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Abstract:



Extreme temperatures and heat wave trends in five cities within the Sonoran Desert region (e.g., Tucson and Phoenix, Arizona, in the United States and Ciudad Obregon and San Luis Rio Colorado, Sonora; and Mexicali, Baja California, in Mexico) and one city within the Mojave Desert region (e.g., Las Vegas, Nevada) were assessed using field data collected from 1950 to 2014. Instead of being selected by watershed, the cities were selected because they are part of the same arid climatic region. The data were analyzed for maximum temperature increases and the trends were confirmed statistically using Spearman’s nonparametric test. Temperature trends were correlated with the mortality information related with extreme heat events in the region. The results showed a clear trend of increasing maximum temperatures during the months of June, July, and August for five of the six cities and statically confirmed using Spearman’s rho values. Las Vegas was the only city where the temperature increase was not confirmed using Spearman’s test, probably because it is geographically located outside of the Sonoran Desert or because of its proximity to the Hoover Dam. The relationship between mortality and temperature was analyzed for the cities of Mexicali, Mexico and Phoenix. Arizona.
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1. Introduction


Extreme heat is an increasing concern, particularly in climate change sensitive areas [1]. Among the main effects reported for heat waves, their effects on human health are the most significant, particularly for population groups reported to be the most vulnerable, such as children, the elderly, outdoor workers, or inhabitants of urban areas [2]. Current climate models predict that some regions will experience more intense, frequent, and longer-lasting extreme heat events in the second half of this century, which will lead to dehydration, heat exhaustion, deadly heatstroke, kidney problems, lethargy, and poor work performance among the exposed population [3].



Extreme heat events account for a higher number of annual fatalities in the United States than any other extreme weather event. In a recent study, Habeeb et al. [4] analyzed exposure to dangerously high temperatures in 50 large U.S. cities to understand changes over time in heat wave frequency, duration, intensity, and timing from 1961 to 2010. They used the National Climate Data Center (NCDC) heat event threshold, that is, as “any day in which the minimum, maximum or average apparent temperature exceeds the 85th percentile of the base period 1961–1990”. They found that the annual number of heat waves has increased by 0.6 heat waves per decade for the average US city, the length of heat waves has increased by a fifth of a day, the intensity of heat waves has increased 0.1 °C above local thresholds, and the length of the heat wave season has increased by six days per decade. In previous work, the authors of this paper analyzed temperature trends in northwestern Mexico and found that the increase in maximum temperatures in the region has a statistically significant trend [5]. Other authors have found similar trends for the relationship between heat and mortality [6].



The Sonoran and Mojave Deserts (in northwestern Mexico and the southwestern United States) are among the most extreme arid zones in the world, with high temperatures exceeding 40 °C during the summer season and critically limited water resources [7,8,9]. Even under adverse geographical and weather conditions, these subtropical desert climates have developed significant urban populations in both Mexico and the United States [10]. The southwestern region of the United States is projected to experience the largest increase in population over the next decade and a significant increase in the frequency of extreme heat events [11]. Northwestern Mexico has the highest rate of mortality related with excessive heat in the country [12], and the current modeling results for climate change scenarios for Mexico indicate that this part of the country will reach the highest temperature anomaly [13]. For example, the city of Mexicali has the Mexican national record of heat related deaths, and other cities in the region, such as Hermosillo or Ciudad Obregon, are also suffering the effects of heat waves. According to Diaz Caravante et al. [6], there were 393 deaths in Mexico related with excessive heat during 2002 to 2010, most of which were in the northwest in the states of Baja California and Sonora.



Climate change is expected to increase the average temperature and probability of extreme climate events, including heat waves [14,15]. The best future climate estimates are for average temperatures, so uncertainty in extreme temperatures and heat waves is much greater [16]. Predictions of temperature increases are based on results from general circulation models. With respect to temperature, when multi-model results (i.e., the average of 23 general circulation models) are analyzed, the estimation error (i.e., the difference between observed and model estimated data), is rarely greater than 2 °C, although individual models can show errors close to 3 °C [17]. Furthermore, the reported trends and forecasts from general circulation models focus particularly on average values. For instance, there are average temperature forecasts for several scenarios, but no general forecasts for extreme temperatures are available. Nevertheless, the Intergovernmental Panel on Climate Change (IPCC) has pointed out that the number of cold days and nights has already decreased globally, and the number of heat waves has increased in Europe and North America [14]. Forecasting mean temperature changes at the local scale is a difficult task, although forecasting extreme temperatures is much more difficult since it depends almost entirely on observational evidence. Therefore, the analysis of the vulnerability to and effects of climate change at local or regional levels, and mainly for extremes, must be based on observed evidence.



Anticipating trends in exposure to heat extremes for these highly populated urban areas with limited water resources is a key component of avoiding further vulnerability and developing proper adaptation and heat-health operational plans [18] for the entire region. The goal of this work is to analyze the maximum temperature trends in six major cities within the Sonoran (Ciudad Obregon, Presa Morelos, and Mexicali in Mexico; Phoenix and Tucson in the United States) and Mojave (Las Vegas, NV, USA) Deserts to assess increasing temperatures and extreme heat events over the last five decades and correlate them with the current trends found in the health effects on the populations in these urban areas.




2. Materials and Methods


As the most recent climate change report by the IPCC [19] established, human influence on climate is undeniable, and many of its consequences are now observed in several regions of the world. In particular, climatic extremes have been shown to be pervasive and among them, heat waves are responsible for some of the worst recent climate-related human disasters (i.e., [20,21]). The Sonoran and Mojave Deserts share the same climatic region (see Figure 1), and therefore we decided to study cities located in this region instead of following the usual approach of studying watersheds, states, or countries.


Figure 1. Koppen-Geiger climatic map of North America. (Image by Peel, M. C., Finlayson, B. L., and McMahon, T. A. (University of Melbourne) (CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0)), via Wikimedia Commons).
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For this study, we select meteorological stations located in Mexicali, Ciudad Obregon (Obregon City), and San Luis Río Colorado in Mexico. The San Luis Rio Colorado station is located at the Morelos Dam, and because it is also very close to Yuma, AZ and might be representative of either city we refer to it as Morelos Dam station. The cities selected in the United States are Las Vegas, Phoenix, and Tucson. The station records cover a period of 50 years, from 1960 to 2010. Because we are interested in extreme temperatures, we analyzed the maximum daily temperature records. Data from Mexico were obtained from the National Meteorological Service [22] data bases, and data from the United States were obtained from the National Oceanic and Atmospheric Administration (NOAA) National Centers for Environmental Information; in all the cases, direct daily temperature data was obtained from NOAA and used for the trend analysis. The temperature data set used for analysis of Las Vegas trends was from the McCarran International airport station (GHCND: USW00023169, 36.0719°, −115.1634°). In the case of Phoenix, the temperature data set was from the Sky Harbor International airport station (GHCND: USW00023183, 33.4277°, −112.0038°) and for Tucson, AZ the data set used was collected from the Tucson International airport (GHCND: USW00023160, 32.1313°, −110.9552°). In the case of Mexico, the stations used were, following the nomenclature of the National Meteorological Service, the 26018 in Ciudad Obregón, the 2037 in Presa Morelos, and the 2033 in Mexicali.



There are several methods for studying temperature trends. Probably the simplest method is to use the linear trend of the records. In the case of a clear trend, a qualitative description of the trend can be observed using this method. Nevertheless, to define a statistically significant trend, a statistical test must be used. There are several statistical tests used to analyze trends in climate data series. For example, linear correlation (i.e., [23]) and serial correlation techniques have been used. In recent years, nonparametric estimation methods such as the Mann-Kendall and Spearman’s rho tests have been most commonly used. The latter has proven to be a robust test compared with similar tests and it provides consistent results with those of the Mann-Kendall test (i.e., [24,25,26]). In this study, we use Spearman’s rho nonparametric statistical test.



For climate data series, the statistical (D) Spearman’s rho test is obtained using Equation (1):
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(1)




where Ri is the range of the ith observation, and n is the number of data in the sample. The standardized statistical ZSR is given by Equation (2):
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(2)







The no trend in the series statement is used as the null hypothesis for this method. If abs(ZSR) > t((n − 2, 1) − α/2), where t((n − 2, 1) − α/2) is the value of the statistics t in the table on Student’s t-distribution for an specific significant level α, then the null hypothesis is rejected and it is concluded that there is a trend in the series.



There is no consensus on an operational definition of a heat wave [27,28,29]. It varies among researchers and even civil protection systems. For example, in the United Kingdom absolute regional temperature limits are established: in North East England the threshold is 28 °C, while in London it is 32 °C. [30]. In the United States, limits on apparent temperature (i.e., taking into account the temperature and the relative humidity) are applied by NOAA [31]. An apparent temperature above 124 °F (51 °C) is considered very dangerous. The limits on apparent temperature include both the absolute temperature and relative humidity, which is shown in Equation (3):
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(3)




where Hi stands for the apparent temperature, R is the relative humidity, and T is the ambient temperature (°F).



Recently, Kent et al. [32] carried out an extensive analysis that compared different heat indexes with the registered health effects during the dates analyzed. They found that simple indexes based solely on temperature may be the most applicable for use in alert systems, but that all the corresponding temperature thresholds should be considered for a regional analysis.



One suitable way to define a heat wave is to use a percentile threshold (90th or 95th) and a duration of ≥2 days, which is used by some researchers in the United States [33] and Mexico [34]. In this paper, we use the 90th percentile threshold calculated over the monthly maximum temperature average to assess which days exceed heat wave temperatures.




3. Results and Discussion


3.1. Temperature Trends


The total daily maximum temperature record was analyzed and, for the trend analysis, the daily maximum temperature recorded in each month was used (i.e., the monthly maximum recorded temperature). Those maximum monthly temperatures were analyzed for the six cities above mentioned. The maximum temperatures were concentrated in the summer months, from July to September.



Figure 2 and Figure 3 show the average maximum temperatures over the month registered during the period of analysis as well as the linear trend lines for four of the cities (two in each country). In both August and September, there is a clear trend of higher maximum temperatures. It is also very interesting that all the cities are experiencing more or less the same rate of temperature increase.


Figure 2. Maximum monthly temperature variations and linear trend lines for August.
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Figure 3. Maximum monthly temperature variations and linear trend lines for September.
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The observed increase in maximum temperatures is significant when compared with observed increases from the past. This can be seen clearly by comparing the average over the 2005 to 2010 period with the average from 1961 to 1965. In the former period (e.g., 2005–2010), the maximum temperature in Ciudad Obregon is 2.96 °C higher than in the later one (e.g., 1961–1965), 2.76 °C in Phoenix (which registered the highest temperature extremes, by far, over the last years), 2.52 °C higher in Tucson, 2.3 °C higher at Morelos Dam, 2.06 °C higher in Mexicali, and 1.34 °C higher in Las Vegas. The increase in maximum temperatures is higher than the change in average temperatures; this behavior was observed in the trend lines, but needed to be confirmed with a statistical test. Spearman’s nonparametric statistical test was used, and the results are summarized in Table 1 and Table 2 for August and September, respectively. From Table 1 and Table 2, there is a clear, positive, statistically significant trend toward an increase in the maximum temperatures in the cities analyzed, with the exception of Las Vegas. In the case of average temperatures, a different variation is observed, which is expected in climate change processes, as established by the IPCC [35].



Table 1. Results of Spearman’s rho test for August at a significance level of α = 0.05.







	
City

	
Maximum Temperatures

	
Average Temperatures




	
ZSR

	
t(n − 2, 1 − (α/2))

	
Trend

	
ZSR

	
t(n − 2, 1 − (α/2))

	
Trend






	
Obregon City

	
5.877

	
2.001

	
Increase

	
3.50

	
2.009

	
Decrease




	
Morelos Dam

	
5.284

	
2.018

	
Increase

	
0.906

	
2.018

	
No trend




	
Mexicali

	
4.809

	
2.009

	
Increase

	
2.294

	
2.009

	
Decrease




	
Las Vegas

	
1.088

	
2.009

	
No trend

	
4.793

	
2.009

	
Increase




	
Phoenix

	
2.721

	
2.009

	
Increase

	
6.211

	
2.009

	
Increase




	
Tucson

	
3.390

	
2.009

	
Increase

	
3.407

	
2.009

	
Increase










Table 2. Results of Spearman’s rho test for September at a significance level of α = 0.05.







	
City

	
Maximum Temperatures

	
Average Temperatures




	
ZSR

	
t(n − 2, 1 − (α/2))

	
Trend

	
ZSR

	
t(n − 2, 1 − (α/2))

	
Trend






	
Obregon City

	
5.877

	
2.001

	
Increase

	
3.50

	
2.009

	
Decrease




	
Morelos Dam

	
5.284

	
2.018

	
Increase

	
0.786

	
2.018

	
No trend




	
Mexicali

	
4.809

	
2.009

	
Increase

	
1.101

	
2.009

	
No trend




	
Las Vegas

	
1.088

	
2.009

	
No trend

	
4.446

	
2.009

	
Increase




	
Phoenix

	
2.721

	
2.009

	
Increase

	
7.528

	
2.009

	
Increase




	
Tucson

	
3.390

	
2.009

	
Increase

	
4.04

	
2.009

	
Increase










Using the 90th percentile of the maximum temperatures in each month of the period as the threshold for a heat wave, the number of days in a month that exceed this value is also increasing, as can be seen in Figure 4 for the month of August.


Figure 4. Number of days that exceeded the 90th percentile of average maximum temperatures threshold in August.
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Despite Las Vegas showing a similar temperature trend compared with the other cities included in the study, the results obtained from the statistical analysis showed that the increase in temperature there is not statistically significant. It was found that, in Las Vegas, the number of days exceeding the 90th percentile remained stable, not corresponding to the general pattern, and it could be argued that there must be a local cause. So far, we have not being able to find a reasonable explanation for this apparently inconsistent behavior, however, other researchers have established that large dams can influence the climate at distances up to 100 km [36,37,38], therefore, the city’s proximity to the Hoover Dam might be the reason for this unusual trend. Nevertheless, more detailed studies need to be done to explore that hypothesis. It is important to note that for Morelos Dam the effect of proximity with the water body is expected to be negligible because it is a diversion dam, with very limited storage capacity.




3.2. The Health Effects of Heat Waves


3.2.1. Heat Waves and Mortality in the Study Area



Southwestern United States


Figure 5 shows the relationship between maximum temperature in Phoenix and the total mortality rate values (per 10,000 inhabitants) in Maricopa County (where Phoenix is located) during August (2004 to 2015). Mortality information was obtained from the Arizona Department of Health Services. As shown, the mortality rate values vary widely within the time interval (low, 5.14, in 2013; high, 5.76, in 2005). Taking into account information from the Arizona Bureau of Public Health Statistics, in the state of Arizona and considering only heat-related deaths, in the period from 1992 to 2009 there were 1485 deaths, growing from only 10 deaths in 1993 to 110 in 2009, with one maximum of 225 in 2005 [39]. From 2009 to 2012, the number of deaths ranged from97 in 2012 to a peak of 137 in 2010 [40]. Considering the five-year average in the full 1992–2012 series [39,40], the annual average of heat-related deaths in Arizona increased from 35.6 in the period 1992–1996 to 116.2 in the 2007–2011 period.


Figure 5. Maximum temperature and mortality rate (per 10,000 inhabitants) during August in Maricopa County (2004 to 2015).
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The correlation between the maximum temperature values and the mortality rate was also studied in this paper. Figure 6 shows the relationship between the mortality rate (per 10,000 inhabitants) and the maximum temperatures recorded in the Maricopa County. If we consider the operational definitions of a heat wave, there must be a threshold from which temperature must have a discernible impact on mortality, and below which there should be no correlation. In the case of Maricopa County, the 90th percentile is 41 °C, which is shown in a dotted line in Figure 6. The extension of the data is not sufficient to prove a statistically valid correlation, but for now an inspection of the dispersion diagram shows an increasing trend from this value.


Figure 6. Relationship between mortality rate and max temperatures during August in Maricopa County (2004 to 2015).
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It is interesting that, as described in the report from Arizona Department of Health Services [39], from 2000 to 2012, illegal migrants from Mexico and Central and South America accounted for almost half of all the heat-related deaths (736), followed by Arizona residents (589), and 210 deaths from individuals from other states, countries, or of unknown origin. Among migrants, young adults between 20 and 44 years old accounted for 71% of the deaths related to excessive heat, and adolescents (ages 15 to 19) accounted for an additional 11.3% of the total number of deaths. The median age of death for migrants was 29 years of age. This is in contrast to Arizona residents, where 65% of all heat-related mortality occurs for adults over 45 years of age, and the median age of death was 57. These data are also interesting to contrast with the data from 1992 to 1999, during which only 54 deaths were registered for illegal immigrants [40].




Northwest Mexico


Mexicali is the Mexican city with the highest number of recorded deaths from heatstroke, so it is reasonable to expect a positive correlation between total mortality and extreme heat. Figure 7 shows the change in the mortality rate (per 10,000 inhabitants) and monthly maximum temperatures from 1990 to 2010 for that municipality. The graph shows that the mortality rate rises during higher maximum temperature periods. The Pearson correlation coefficient between the two variables, mortality rate and maximum temperature, is positive and high (0.67). The mortality information for Mexico was obtained from the databases of the National Institute of Information and Statistics (www.inegi.org.mx).


Figure 7. Mortality rate per 10,000 inhabitants and maximum monthly temperature in Mexicali during August (1990 to 2010).
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Figure 8 shows the correlation between maximum temperature in August and mortality rate. In the case of this city, the 90th percentile of average maximum temperatures is less than 44 °C, so the data set should show a more evident growing trend. The correlation between mortality and temperature of the data shown in the graph is 0.67, and the polynomial fit shown has a correlation coefficient r of 0.585.


Figure 8. Mortality rate (per 10,000 inhabitants) versus maximum temperature during August in Mexicali (1990 to 2010).
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Because the effects of extreme heat on health are manifested only starting from a temperature value or range, a threshold, the correlation between maximum temperatures and mortality will change from one month to another. Figure 9 shows the relationship between maximum monthly temperatures (continuous lines) and mortality (dotted lines) for the months of July, August, and September in the city of Mexicali, between 1990 and 2010. The correlation coefficient is 0.533, 0.67, and 0.322 for July, August, and September, respectively. Naturally, as the end of the summer comes and with the beginning of the coldest months of the year, there will be no correlation between mortality and maximum temperatures. It is therefore recommended that the selection of a maximum temperature threshold be made during the warmest month of the year.


Figure 9. Mortality rate by 10,000 inhabitants for July (a), August (b), and September (c), 1990–2010 in Mexicali, Mexico.
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4. Conclusions


The extreme temperature trends in the Sonoran and Mohave Deserts were analyzed. Some of the most populated cities in the region were selected: Phoenix, Tucson, and Las Vegas in the United States; and Mexicali, Ciudad Obregon, and San Luis Río Colorado (Morelos Dam) in Mexico. It was found that there is a clear increasing trend of extreme heat events in the region. This trend is also statistically significant, which was demonstrated using Spearman’s rho nonparametric test. The climate change models show that this is the expected behavior for the region under the effects of global warming, and therefore we can interpret this result as a signal of the effects of climate change.



As shown in Figure 4, the number of days exceeding the 90th percentile of the average temperatures of the maximums in the analyzed period, in each indicated month, has also increased, which makes the heat waves even more dangerous. Las Vegas was the only city where a statistically significant trend was not found, presumably because of the proximity of the Hoover Dam, but this should be studied in more detail.



A positive and significant correlation between mortality and extreme temperatures in two cities in the selected region was also found. In the case of Phoenix, upon considering the 90th percentile of the maximum temperature, a clear relationship between this variable and mortality was observed, which means that the mortality rate increases continually with the extreme temperature. In the case of Mexicali, with a correlation coefficient of 0.67, there seems to be an increasing trend of mortality as the maximum temperature increases. Because both extreme heat events and the number of days with those events are increasing, and given the undeniable negative health effects from extreme heat, these results prove that there is an urgent need for more detailed prevention and adaptation plans in this climatic region.
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