values at times k and j (j > k).
The Median of N Values of Qi is Computed as
[image: image]
The positive or negative Qmed indicates an increasing or decreasing trend.
Sequential Mann-Kendall (SMK) test is employed to show a change in trend with time. Forward sequential statistic [u(t)] and backward sequential statistic [u′(t)] from progressive analysis of the MK test help in the analysis of change in trend with time (Sneyers, 1990). Hence, trend analyses on monthly, seasonal and annual time-scales were performed in order to capture changes in temperature series for Rwanda. The progressive MK values u(t) and u′(t) were calculated using the appropriate MK test for each dataset, from the beginning to the end of the study period. In the analysis of SMK, the confidence limits of the standard normal z values at α = 5%. The lower and upper confidence limits, thus, correspond to −1.96 and +1.96, respectively. The method has been used in related studies in East Africa (Nsubuga et al., 2014; Ongoma and Chen 2017) as well as over Rwanda by Safari (2012).
RESULTS
Using available temperatures data for the period 1961–2014, the distribution of Tmin, Tmax and DTR is displayed in Figure 2 (Temperature unit (Degree Celsius). Over Rwanda, the distribution of temperature increase eastwards, from region of high altitude in north and south west to the low land in east part of the country (Figures 2A–C). Topography regulates the temperatures distribution over the country. The maximum and minimum data were analyzed for the period 1961–2014. In general, maximum and minimum temperature increase through most of the period whereas the STR is basically trendless.
Long-Term Trends in Daily Minimum and Maximum Temperature
Tmin, Tmax and DTR trends in R1, R2 and R3, are presented in Table 2 with significant trends at a 95% confidence level. The seasons’ MAM, JJA and OND are considered along with the annual trend for further analysis. Figure 3A shows seasonal and annual temperatures trends from the observatories over the period 1961–2014 using a linear regression model. The slope of the regression line describes the rate of change. The Tmin, Tmax and DTR were analyzed separately. Table 2 shows that the region one (R1) made up by all stations with altitude ranging between 1,000 and 1,500 m has experienced a considerable increase of 0.3°C/decade of Tmin during MAM season while 0.32°C/decade Tmin is noted during the JJA season and 0.37°C/decade of Tmin during OND season. The rate of increase of Tmin is higher in OND season compared to the two remaining seasons. On the annual scale, a positive trend at the rate of 0.33°C/decade of Tmin is noted. On the other hand, Tmax has significantly increased at the rate of 0.61°C/decade in MAM season and 0.63 °C/decade in JJA in R1 while 0.58°C/decade for OND season is registered. In contrast to Tmin, the highest rate of increase for Tmax is observed in JJA season as well as in annual scale with a rising rate of 0.63°C/decade. Thus, the region one (R1) has experienced increase in both minimum and maximum temperature. The Tmax has increased more rapidly than Tmin in R1 during MAM, JJA and at annual scale which leads to the observed positive trend of diurnal temperature in that region (Figure 3A,B, left column and Table 2).
TABLE 2 | Annual and Seasonal Trends (°C/decade) from 1961 to 2014 for minimum, maximum and DTR for R1, R2 and R3 at 95% confidence level.
[image: Table 2][image: Figure 3A]FIGURE 3A | Five-year moving average of monthly, seasonal (MAM and JJA) Maximum, Minimum and Diurnal Temperature and their linear Trends for three regions (R1: 500 ≤ stations ≤1,500 m; R2:1,500 m ≤ stations ≤2,000 m; R3: stations ≥2,000 m) over the period of 1961–2014. Green line indicates significant raising while the blue line indicates a neutral or decreasing trend.
[image: Figure 3B]FIGURE 3B | The same analysis for OND and Annual.
Same as the analysis above, the situation in region two (R2) which is composed by all stations between 1,500 and 2,000 m of altitude was examined. Results show that both Tmin and Tmax have increased with Tmin raising more rapidly in OND season. An increased rate of 0.3°C/decade Tmin in MAM and 0.31°C/decade in JJA while the rate of increase of 0.35 and 0.32°C/decade are observed in OND season and Annual, respectively. There is no observed trend of diurnal temperature in R2 and this is because the rate of Tmin increase is greater particularly in OND season. Authors also note a Tmax moderate positive trend rate of 0.31°C/decade in MAM and 0.4°C/decade in JJA while 0.26 and 0.33°C/decade are noted in OND season and annual scales in R2 (Figure 3A,B, middle column and Table 2).
Further investigation on the temperatures trend was conducted in the region three (R3) formed by all observatories with an altitude greater than 2,000 m. This high mountains region is commonly known to have low temperatures compared to the previous two regions. Surprisingly, the results show a positive increase of both Tmin and Tmax with a very rapid increase of Tmin in all seasons and at annual scale. The rate of increase is recorded to be 0.07°C/decade for Tmax in comparison to 0.28°C/decade of Tmin during MAM and 0.17°C/decade of Tmax along with 0.27°C/decade of Tmin during JJA (Table 2). Similarly, the rate of rising of Tmin in OND season was higher than that of Tmax at the rate of 0.28 and 0.04°C/decade, respectively in R3 (Figure 3A,B, right column and Table 2).
Generally, an increase of maximum temperature and minimum temperature is revealed for the whole study period at different rate on seasonal and annual scale. Surprisinly, Tmin increase rate is also noted to be higher than that of Tmax in R3. Figure 3A,B depicts the MAM, JJA and OND seasonal along with annual time series for each variable. Results show that both Tmax and Tmin increase from later 1970s to present, with decreasing in DTR in region three. The DTR is not decreasing in R1 as both Tmin and Tmax increase with rapid increase in Tmax. However, a slightly decreases in R2 is noted during the study period, with a notable decrease in R3. From 1961 to 2014, the Tmax trend during OND season in R1, R2 and R3 is 0.58, 0.26, 0.04°C/decade respectively. The Tmin trend in the same seasons is 0.37, 0.35, and 0.28°C/decade for R1, R2 and R3 and DTR trend is 0.27, −0.07 and −0.22°C/decade in R1, R2 and R3, respectively (the trends were computed using least-squares regression). DTR trend decreases, which likely reflects the accelerated rate of warming in the Tmin. Considering the rate of annual trend from 1961 to 2014, the Tmax trend rate in R1, R2 and R3 is recorded to be 0.63, 0.33 and 0.1°C/decade. On the other side, the rates of 0.33, 0.32, 0.27°C/decade, in R1, R2 and R3 for Tmin are registered with DTR trend rate of 0.35, 0.03, and −0.134°C/decade. Thus, temperatures in R3 (normally cold region) exhibit notable increases in all seasons while OND season experiences many variations in all regions.
Generally, the analysis of temporal variations of seasonal and annual Tmax and Tmin over Rwanda (Figure 3A,B) indicates that both Tmax and Tmin have increased in all seasons and annual scales. a sharp increase is observed in October to December season and annual scales. The results agreed with the previous study by Safari, 2012 who also reported a significant warming trend for the period after 1977–1979 where Kigali, The capital city presented the highest value of 0.0455°C/year (i.e., 0.45°C per decadal). Furthermore, the results show that Tmax increasing rate was four times (around 0.61°C/decade) the rate of global average increase of 0.15°C/decade in R1, two times in R2.
The Spatial Variations of Annual and Seasonal and Decadal Tmax
The country has 30 districts and each district is represented at least by one station. In order to have a complete coverage of the whole nation the linear interpolation from the station data was employed. Figure 4A depicts the spatial distribution of seasonal and annual of Tmax over Rwanda during 1961–2014. Low temperatures are observed in northern part in all seasons with average Tmax of 20°C while high temperatures are observed in the eastern and south eastern region with average of 28°C. In comparison to seasonal Tmax distribution over the study period, more warming is observed in JJA as compared to MAM and OND season. The distribution of temperatures at decadal series shows that the country has generally experienced an extended warming in all regions since 1961 which is clearly noted in latter 1980s. The decadal Tmax for MAM, JJA, OND season and annual are displayed in Figure 4A. In agreement with the observed standardized anomaly (Figure 3A), the highest warming was observed in last decade of 2010s covering almost the whole study area. The early 1960s period is dominated by lower temperatures in all regions. The highest warming is recorded in the eastern and southern parts of the country.
[image: Figure 4A]FIGURE 4A | Spatial distribution of seasonal and annual Tmax over Rwanda during 1961–2014; (A) Annual, (B) MAM, (C) JJA, (D) OND and Spatial distribution of Decadal Tmax over Rwanda during 1961–2014; (A) 1961, (B) 1970, (C) 1980, (D) 1990, (E) 2000, (F) 2010. T stands for temperature.
The Spatial Variations of Annual and Seasonal and Decadal Tmin
Same as for Tmax analysis, the Tmin spatial variations at annual, seasonal and decadal scale over Rwanda are showing in Figure 4B. The analysis indicates that the whole country has experienced warming during the study period. Similar toTmax, decadal Tmin and for MAM, JJA, OND and annual are also displayed in Figure 4B. In agreement with the observed standardized anomaly (Figure 3B), the highest warming was observed in last decade covering almost the whole study area. The early 1960s period is dominated by lower temperatures in all three regions. The higest Tmin is recorded in the easten and southern parts of the country with average of 15° celcius while the lowest Tmin is observed in the northern part with average of 8.5° celcius. In comparison to seasonal Tmin distribution over the study period, more above normal minimum temperatures are observed in OND as compared to MAM and JJA seasons.
[image: Figure 4B]FIGURE 4B | The same analysis for Tmin.
Abnormal Maximum and Minimum Temperatures
The above normal temperatures affect the comfort of the human body and agriculture production and many other socio economic activities. In this study, we used the 54 years temperature average plus 0.3°C as the threshold temperature (Tv + 0.3°C). A year with abnormal Tmax was consireded as above normal temperature (Xh) while a year with abnormal Tmin was connected with below normal temperature (Xn). The 54 years temperature average is noted as Tv. On the other hand, any yearly mean temperature that was found to be in the range between the temperature greater or equal to Tv minus 0.3°C and Tv plus 0.3°C, was considered as a year with normal temperature (see Table 3). Although, the temperature trend analysis is very important to understand the rate of the variable increase or decrease over a period of time, yet, a deeper analysis of abnormal temperatures (above, normal and below) can give a more information on the impact of that variability (Figure 5). The results from Table 3 indicate that the region one (R1) has been dominated by above normal temperature years (hot condition) representing 47.86% (highest) of the total 54 years study period while 21.55 and 30.58% were recorded for normal temperature years (normal condition) and below temperature years (cold condition), respectively. Region two (R2) has less temperature fluctuations condition with 31.5% of above normal temperature years (hot condition), 35.2% of normal temperature years (normal condition) and 33.3% of below temperature years (cold condition). On the other hand, above normal temperature years (hot condition) at the rate of 31.5% is recorded in the region three (R3) which is another affirmation of warming in that high elevated area. Based on the present study findings, we encourage future studies to investigate the causes of the observed high rate of hot condition in the whole regions especially in region three (R3).
TABLE 3 | Occurrence of abnormal temperatures (above, normal and below) in R1, R2 and R3 based on observed data during 1961–2014.
[image: Table 3][image: Figure 5]FIGURE 5 | Temperature variation (Hot condition) (Normal condition) and (Cold condition) in (A) R1, (B) R2 and (C) R3 based on the period of 1961–2014.
Impact of Topography on Temperature Variability
Without the consideration of the topography, it can be very hard to understand Rwanda’s climate. In order to examine further, whether the topography features has a significant influence on the distribution of temperatures; two variables, topography and temperatures were analyzed to understand their relationship. The results reveal a very significant positive correlation between temperature distribution and elevation with a coefficient of determination value of 0.79 (Figure 6B).
[image: Figure 6]FIGURE 6 | (A) Topography distribution, (B) relationship between temperature and topography, (C) Maximum, Minimum and DTR trend, (D) maximum, minimum and DTR anomalies at every station selected for the period of 1961–2014.
Every single selected station in three regions is displayed and each of the represnted histogram columns in Figure 6 refers to an individual station. The stations are arranged in the same order and each station has three variables (elevation, rainfall and temperature). The lowest minimum and maximum temperature were noted in R3 at Rwankeri station located in the northern part of the country with 8.9 and 23.7°C while the highest minimum and maximum temperature were localized in R1 at Nyamata station situated in eastern region with 13.2 and 28.3°C, respectively. This indicates that topography in Rwanda decreases eastwards with an increase in temperature (Figures 6A,E), which also influences the distribution of rainfall which decreases eastwards (Figures 6A–D). This information is helpful for agricultural activities plans. Figures 6C,D indicate the exisiting relationship between temperature and elevation where it is widely known that the higher elevation the lower the temperature. However, the temperatures’ temporal distribution show an unusual abnormal temperature in the early 1990s (Figure 6F). This led us to test an existence of abrupt change in the Rwanda temperatures. According to the mutation (SQMK) test, most of the abrupt changes in seasonal and annual Tmin and Tmax time series have occurred during 1984 and 1990. Furthmore, the results show that the country has experienced a significant abrupt changes in Tmax in the period between 1980–1985 for MAM and JJA season while the change in OND season was recorded in early 1990s. This period is remarkably followed by frequent above normal in temperatures revealed by the temporal temperatures variability in Figure 7A. On the other hand, the significant abrupt change in annual and seasonal Tmin was noted in the early 1990s followed by an increase in minimum temperature Figure 7B.
[image: Figure 7A]FIGURE 7A | Abrupt change of annual and seasonal Tmax over Rwanda during the period of 1961–2014; (A) Annual, (B) March–May season, (C) June–August, (D) October–December.
[image: Figure 7B]FIGURE 7B | Same analysis for Tmin.
To further understand the changes and trends, a temporal series was displayed. The time series shows the minimum and maximum temperature records from 1961 to 2014 (Figure 8). The mean maximum temperature (Tmax mean) was noted to be 24.41°C for the whole period. The warmest year of the entire series was 2010 with a maximum temperature of 1.16°C above 1961–2014 mean. This year was followed by 2005 (0.95°C above 1961–2014 mean), 2013 (0.91°C above 1961–2014 mean) and 1998 (0.77°C above 1961–2014 mean). The coldest year of the whole period was 1961 (1.5°C below 1961–2014 mean). From the year 1980–2014 the temperature was above the mean of 1961–2014 except 1989, 1991, 1992 and 2001. Our future investigation will focus on revaling the causes of the observed above normal temperature after the 1980s and the causes of rapid minimum temperature in R3. This result is in agreement with Morice et al., 2012 who concluded that the decade 2001–2010 was warmer than that of 1991–2000. On the other hand, the data analysis indicate that the temperature of 1961–1979, was below the average of 1961–2014 except for the year 1962, 1978 and 1979 (Figures 8A–D).
[image: Figure 8]FIGURE 8 | Standardized anomalies of (A) minimum temperature, (B) maximum temperature and (C) minimum temperature trend, (D) maximum temperature trend over Rwanda for the period of 1961–2014. The pink line represents the 5-years running.
DISCUSSIONS
Generally, Tmax and Tmin have increase over Rwanda at different rates in three considered regions. The variations are also different on seasonal and annual scale. The area averaged trend analysis for Tmax and Tmin is presented in Table 2. The Z scores in Tmin, Tmax and DTR are dominantly positive, an indication of an upward trend. Only the DTR in R2 during OND season and DTR of R3 recorded downward trend. For Tmin and Tmax, the scores exceed the significant value at α = 5%, the evidence against the null hypothesis (Ho). Contrarily, hypothesis (Ha) was accepted proving the existence of trend in series. Sen’s slope estimator is displayed to explain the magnitude of change in Tmax, Tmin and DTR. The Sen’s values for Tmax and Tmin are positive in all seasons and at annual series. On the other hand, absence of slope and insignificant trend are noted in DTR in R3 (Table 2). This shows that Tmax and Tmin in R3 are almost similar in magnitude. Decadal Tmin and Tmax for MAM, JJA, OND and annual are also displayed in Figures 4A,B, respectively. In agreement with the observed standardized anomaly (Figures 3A,B), the highest warming was observed in last decade covering almost the whole study area. The early 1960s period is dominated by lower temperatures in all three regions. The highest warming is recorded in the eastern and southern parts of the country. In comparison to seasonal anomalies over the study period, more warming is observed in JJA as compared to OND in all regions. The noted significant positive trend of both Tmax and Tmin is in agreement with a study by Safari (2012) who reported the trend analysis of Rwanda’s mean annual temperature during the period 1958–2010 using five observatories. Safari 2012 recorded a significant warming trend for the period after 1977–1979 with a slope of 0.0455°C/year in Kigali city. The results from Figure 6 shows how important it is to consider the topography effect for a better analysis of temperature distribution. The observed absence of slope and insignificant trend in DTR in R3 indicate that Tmax and Tmin in R3 are almost similar in magnitude. This affirms that initially cool (high elevation) zones in R3 are getting warm faster than the warm (low elevation) areas. A summary of temperature tendency is presented in Table 2. The spatial distributions of Tmax and Tmin represent a siginificant warming trend over the whole country notably since the early 1980s. Generally, this study classified all stations in three regions based on elevation distribution. This subdivision method is very helpful in having a deeper analysis of those weather variables in a certain specific region.
Based on observed temperature, the Inter-governmental Panel on Climate Change reported that equatorial and southern parts of eastern Africa (where Rwanda lies) had experienced a significant increase in temperature since the early 1980s (IPCC, 2014). Over Rwanda, the average temperature increase for the period 1961–2014 is 0.45°C per decade for the whole country. In their study on projections of precipitation, air temperature and potential evapotranspiration in Rwanda under changing climate conditions, Mohamed et al. (2016) also suggested an average of 0.35°C per decade from 1964 to 2014 over Rwanda. Although, Rwanda’s government has made remarkable effort to increase agriculture production through many programs such as crop intensification program introduced in 2007, scaling up the consolidated land among many others. The observed increase of temperature will definitely harm agricultural production and food security over Rwanda with small-scale farmers being the most affected. This call for more measures and new adaption strategies to ensure future capacity to cope with the challenges caused by the temperature increases. In the same logic, many scholars have concluded that temperature plays a big role on spatial and temporal distribution of disease vectors (Sun et al., 2017). The policymakers have to be well aware to take the necessary measures in their national planning program for sustainable development.
In general, the present study aims mainly to have a better understanding of maximum, minimum and diurnal temperature variability and their trends over Rwanda for the period 1961 to 2014 based on new ENACTS data. The new reconstructed data could not cover the whole study period hence stations data are added for the period 1961–1983. Previous studies have focused on temperature trend variability but the importance of topography as a regulator of Rwanda climate has not been well recognized. In addition, those previous studies focus mainly on annual and intra-annual series and used few observatories, which may fail to capture the true image of trend behavior from each season. The present work mainly focus on the spatial and temporal variability of Tmax and Tmin in Rwanda and their relationship with elevation change, leaving a gap in other potential casue factors, e.g., urbanization, air pollution, sunshine duration and so on (Vose et al., 2005; Henninger, 2009; Yang et al., 2013; Yang et al., 2020a; 2020b), which should be explored in the futue.
CONCLUSION
In the present study, the long-term temporal analysis indicates that both Tmax and Tmin ere significantly increased on seasonal and annual scale. However, the minimum temperature increased at a faster rate than maximum temperature in the highest altitude region (R3) (0.27 vs. 0.07°C/decade in March-to-May) and (0.29 vs. 0.04°C/decade in October-to-December). Similarly, the spatial distribution of Tmin and Tmax shows that the warming trend in seeason and annual temperatures was noticeable over the three regions. Region one (R1) which lies mostly in east part show high rate in above normal temperature condition at the level of 47.85% while region two (R2) and three (R3) almost recorded the same rate of 31.5% above normal temperature during the study period.
The reported minimum temperature increased at a faster rate was observed during the early 1980s, resulting in a significant decrease in the DTR during OND and MAM seasons. According to the mutation (SQMK) test, most of the abrupt changes in seasonal and annual Tmin and Tmax time series have occurred during 1984 and 1990. However, the June-August season of Tmax and Tmin showed an abrupt positive changes in the early 1980s. In Tmin trends, most of rapid changes are detected during the early 1990s while in Tmax, sharpt positive changes are noticable during 1980–1985. Our findings recommend that future studies should focus on elaborating the factors that caused the observed Tmax and Tmin changes in the targeted regions. The knowledge of seasonal patterns of temperature is very important in understanding changes in land uses, crop yields, water resources and ecosystems. From the current study, it is crucial to consider local factors such as topography to better understand possible climate change for any specific area.
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