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Abstract

:

This study presents an analysis of extreme temperature events over southeastern USA from 1978 to 2017. This region is part of the so-called ‘warming hole’ where long-term surface temperature trends are negative or non-significant, in contrast with the remainder of the country. This study examines whether this distinctive characteristic reflects on the region’s trends in temperature extremes. Daily maximum and minimum temperatures from the US Historical Climatology Network were used to compute extreme indices recommended by the Expert Team on Climate Change Detection and Indices. Temperature extreme indices computed for all stations using the RClimDex package were gridded onto a regular latitude–longitude grid, and a spatiotemporal analysis of associated trends was performed. The results point to a tendency toward warming due to increasing trends in the annual occurrence of the hottest day, the warmest night, warm days, warm nights, summer days, tropical nights, and warm spells, as well as decreases in cool nights, cool days, and frost days. Statistically significant trend changes over large portions of the Southeast were dominated by increases in the frequency of the coldest night, summer days, and warm nights, and decreases in cool nights and frost days. Comparison of our results with other global and regional studies indicate that most of the extreme temperature changes over the Southeast are consistent with findings from other parts of the United States (US) and the world. Overall, this study shows that being part of the ‘warming hole’ does not preclude southeastern US from an intensification of temperature extremes, whether it is an increase in warm extremes or a decrease in cold ones. Further, the results suggest that, should the current trends continue in the long term, the Southeast will not be considered as being part of a warming hole anymore.
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1. Introduction


Over the past decades, the frequency and intensity of extreme weather and climate events have been increasing worldwide and now constitute one of the most prominent aspects of climate change [1]. In the United States, this upward trend has been reported in several studies [2,3,4]. According to the World Meteorological Organization [5], from 1970 to 2012, 8835 weather-related disasters including floods, droughts, heatwaves, tropical cyclones, storm surges, and windstorms have caused 1.94 million deaths and have resulted in economic losses of US $2.4 trillion. Overall, the devastating effects of increasingly frequent climate extremes are economic, social, and environmental [6,7,8,9,10]. In fact, extreme weather or climate events affect human and natural systems much more than the average climate by modifying resilience, coping capacity, and adaptive capacity [11,12,13,14]. As a result, there has been a sharp increase in the demand for information services on weather and climate extremes, and the growing attention given to extremes is attested by a large body of studies that has expanded considerably during the recent decades.



Following a first workshop on weather and climate extremes held in 1997 to assess the needs for extreme weather monitoring [15], and relatively early studies on climate extremes [16,17,18,19], an international collaboration was led by the Expert Team on Climate Change Detection and Indices (ETCCDI), based on a two-pronged approach well described by Peterson and Manton [20]. First, the development of 27 climate extreme indices computed from daily precipitation, maximum and minimum temperatures; using the same climate extremes definitions allowed researchers to compare the results from different regions in a consistent manner and to obtain a coherent picture of changes in extremes that are occurring around the world [21]. Second, the organization of regional workshops targeting regions of the world where data are sparse allowed to fill the gaps, perform quality control on the collected data, and compute extreme indices [22]. The workshops, which spanned the 1998–2008 period, resulted in several publications [23,24,25,26,27,28].



A large number of studies have reported observed changes in temperature extremes on a global scale, in particular since 1950. In brief, over land there has generally been (i) a significant increase in hot days, warm nights, warm spell duration, tropical nights, and summer days; (ii) a lengthening of the growing season; (iii) a decrease in cold days and nights, cold spell duration, frost days, and ice days; and (iv) a significant downward trend in diurnal temperature range and extreme temperature range [1,11,29,30,31,32,33,34]. Trends in temperature extremes pointing to a warmer climate are widespread. For example, Aguilar et al. found that, in Central America and northern South America, increases in extremely high temperatures are occurring at a much faster rate than decreases in extremely cold temperatures, thus causing an increase in a diurnal temperature range [26]. Similar trends in temperature extremes were observed by Klen Tank et al. in central and south Asia [27]. Alexander and Arblaster noted a dramatic shift toward warming, especially a significant increase in the number of warm nights and heat waves over Australia [30]. Caesar et al. [28] found increases (decreases) in warm (cold) temperature extremes in the Indo-Pacific region, with warm nights displaying spatially coherent patterns. Similarly, studies conducted on a global scale confirm that significant changes in temperature extremes consistent with a warming climate are occurring over large parts of the world, in particular for indices computed from daily minimum temperatures [29,31].



This overall pattern toward more frequent hot days and nights and fewer cold days and nights is not uniform; a few regions have been found to depart from it, including southeastern USA, which is our study area. For example, trend distribution maps from Alexander et al. [29] indicate that warm days decreased over the Southeast during the second half of the 20th century. The same study points to a decrease in summer days and warm spells. Similarly, Donat et al. [31] found a decrease in warm nights and days over the region during the 1901–2010 period. Decreases in the number of frost days are also found to be much more (less) pronounced in the western (eastern) USA [35]. This pattern is consistent with the negative trends in mean temperature observed over the Southeast in several studies, leading to the term ‘warming hole’ [36,37,38,39,40]. This region has exhibited a discontinuous cooling trend during the 20th century [41,42,43], in contrast with the warming trend across most of the United States. Several causes of the ‘warming hole’ have been identified. Pan et al. [36] attribute this anomaly to changes in low-level circulations that regulate moisture flow and summertime precipitation in the ‘warming hole’ region. As a result, seasonal increases in soil moisture and late-summer evapotranspiration reduce daytime maximum temperatures. Low-level moisture convergence in that region during the summer is also mentioned as a possible cause by Meehl et al. [38], along with cold air advection into the Southeast during the winter season. Other causes of the ‘warming hole’ include the effects of anthropogenic aerosols, land use change, internal climate variability, and various hydrological processes that may be linked to Atlantic and Pacific Sea surface temperatures [37,39,40,44].



The rationale for choosing the Southeast as the study area is to investigate whether this distinctive characteristic (being part of the ‘warming hole’) reflects on the region’s trends in temperature extremes. Therefore, in this study, we use recent observations of daily temperature data to examine temperature variability and further analyze the changes in trends of daily climate extremes of temperature in southeastern USA over 40 years (1978–2017). All climate extreme indices are analyzed at annual time scales only, including monthly ones.




2. Materials and Methods


2.1. Data


The importance of using high-quality and homogeneous daily data when computing climate extremes has been stressed in several studies [45,46,47]. Long-term station records are often affected by inhomogeneities caused by non-climatic factors such as historical changes in observation practices (e.g., change in time of observation), instrumentation, or station location and associated changes in sun exposure and surrounding land use/cover [48,49,50,51]. Such inhomogeneities often result in artificial trends and discontinuities in long-term time series and can yield erroneous characterization of historical climate variations [52]. Removing inhomogeneities from climate records is particularly important when it comes to computing climate extremes because they can result in the validation of false extremes or the characterization of real extremes as outliers or suspect values [47].



The maximum and minimum temperature data used in this study consist of daily observations from the US Historical Climatology Network (USHCN, version 2.5.5) [53,54], and cover a period from 1978 to 2017. The USHCN is a subset of the National Oceanic and Atmospheric Administration (NOAA) Cooperative Observer Program (COOP) network. The criteria for selecting USHCN stations include data completeness, record length, regional and spatial representativity, and historical stability [53]. Over time, previous versions of the USHCN dataset have been considerably improved thanks to extensive quality control procedures and adjustments that account for non-climatic factors which introduce biases in the temperature records [55,56]. More specifically, a wide range of quality assurance checks was performed on the daily data, including simultaneous zeros, duplication of data, impossible values, runs of the same values over a long period, climatological outliers, and various types of inconsistencies. Homogenization procedures included the removal of biases caused by changes in time of observation, station location, instrumentation, and also by urbanization and non-standard siting. Adjustment methods are described in detail by Menne et al. [53] and Menne and Williams [57]. The stations used in this study are shown in Figure 1. Although they mostly consist of USHCN stations, they were supplemented by a few COOP stations to ensure a better coverage at the edges of the study area.



Additional quality control provided by the RClimDex package [58,59] consists of routines including, but not limited to, duplicate dates control, out-of-range values based on fixed threshold values, outliers based on interquartile range exceedance, coherence between maximum and minimum temperatures (Tmax > Tmin), consecutive equal values control, and interdiurnal differences based on fixed threshold values. These routines are part of the EXTRAQC package integrated into the RClimDex program [60]. These quality control procedures allowed the correction and/or removal of unreasonable data values, such as minimum temperatures larger than maximum temperature values, identification of statistical outliers, and their verification against values of close neighboring stations.



The spatial data used in this study originate from the Environmental Systems Research Institute (ESRI) and consist of a shapefile of US states. A subset of southeastern US states was created from the original shapefile. Geographic coordinates of USHCN stations obtained from NOAA were used to create a shapefile of the climate stations.



The study area (Figure 1) consists of the US Southeast as defined by NOAA’s National Climatic Data Center; contiguous US states were grouped based on climatological analyses considering the temporal and spatial temperature and precipitation distributions [61,62].




2.2. Methods


2.2.1. Indices


Twelve indices derived from daily maximum and minimum temperature were used in this study (Table 1). They constitute a subset of sixteen temperature indices recommended by the ETCCDI. The indices, which represent the tails of temperature distribution [46], were calculated using the RClimDex standard software package [58,59]. The subset of temperature indices used in this study can be divided into four groups [29]:




	
Percentile-based temperature indices were calculated for the climatological base period 1961–1990 and include the cool nights (TN10p), warm nights (TN90p), cool days (TX10p), and warm days (TX90p);



	
Absolute indices consist of monthly values indicating the hottest day (TXx), coldest night (TNn), coldest day (TXn), and warmest night (TNx);



	
Threshold indices consist of summer days (SU25), tropical nights (TR20), frost days (FD0), and ice days (ID0);



	
Duration indices include warm spell duration indicator (WSDI), and cold spell duration indicator (CSDI).









2.2.2. Analysis Procedures


Before any statistical analysis, indices computed for all stations using the RClimDex package were gridded onto a latitude–longitude grid regularly spaced at 0.2 decimal degrees. The gridding was performed using the Multilevel B-Splines Approximation (MBA) method, which provides functions to interpolate scattered data points. The MBA interpolation algorithm efficiently minimizes the local approximation error for each control point, and the resulting estimate is further refined through a sequence of functions from coarsest to finest levels. MBA has proven to be effective for a high-fidelity reconstruction from sparse and irregularly distributed samples. A detailed description of the specific MBA algorithm used for this study is provided by Lee et al. [63].



The time series for Tmax, Tmin, and indices were created by spatially averaging annual values over the study area as anomalies relative to the study period and by applying cosine weighting. A smooth curve was fitted to the time series using LOESS smoothing [64].



Trends were calculated using Sen’s non-parametric estimator of slope [65], and the significance of the trend was estimated at the 5% level using the Mann–Kendall test [66]. This trend calculation method has been extensively used in similar studies [25,26,28,31], and is suitable for dealing with outliers and non-normal distribution of the data (given that climate indices do not always have a Gaussian distribution).



Once grids for indices were created in the NetCDF format, trends and associated P-values were computed in R and exported to text files which provide, for each grid point, the x,y coordinates and trend analysis values. The text files were loaded into Geographic Information Systems (GIS) software (ArcMap, from ESRI) and used to create corresponding shapefiles. Query expressions were used to find grid points with statistically significant positive and negative trends.






3. Results


3.1. Temperature Trends and Variability


Figure 2 shows the changes and variability of annual air temperature in the conterminous US during the 20th century. The spatial distribution pattern shown in Figure 2a indicates that increases in air temperature in the Southeast have been small (less than 0.4 °C), in contrast with the Southwest, Northeast, and upper Great Plains where the warming has been much more pronounced (more than 1 °C). The Southeast’s cooler trend relative to the rest of the conterminous US has been attested in several studies [42,43,67]. The region has also experienced less temperature variability than the northern and central US (Figure 2b). For both the US and the Southeast, temporal fluctuations occurred at interannual and decadal time scales during the 20th century (Figure 2c). Negative temperature anomalies dominated the early century, but they were less marked in the Southeast. Then, a warmer episode occurred during the 1930s and lasted until the early 1950s. The shift toward a cooler Southeast occurred in the late 1950s and remained almost constant during the rest of the century. Overall, while the conterminous US exhibited a statistically significant temperature increase (at the 5% level), the Southeast showed a weak and statistically insignificant decrease (Figure 2c).



Figure 3 provides a closer look at temperature trends in the Southeast during the study period. Although positive trends prevail for both maximum and minimum temperatures (Tx and Tn, respectively), increases in Tn are more widespread and larger (Figure 3a,b). Tn trends that are significant at the 5% level cover 65.8% of the study area, while significant Tx trends cover only 21.5%. Coastal areas along the Atlantic Ocean and, to a lesser extent, northern Alabama and Georgia record the largest Tn increases (larger than 0.6 °C/decade). For both Tx and Tn, statistically significant negative trends are sparsely distributed and cover small areas (3.6% and 1.3%, respectively).



To summarize, recent warming in the Southeast has been dominated by statistically significant increases in Tn. However, longer-term records from the early 20th century to the present day show that this region has been cooler than the rest of the conterminous US. Will this exception in the Southeast be valid for extreme temperature trends?




3.2. Temperature Extremes


Trend analysis results for temperature extremes are summarized in Table 2 and Figure 4. Overall, the results indicate significant positive trends for indices pointing to warmer conditions (e.g., tropical nights, warm nights). Conversely, decreases in cooler conditions are generally indicated by significant negative trends (e.g., frost days, cool nights, and cold spell duration index).



The trends shown in Table 2 are consistent with the results displayed in Figure 4. These significant changes, whether positive or negative, generally occur over large portions of the Southeast.



Next, we analyze the spatial and temporal patterns of extreme climate indices. Subsequent figures display anomaly time series (shown as plots) and trends (shown as maps) for each index.



3.2.1. Percentile-Based Indices


The results indicate that, in general, increasing trends in warm extremes contrast with decreases in cold extremes, and significant increases in temperature extremes associated with minimum temperatures are much more spatially widespread. Decreases in cool nights and, to a lesser extent, cool days (TN10p and TX10p, respectively) have dominated large parts of southeastern US (Figure 5a,b). Significant decreases in cool nights (at the 5% level) occurred over almost 87% of the Southeast (Figure 4). Conversely, warm nights (TN90p) exhibit statistically significant warming trends over 63% of the study area (Figure 4 and Figure 5c). Warm days (TX90p) show a more modest increase which is not statistically significant over time (Figure 5d). Significant positive TX90p trends are found in very limited regions (8.6% of the study area), especially over northern regions of North Carolina and Georgia, and western Alabama. Overall, percentile-based indices show a tendency toward warmer temperature extremes which prevail over most of the Southeast and are strongly indicated by statistically significant and widespread decreases in TN10p and increases in TN90p.




3.2.2. Absolute Indices


Absolute indices showing the coldest events (coldest night and day) contrast with the ones showing the warmest events (warmest night and day). The coldest night (TNn) exhibits the largest increase (a statistically significant trend of 1 °C/decade, as shown in Table 2), with 77.2% of the study area showing a significant increase (Figure 4 and Figure 6). The spatial distribution of trends points to a widespread increase for the coldest nights and days (Figure 6a,b), with the coldest nights showing the largest trend magnitude along coastal Virginia and North Carolina, western Virginia, northern Alabama, and northern Georgia. In contrast, trends for the hottest day (TXx) significantly decreased (−0.2 °C/decade), especially in central Alabama and Georgia where most of the statistically significant decrease occurred (Figure 6d). Overall, trend increases are more pronounced for the coldest night and, to a lesser extent, the coldest day, although the recent decade is dominated by a gradual decrease, as indicated by the time series in Figure 6a,b. These results are consistent with the ones found on a global scale and in many regions of the world [26,27,28,29,31].





3.3. Threshold Indices


Trends for all threshold indices reflect a warming climate, as attested by the increase in warm events (tropical nights and summer days) and the decrease in cold ones (frost days and ice days) (Table 2). However, only tropical nights (TR20) trends are statistically significant (4.8 days/decade), with large portions of the Southeast showing significant increases which occur mostly along the coast (eastern Virginia and North Carolina, east-central Florida) and, to a lesser extent, northern Alabama (Figure 7a). A decrease in TR20 occurred during the period from 1978 to 2001, followed by a dramatic shift to a predominant increase since 2002. Conversely, frost days (FD0), which are related to cooling, showed negative trends that are not significant (−1.9 and −0.2 days/decade, respectively, as shown in Table 2). The spatial distribution of FD0 trends indicate a widespread predominance of decreasing trends over the Southeast, especially in northern Alabama and eastern Virginia (Figure 7b). Once again, extreme events associated with minimum temperatures exhibit stronger warming, as shown by the widespread increase in TR20 occurring over most of the Southeast (statistically significant positive trends over 67.5% of the study area).




3.4. Duration Indices


Warm spells (WSDI) show a non-significant and small increase by 0.1 days/decade (Table 2). This increase occurred mostly over western Alabama, northern Georgia, central South Carolina, and north-central Georgia (Figure 8a). A statistically significant decrease in WSDI is limited to small portions (4.6% of the Southeast) in central Georgia and the northern tip of Virginia. Overall, the spatial distribution of WSDI trends denotes mixed patterns over the Southeast, unlike the central and western parts of North America which show a more widespread and statistically significant increase in the frequency of warm spells [44]. Similarly, the associated time series depicts marked interannual variations over the study period resulting in a relatively stable trend (Figure 8a). Cold spells (CSDI) have significantly decreased at a rate of −0.6 days/decade (Table 2). Most of the decrease occurred since the late 1990s (Figure 8b). A significant trend toward less cold spells covers 18% of the Southeast, including large parts of Alabama, and is also apparent in west-central Georgia, central North Carolina, and east-central Florida. Increases in cold spells are not statistically significant and occur in scattered patches that are not spatially coherent (Figure 8b).





4. Discussion


How do findings from this study compare with other global and mostly regional studies which covered the US? Trend analysis results from this study are compared with two global studies [29,31] and one regional study by Brown et al. [67], as shown in Table 3.



Alexander et al. [29] and Donat et al. [31] computed climate extreme indices from in-situ observation data at global scale and then interpolated the indices to gridded surfaces. Trend values of indices were not presented as a table, but a selected set was shown through maps from which trends over southeastern US can be inferred.



Alexander et al. [29] presented trend maps of eight indices for 1951–2003. Their findings concur with ours for four indices: a decrease in cool nights (TN10P) and frost days (FD), and an increase in warm nights (TN90P) (Table 3). However, while this study found that trends of the aforementioned indices are significant (except for FD), those from Alexander et al. [44] over the Southeast are not. In contrast with our study, Alexander et al. [29] found a non-significant decrease in warm days (TX90P) and upward trends for cool days (TX10P) and cold spells (CSDI) over the Southeast. A comparison of warm spells trends (WSDI) is not straightforward because, while this study found a non-significant increase in WSDI, the patterns of trend distribution found by Alexander et al. [29] are not spatially coherent over the Southeast. Overall, the comparison between the two studies indicates that ours found a more pronounced warming of the Southeast.



Comparing this study’s trend results over the Southeast with those from Donat et al. [31] over the same area indicate an agreement in trend sign and magnitude for six indices; both studies found a trend decrease in the hottest day (TXx), cool nights (TN10P), and cold spells (CSDI), and an increase in the warmest night (TNx), the coldest night (TNn), and warm nights (TN90P) (Table 3). Trends in TN10P and TN90P are statistically significant in both studies. Discrepancies between the two studies consist of trends of opposite signs for four indices. Donat et al. [31] found non-significant trend decreases in the coldest day (TXn), warm days (TX90P), and warm spells (WSDI), and a non-significant increase in cool days (TX10P). In contrast, this study found trends of opposite signs for these indices, including a statistically significant increase in TXn trend over the Southeast.



Overall, the trend comparison with both global studies [29,31] indicates that this study found a more pronounced warming of the Southeast. Both global studies constitute an excellent reference for those looking into trends in climate extremes during the 20th and early 21st centuries. However, extreme indices in these studies were gridded at a coarse resolution, which is common with global datasets.



Regional studies of temperature extremes in the United States include a relatively early study by Karl et al. [41] who developed a Climate Extremes Index (CEI) which led to the conclusion that the US climate was becoming more extreme. The CEI was revised by Gleason et al. [2] who included auxiliary station data, extended the index further back in time, and improved its spatial coverage. More recent regional studies for the United States are generally based on gridded data. For example, Wuebbles et al. [68] used CMIP5-simulated historical and projected future trends in extreme temperatures over the contiguous US and found that extreme temperature indices point to increases in the frequency of high extremes and decreases in low extremes. To investigate teleconnections between winter climate extremes and large-scale modes of climate variability over the northeastern US and southeastern Canada, Ning and Bradley [69] computed temperature extreme indices using high resolution gridded data from Maurer et al. [70]. Ning et al. [71] examined future changes in climate extremes over northeastern US using downscaled extreme indices calculated by various general circulation models from phase 5 of the Coupled Model Intercomparison Project (CMIP5). The results showed increasing (decreasing) warm (cold) extremes.



Studies using observations to compute climate extreme indices at station level over the US are still scarce. One such study by Griffiths and Bradley [72] used USHCN station observations to examine variations of temperature and precipitation extremes over northeastern US (1926–2000). However, only five temperature indices were analyzed. The authors split the study period into several intervals and found varying trend changes depending on the periods. In a subsequent study, Brown et al. [67] computed 16 temperature extreme indices from daily data obtained from 40 USHCN stations to analyze changes in extreme climate indices for the northeastern US. The authors computed trends for the extreme indices over various periods, including from 1951–2005. Therefore, not only does their study period partly overlap with ours, but it also uses data from the same source (USHCN) and covers a region that is almost adjacent to the Southeast. Table 3 indicates that climate extreme trends from Brown et al. [67] compare very well with the ones from this study. Out of the 16 indices analyzed, there is an agreement on trend sign for 12 indices. Very few trend differences exist between the two studies: (i) this study found a statistically significant negative trend for the hottest day index (TXx), and a statistically significant upward trend for the coldest day index (TXn), whereas Brown et al. [67] found no trend for both indices; (ii) trends of warm spells (WSDI) are of opposite signs in the two studies, as there was a non-significant increase over the Southeast (this study) and a decreasing trend in the Northeast (Brown et al. [67]). Overall, the trend sign comparison suggests that the Southeast appeared to exhibit more warming than the Northeast; trends of indices point to a larger increase in warm extremes and a steeper decline of cool extremes. Regarding the percentage of land with positive and negative trends that are significant at the 5% level, values are in general proportionally consistent: in both studies, (i) warm nights, tropical nights, and the coldest night are among indices which cover the largest portion of land with significantly positive trends; and (ii) cool nights, frost days, and cold spells cover the largest land areas with significantly negative trends.



To summarize, except for very few differences, this study’s findings regarding trend sign and magnitude are generally consistent with previous global and regional studies.




5. Conclusions


This study has presented an assessment of climate variability and climate extremes over 40 years (1978–2017) for southeastern USA, a region that currently experiences modest warming trends, although the long-term surface temperatures have shown a predominantly cooling trend. In agreement with previous studies, the results indicate that, in general, (i) increasing trends in warm extremes contrast with decreases in cold extremes, and (ii) significant increases in temperature extremes associated with minimum temperatures are of larger magnitude and are more spatially widespread than the ones associated with maximum temperatures.



To summarize, the tendency toward warming is apparent as attested by increasing trends in the annual occurrence of the warmest night, warm days, warm nights, tropical nights, and warm spells. In particular, statistically significant increases in tropical nights and warm nights occurred over larger portions of the Southeast. Conversely, most cold extremes showed negative trends, including cool nights, cool days, frost days, and cold spells. The largest negative trend magnitude is attributed to frost days, but the change is not significant. Cool nights exhibit a significant decrease and the largest percentage of negative trends over the study area (87.2%).



However, the tendency toward warmer extremes is not uniform, in particular regarding absolute indices: (i) there was a significant increase in the coldest nights over most of the Southeast (77.4% of the study area); (ii) the coldest day also showed significant negative trends; and (iii) there was a significant decrease in the hottest day.



Given differences in the study area, period, and methods used to compute trends, the comparison with other studies is not straightforward. However, increases in warm temperature extremes and decreases in cold ones found in this study are consistent with changes in extremes found across other US regions and on a global scale. Therefore, this study shows that being part of the ’warming hole’ does not preclude southeastern US from an intensification of most temperature extremes. Further, trend patterns of temperature extremes indicate that the Southeast is presently warming and that, in the future, this region may not constitute an exception anymore. Increases in tropical nights and warm nights, and decreases in cool nights and frost days exhibit coherent spatial patterns, display outstanding characteristics of the region’s temperature extremes, and are consistent with results from a large body of studies.



Studies conducted on a global scale provide an overall view and are good at capturing the big picture of climatic phenomena, but do not allow detailed analysis on a finer scale. To date, although there is already a large number of studies about trends in climate extremes, this is the only subregional study which conducted such investigation over southeastern US using quality-controlled observations. Moreover, while most studies focus on changes in extreme climate events over time, in this study we analyze climate extremes over specific areas where temperature trends have exhibited anomalous behavior. This is a first steps toward understanding how temperature extremes relate to the characteristics of their corresponding climate zones.
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Figure 1. Study area (the Southeast, as defined by NOAA) and climate stations used in the study. The inset map shows the location of the study area within the United States of America. 
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Figure 2. (a) Observed changes in annual temperature over the conterminous United States; changes are the difference between the average for present-day and the average for the last century (2001–2017 minus 1901–2000); (b) annual temperature variability (1901–2017) expressed as the standard deviation of anomalies. The thick black line delimits the study area; (c) 20th century temperature anomaly time series for the continental USA and the Southeast. 
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Figure 3. Spatial distribution of decadal temperature trends of the Southeast (1978–2017); stippled areas on the maps indicate trends that are significant at the 5% level (a) maximum temperature; (b) minimum temperature; (c) associated anomaly time series and trendlines. 
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Figure 4. Percentage of positive and negative trends that are significant at the 5% level for all temperature extreme indices. 
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Figure 5. Spatial distribution of trends (in days per decade for 1978–2017) and associated annual time series anomalies (in days) for percentile-based indices: (a) cool nights (TN10p); (b) cool days (TX10p); (c) warm nights (TN90p); (d) warm days (TX90p). Stippled areas on the maps indicate trends that are significant at the 5% level. The red line in the plots is a smooth curve fitted to the time series data using the loess method. 
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Figure 6. Same as Figure 5, but for absolute indices: (a) coldest night (TNn); (b) coldest day (TXn); (c) warmest night (TNx); (d) hottest day (TXx). Map units: °C per decade; plot units: °C. 
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Figure 7. Same as Figure 5, but for threshold indices: (a) tropical nights (TR20); (b) frost days (FD0). Map units: days per decade; plot units: days. 
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Figure 8. Same as Figure 5, but for duration indices: (a) warm spell duration index (WSDI); (b) cold spell duration index (CSDI). Maps units: days per decade; plot units: days. 
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Table 1. Extreme temperature indices used in this study.
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	ID
	Indicator Name
	Definitions
	Units





	FD0
	Frost days
	Annual count when TN (daily minimum) < 0 °C
	Days



	TR20
	Tropical nights
	Annual count when TN (daily minimum) > 20 °C
	Days



	TXx
	Max Tmax (hottest day)
	Monthly maximum value of daily maximum temp
	°C



	TNx
	Max Tmin (warmest night)
	Monthly maximum value of daily minimum temp
	°C



	TXn
	Min Tmax (coldest day)
	Monthly minimum value of daily maximum temp
	°C



	TNn
	Min Tmin (coldest night)
	Monthly minimum value of daily minimum temp
	°C



	TN10p
	Cool nights
	Percentage of days when TN < 10th percentile
	% Days



	TX10p
	Cool days
	Percentage of days when TX < 10th percentile
	% Days



	TN90p
	Warm nights
	Percentage of days when TN > 90th percentile
	% Days



	TX90p
	Warm days
	Percentage of days when TX > 90th percentile
	% Days



	WSDI
	Warm spell duration indicator
	Annual count of days with at least 6 consecutive days when TX > 90th percentile
	Days



	CSDI
	Cold spell duration indicator
	Annual count of days with at least 6 consecutive days when TN < 10th percentile
	Days
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Table 2. Decadal trends in extreme temperature indices for 1978–2017. Trends significant at the 5% level are indicated in bold.
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	Indices
	Trend Value
	Units/Decade





	TXx
	−0.2
	°C



	TNx
	0.1
	°C



	TXn
	0.7
	°C



	TNn
	1
	°C



	TX10P
	−0.2
	% Days



	TN10P
	−1.8
	% Days



	TX90P
	0.2
	% Days



	TN90P
	1.2
	% Days



	FD
	−1.9
	Days



	TR20
	4.8
	Days



	WSDI
	0.1
	Days



	CSDI
	−0.6
	Days
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Table 3. Decadal trends in extreme temperature indices from Fall et al. (2021), Brown et al. (2010), Alexander et al. (2006), and Donat et al. (2013). Study periods are 1978–2017, 1951–2005, 1951–2003, and 1951–2010, respectively.
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	Indices
	This Study
	Brown et al.
	Alexander et al.
	Donat et al.





	TXx
	−0.2
	0
	
	0 to −0.2



	TNx
	0.1
	0.2
	
	0 to 0.2



	TXn
	0.7
	0
	
	0 to −0.2



	TNn
	1
	0.3
	
	0.2 to 0.4



	TX10P
	−0.2
	−0.1
	0 to 3
	0 to 1



	TN10P
	−1.8
	−0.8
	0 to −3
	0 to −1



	TX90P
	0.2
	0.1
	0 to −4
	0 to −1



	TN90P
	1.2
	0.5
	0 to 4
	0 to 1



	FD
	−1.9
	−2.1
	0 to −4
	



	TR20
	4.8
	0.5
	
	



	WSDI
	0.1
	−0.3
	-
	0 to −1



	CSDI
	−0.6
	−0.4
	0 to 3
	0 to −1
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