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Abstract

:

Work published in 2012 revealed that annual minimum temperatures over the coterminous United States (USA) have increased faster than mean temperatures, causing a pronounced poleward shift in the positions of hardiness zones defined by the expected annual minimum temperature. Here, estimates of increases in annual minimum temperatures are updated and extended to other land areas where station temperature records are available. Annual minimum temperatures have increased faster than mean temperatures in seasonally cold regions globally, but have warmed at about the same rate as mean temperatures in tropical climates. The mean increase in annual minimum temperature across the available weather stations was 2.0 °C between 1970 and 2016 (or almost 0.5 °C per decade), as compared to an increase of 1.2 °C in mean temperature. Recent cold winters in regions such as Eastern North America did not clearly break with this trend and were within the range of variability seen in past decades. Overall, annual minimum temperatures appear to be increasing steadily, though with considerable inter-annual variability.
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1. Introduction


In the United States (USA), hardiness zones for assessing the expected ranges of perennial plants and overwintering insects are defined in terms of the expected annual minimum surface air temperature [1]. Globally, annual minimum temperature is used to define agroecological zones [2,3,4]. In previous work, changes in annual minimum temperature as compared to mean temperature over the USA up until the winter of 2011–2012 were studied using weather station records [5]. Annual minimum temperature was found to have increased on average by ∼2 °C since 1970, compared to an increase of ∼0.8 °C in mean temperature, and 2011–2012 had the warmest average minimum temperatures of any year in the observational record.



Subsequent winters, while also featuring many reports of warmer periods, also included a number of cold spells relative to the past few years and even decades. Further, it has been suggested that melting of Arctic sea ice has increased the likelihood of persistent extreme weather conditions in the northern midlatitudes, which could lead to colder annual minimum temperatures as compared to mean temperatures [6]. In particular, Arctic sea ice loss has been correlated with a greater number of cold winter days (defined as 1.5 standard deviations below climatology) in the northern continents [7]. According to some analyses, Arctic sea ice loss and enhanced Arctic warming [8] have lead to changes in air pressure and circulation patterns that favor cold winters in the Eastern USA and Northern Eurasia [9,10], though this causative role is disputed [11,12]. A weakening stratospheric polar vortex may be a mediating factor [13]. Whether there has been a slowdown or reversal of the rapid warming in annual minimum temperatures observed over the last decades (which might be a consequence of these factors) has not been investigated.



There are thus two main goals in the current paper. The first is to assess the robustness of the contrast between annual minimum and mean temperature trends by extending the analysis of trends from the USA worldwide (wherever weather station data are available), and in particular across the northern hemisphere midlatitudes, where Arctic sea ice loss could be causing winter cooling. The second goal is to update the previous analysis to evaluate whether there is any discernible recent trend toward colder or more variable annual minimum temperatures.




2. Methods


2.1. Temperature Data


Temperature observations were obtained from the Daily Global Historical Climatology Network (GHCN-Daily), a compilation of weather station records that is freely available and updated in near real time by the USA National Climatic Data Center (NCDC) [14]. Data flagged as failing any of the automatic quality control tests [15,16] were considered to be missing and not used.



Years were taken to begin in March, so that Northern Hemisphere winters are not split across two years. Only stations with mostly complete years of daily maximum and minimum temperature data since 1970 (i.e., at least 24 years), including at least one of the most recent 5 years (2012–2016), were used. This gave 1428 available stations. Most (1049 stations or 71%) were in the Northern Hemisphere midlatitudes (30°–60° N), split evenly between the Western and Eastern Hemispheres (505 and 544 stations respectively). Station density was the highest in North America, Europe, and Northern Asia (Figure 1). All years with at least 50 available stations were included in the analysis steps.




2.2. Data Analysis


An imputation method based on singular value decomposition [17,18] was used to fill in missing annual values for the selected stations, in order to minimize the impact of changing station coverage over time in terms of the estimated regional trends [5]. Estimates of changes in expected minimum and mean annual temperatures since 1970 were obtained by smoothing splines applied to the temperature time series. The degree of smoothing was chosen to optimize the corrected Akaike information criterion, which provides an indication of the expected prediction error from the constructed spline function [5,19,20,21]. Confidence intervals for the smoothing splines were also obtained [22,23]. Average values and trends were averaged across all stations. Imputation and averaging were also carried out separately for the northern midlatitude (30°–60° N), the Eastern and Western Hemispheres, and for the region of Eastern North America (35°–50° N, 60°–90° W) that has experienced several recent cold winters. Mean warming amounts were also assessed across stations as functions of baseline climatology (1976–2005) using minimum and mean temperatures in order to compare the amount of warming over areas with different levels of winter severity.





3. Results


The average increase in annual minimum temperature over 1970–2016 was 2.04 ± 0.58 °C (uncertainty covers the estimated 95% confidence interval of the smoothed trend) globally (over the available stations), compared to average increase in annual mean temperature of 1.16 ± 0.15 °C (over the same stations) (Figure 2). The difference between the two increases in temperature was 0.88 ± 0.49 °C, significantly greater than zero. The mean increases in temperature for the northern midlatitude stations, and for the Eastern and Western Hemispheres separately, were comparable to the global mean (Table 1).



The increase in annual minimum temperature by 1–3 °C from 1970 to 2016 was geographically widespread, with only a few areas (such as Southern Siberia and the Southwest United States) tending to show less or no warming (Figure 3).



The increase in annual minimum temperature as well as mean temperature is associated with the baseline temperature. Places with cold winters (annual minimum temperatures below −10 °C) warmed an average of 1.5–2.5 °C in annual minimum temperatures and 1–1.2 °C in mean temperatures. For tropical places (annual minimum temperatures above 0 °C), mean temperatures increased by an average of 0.8–1 °C and annual minimum temperatures also increased by about 1 °C or less (Figure 4).



Stations in the Western Hemisphere midlatitudes with cold winters have averaged increases in temperature of a few tenths of a degree more than similarly cold stations in the Eastern Hemisphere (Figure 5). The midlatitude mean warming was close to 2 °C globally (over the available stations) and for both hemispheres (Table 1).



Globally, the smoothing spline fit suggests a near-linear increase in annual minimum temperatures since the 1960s of some 0.5 °C per decade. There is considerable year-to-year variability, of the same order as the magnitude of the trend, even averaged across all the stations. The warmest years in the time series are 1991 and 2007 (Figure 6).



Averaged over all stations, the last few winters (2012–2016) are quite consistent with the previously observed warming trend (Figure 6). However, there has been regional variability. Compared with the smoothed value inferred for 2011 using only data up to 2011, much of North America, particularly the Northeast and Northwest United States, had relatively cold winters in 2012–2016, while Europe was relatively warm and Siberia showed a mixed pattern (Figure 7).



Are these regional anomalies seen over the last few years unusual in the weather records? This was examined in more detail for the region with the greatest cold anomaly over Eastern North America, taken as 35°–50° N, 60°–90° W (Figure 7). Data from stations in this region with at least 30 years of complete minimum temperature data (   n = 567   ) were averaged, after imputing missing values with the same algorithm employed globally (but using only data from stations in the region). The resulting time series clearly showed cold winters in 2013–2014 and 2014–2015, which were the coldest since 1995–1996 in terms of annual minimum temperatures (Figure 8). These two cold winters pushed down the inferred warming trend over the last 20 years, although the change was well within the confidence interval generated using only data up to 2011 (Figure 8). The magnitude of the cold anomalies in these winters relative to the trend was 4–5 °C, which is consistent with the interannual variability seen in previous decades. Interestingly, the warming in this region was been great enough that these winters, unusually cold for the 2010s, would have been normal or even warmer than average based on measurements before ∼1920 (Figure 8). Overall, this time series suggests that cold anomalies seen regionally in recent years are consistent with recorded past interannual variability (Figure 8) and do not provide clear evidence of a break in the warming trend trend for annual minimum temperatures.




4. Discussion and Conclusions


In this study, available weather stations show a trend towards faster warming in annual minimum temperature compared to that of mean temperature. In general, global studies of surface temperatures have found daily minimum temperatures to be increasing faster than daily maximums and winter temperatures to be increasing faster than summer temperatures, resulting in reduced diurnal and seasonal temperature ranges [24,25,26,27]. The most recent Intergovernmental Panel on Climate Change report concluded with medium confidence that globally, daily minimum temperatures have increased more than daily maximum temperatures since 1950 [28]. A study of European station data found that, in the winter, the coldest percentiles of the temperature distribution have been increasing in temperature the fastest since 1950, although the temperatures of the hottest summer days have increased faster than those of the coolest ones [29].



Annual minimum temperatures have increased the fastest in the coldest places. By contrast, under tropical conditions, annual minimum temperatures warmed no faster than mean temperatures. These patterns can be attributed to carbon dioxide and other anthropogenic greenhouse gases exerting the greatest warming effect under cold and dark conditions. Some other climate forcings, such as haze due to local pollution and aircraft contrails, also depress diurnal and seasonal temperature ranges [30,31,32]. In warm climates, worsening drought conditions could be one reason for the increases in mean and maximum temperatures being relatively higher than the increases in minimum temperatures [33,34,35,36], in contrast to the impact of added irrigation, which depresses maximum temperatures much more than minimum temperatures [37,38,39]. A denser network of stations in the tropics is needed to better understand the possible roles of these factors. Regional and global gridded datasets of temperature at daily resolution are becoming available [40,41,42,43], and could be investigated for retrieving trends in annual minimum temperatures with better spatial coverage.



The warming trend in annual minimum temperature looks steady, at some 0.5 °C per decade globally (over available weather stations), or 2.0 °C in total over 1970–2016. There is no evidence of an interruption of this warming trend over the last few years, despite the changes in winter atmospheric circulation patterns noted by other studies. Even for regions such as Eastern North America that have seen relatively cold winters recently, their frequency and magnitude is so far consistent with temporally constant interannual variability superimposed on an uninterrupted warming trend. The evidence to date implies that hardiness zones are continuing to migrate poleward, with important economic and ecological consequences.
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Figure 1. Locations of Daily Global Historical Climatology Network (GHCN-Daily) stations used. ‘Hotter’ marker colors denote locally higher station density. 
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Figure 2. Smoothed global mean anomalies (over stations) in annual mean and annual minimum temperatures (1950–2016), expressed relative to the 1900 smoothed value. The dashed lines show 95% confidence intervals of the smoothed values. 
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Figure 3. Increase in annual minimum temperature (°C) over 1970–2016, averaged on a 3° grid for visualization. Grid cells with no stations are left blank. The color scale is centered on 0, and the interval shown in the color bar covers 95% of the observations. 
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Figure 4. Mean increase in annual minimum temperature (black line) and in annual mean temperature (red line) over 1970–2016, as a function of climatological (1976–2005) annual minimum temperature. Dashed lines show 95% confidence intervals of the smoothed values. 
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Figure 5. Mean warming in annual minimum temperature over 1970–2016, as a function of climatology (1976–2005) using annual minimum temperature, calculated separately for the Eastern and Western Hemisphere midlatitudes. Dashed lines show 95% confidence intervals of the smoothed relationships. 
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Figure 6. Annual minimum temperature averaged over GHCN-Daily stations for 1970–2016, along with the smoothing spline fit and its 95% confidence interval. 
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Figure 7. Map of recent (2012–2016) anomalies in annual minimum temperature (°C), averaged on a 3° grid. 
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Figure 8. Mean annual minimum temperature averaged across stations in Eastern North America (squares), and smoothed trends with 95% confidence intervals using data only up to 2011 (blue line) or all data up to 2016 (black line). 
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Table 1. Mean temperature increase across stations (°C), 1970–2016. Minimum: annual minimum temperature. Mean: annual mean temperature. Midlat: northern midlatitudes, 30°–60° N. EH: Eastern Hemisphere. WH: Western Hemisphere. n: Number of stations. Confidence intervals of 95% are given.
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	n
	Minimum
	Mean





	All
	1428
	2.04 ± 0.58
	1.16 ± 0.15



	Midlat
	1049
	1.94 ± 0.60
	1.09 ± 0.15



	EH
	544
	2.00 ± 0.85
	1.30 ± 0.20



	WH
	505
	2.22 ± 0.72
	0.91 ± 0.16
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