1.  Introduction

     Over the last 30 years, numerous studies have documented the existence of an urban heat island (UHI) in cities throughout the world (Figuerola and Mazzeo 1998; Ackerman 1985; Karl et al. 1988; Katsoulis and Theoharatos 1985; Lee 1979; Nkemdirim and Truch 1978).  By definition, an UHI occurs whenever the temperatures in an urban area are higher than the temperatures in the surrounding rural areas.  These temperature differences between urban and rural areas have many implications including increased health risks during summer heat waves (Kunkel et al. 1996), the contamination of climate records (Karl et al. 1988) and the modification of global climate.  There is substantial interest in studying the anthropogenic climatological modifications, including the UHI, that have occurred during the last 150 years in order to study climatological temperature trends on both a planetary and local scale.  In fact, knowledge of the UHI is necessary in order to forecast future global temperature trends.

     There are numerous reasons for the existence of an UHI.  Oke (1982) lists a number of factors, such as the reduction of the effective surface albedo due to the relatively dark color of pavement and the reduction of biomass in the central urban areas.  In addition, tall buildings can drastically alter the radiation budget through a variety of what Oke calls "canyon processes".  For example, there is a decrease in longwave radiation because of a reduction of the "sky view factor" which simply means that less longwave radiation escapes since it is reflected or absorbed by the sides of the canyon (i.e. sides of the buildings).  Also, the canyon geometry decreases the total turbulent heat transport due to the reduction of wind speeds which results in less heat energy being removed from the surface.

     In general, the intensity of the UHI is not constant but significantly varies both with season and time of day.  A variety of factors, such as wind speed and direction, cloud cover and differential heating/cooling rates all affect the degree to which the UHI develops.  Ackerman (1985) found that the average intensity of the UHI for Chicago decreased rapidly at sunrise and increased again shortly after sunset.  This is indicative of a strong solar influence due to the differential rates of heating and cooling of the urban and rural surfaces with the rural areas reacting more quickly to changes in solar radiation than urban areas.  In addition, the UHI is sensitive to windspeed to the extent that it is not likely to develop when the wind speed exceeds a certain critical value.  This value is a function of population with the critical wind speed increasing from 5 m/s for a population of 50,000 to over 11 m/s for a city the size of Chicago (Landsberg 1981).  In other words, the increased wind speed results in greater turbulent mixing and the removal of more heat from the city by advection.  It is also interesting that with the correct wind direction an "inverse" heat island can develop in which the rural areas are actually warmer due to the removal of the urban heat and subsequent advection into the rural areas (Figuerola and Mazzeo 1998).  Ackerman (1985), Lee (1979) and Figuerola and Mazzeo (1998) also showed that the intensity of the UHI decreases with increasing cloud cover.  This decrease is most likely due to the modifying effect of cloud cover in reducing the differential heating/cooling rates of the urban and rural areas.

     As mentioned earlier, there is also a seasonal variation of the UHI intensity with some disagreement between studies.  For example, Ackerman (1985) found that the Chicago UHI was strongest during summer while both DeGaetano and Shulman (1984) and Figuerola and Mazzeo (1998) found that it was stronger during the winter for the urban areas that they studied.  These differences could be caused by the different topography and climate of the urban areas.

     Figuerola and Mazzeo (1998) also showed that the intensity of the UHI in Buenos Aires, Argentina decreased during the weekends when compared to mid-week.  They speculated that this behavior was due to enhanced anthropgenic heat production during the week due to increased industrial activity.  This finding further emphasizes the importance of anthropogenic effects in enhancing the UHI.

     In addition to modifying temperatures, it could also be possible that the UHI modifies other properties such as precipitation.  Bornstein and Lin (1999) found that the UHI in Atlanta enhanced the occurrence of thunderstorms along an urban-induced convergence zone which could then result in greater precipitation during the summer months in suburban areas as compared to the more distant rural areas.

2. Data and Method

     The data used for this study was obtained from the Minnesota Climatology Working Group (www.climate.umn.edu).  In this analysis, daily maximum and minimum temperatures, as well as monthly precipitation totals, were evaluated for two locations during 1950-2000.  The rural location chosen was St. Cloud, MN Municipal Airport (STC) while the urban location was the Minneapolis-St. Paul International Airport (MSP).  These two locations were chosen because STC has always been located in a rural area while the region surrounding MSP has become more urbanized during this time period.  It was then theorized that these different  population trends would result in different temperature and possible different precipitation trends during this study period.

     Unlike the previous studies cited in the introduction in which the UHI was simply calculated by subtracting the rural temperature from the urban temperature, the approach used in this study was different.  In this study, only the temperature trend is calculated for the 51-year period with the UHI being isolated by subtracting the rural STC trend from the urban MSP trend.  This approach was used for two reasons.  First, the average temperature in STC is lower than MSP simply due to its different location which would then produce a false UHI.  Second, due to the different population trends at the two locations, it is more accurate to quantify the effects of increasing population by observing the temperature trends rather than just the average temperature difference between the two locations over the entire 51-year period.

3. Results

A. Temperatures

     Figs 1 and 2 show the annual mean temperatures for the last 51 years at STC and MSP.  On first inspection, the prospects for an UHI do not appear very promising.  Overall, both cities have experienced a fairly substantial warming trend over the last 51 years of approximately 0.8 to 1.0(C with the mean MSP temperature increase slightly larger.  However, very interesting trends develop when the maximum and minimum annual temperature trends are calculated.  It is seen that MSP has experienced an additional warming of 0.5(C (fig 3) compared to STC (fig 4) for the minimum temperatures.  However, contrary to the minimum temperature trend, the maximum temperatures have actually increased slightly less (0.3(C) for MSP (fig 5) compared to STC (fig 6) over the same time period.  Initially, the opposite maximum and minimum temperature trends appear confusing, but, in fact, many other studies have observed these same trends (Karl et al. 1988; Katsoulis and Theoharatos 1985).  The best explanation for these opposite trends is the effect that greater pollution levels in urban areas have compared to the lower levels in rural areas.  Simply stated, the increased urban pollution levels essentially behave as a cloud by absorbing and reradiating infrared radiation to the surface during the night and blocking incoming solar radiation during the day.  This would result in enhanced urban nocturnal temperatures and decreased daytime temperatures compared to the rural temperatures.

     As alluded to in the introduction, various studies have shown that the warming trends experienced over the past 51 years have not been spread uniformly over the entire year but instead may be concentrated within certain seasons or even have opposite trends or no trend at all during other seasons.  The results of this study further support these observations.  Table 1 shows the maximum, minimum and mean temperature trends for each season over the last 51 years for STC and MSP.  It is very evident that each season has responded differently to the average warming trend that has occurred in this region.  In fact, all of the warming has occurred within only two seasons (winter and spring) while the summer temperatures have changed little and the average fall temperatures have actually decreased during the last 51 years.  These are very interesting results that cast serious doubt on some of the worries expressed about global warming.  For instance, even though the warming trend over the last 51 years is alarming, most of the warming has occurred during winter and spring while the summer temperatures have remained steady.  This would appear to ease the worries of hotter summers and instead indicate that the winter and spring seasons are steadily becoming warmer.

     Figs 7-12 show the fall temperature trends for STC and MSP.  It is evident from the mean temperature trends (Table 1) that each city has experienced a slight temperature decrease (0.3 to 0.6°C) during the last 51 years.  However, the year-to-year variability is large which results in a poor linear fit (R < 0.16) so that the verification of this decrease is uncertain and may not be as large as indicated.  In addition, MSP has experienced a smaller decrease in the mean temperature which is indicative of an UHI.  Even more compelling is the fact that the minimum temperature trend is 0.7°C warmer for MSP than for STC.  However, the maximum temperatures for MSP have experienced a greater cooling than for STC (Table 1).

     Figs 13-18 show the winter temperature trends for STC and MSP.  Both locations have experienced a very dramatic temperature increase during the last 51 years.  In fact, MSP has warmed by an impressive 2.1°C while STC had a comparable but slightly smaller increase of 1.8°C (table 1).  It is interesting that both cities have experienced remarkable increases in the minimum temperature with MSP increasing by an amazing 2.6°C and STC by 2.1°C over the last 51 years while the maximum temperatures have not increased by the same amount.  Part of this observed trend could be due to the modifying effects of snow cover.  For instance, it is evident that the average maximum temperatures have a great difficulty rising above 32°F (0°C) (figs 17-18) which could be caused by the increased surface albedo associated with snow and results in less absorption of solar energy.  It could also be caused by the modifying effect that melting snow has on increasing the temperature.  Thus, snowcover would more strongly influence the maximum temperature than the minimum temperature.

     It is also noteworthy that after experiencing relatively low winter temperatures during the 1960s and 1970s culminating with the coldest winters from 1976-79, both cities have experienced a substantial warming trend since 1980 (figs 13-16).  However, these results must be viewed with caution because you simply can not base climate trends on only a 20-year temperature trend but this result is interesting nonetheless.

     In addition, even though the variability of winter temperatures is very large, the confidence of the linear fit is actually greater (R from 0.21 to 0.30) than it was for fall which is further evidence that this warming trend during winter is significant.

     One last thing is that winter is the only season that the MSP temperatures, including maximum temperatures, were consistently warmer than STC.  This lends more support to the existence of an UHI in the MSP metropolitan area.  Fig 19 is a wind rose for MSP that shows the direction and magnitude of the wind during January.  It is evident that the prevailing wind is northwesterly which due to MSP's location in the southern suburbs of the Minneapolis-St. Paul metropolitan area, results in the colder, polar airmasses during cold-air outbreaks becoming slightly modified by the extensive urban area upstream of the MSP airport.  This modification results in the MSP mean temperature trend having the largest increase relative to STC during the winter season.

     Figs 20-25 show the spring temperature trends for STC and MSP.  It is evident that both MSP and STC have experienced remarkable temperature increases that are even greater than those experienced during winter.  In fact, the mean temperature increased by 2.1°C at STC and 2.2°C at MSP (Table 1).  Contrary to winter, this increase has occurred during the entire 51-year period rather than just during the last 20 years.  This is also shown by the higher confidence of the linear fit (R from 0.32 to 0.39).  Also evident in Table 1 is that both cities have experienced a dramatic increase in the maximum temperature of about 2.5°C which is more than 1.0°C greater than the increase of the minimum temperatures.  In addition, similar to the fall trends, the MSP mean and minimum temperature are greater than for STC while the maximum temperature trend was less.

     Figs 26-31 show the summer temperature trends for STC and MSP.  Contrary to the other seasons, summer does not have an evident temperature trend during the last 51 years.  This is also evident in Table 1 by the very low confidence of the linear fit (R <0.15).

B. Precipitation

     Figs 32 and 33 show the annual precipitation trends for STC and MSP.  It is evident that each city has experienced a very different 51-year trend.  For example, STC's annual precipitation has slowly decreased while MSP has experienced an impressive increase of over 7 in. (Table 1).  In addition, the linear fit for MSP is very good (R nearly 0.70) which indicates that this is a significant trend.

     Figs 34-41 show the seasonal precipitation trends for STC and MSP.  When the seasonal precipitation totals are calculated, other interesting trends develop.  For example, STC has experienced a decrease in precipitation for every season except fall.  In fact, it is interesting that both cities have experienced their largest seasonal increases during fall with MSP increasing by more than 3 in. during the 51-year period (Table 1).  The highest confidence for the linear fit also occurs in both cities for fall (R of 0.32 for STC and 0.61 for MSP).  When combined with the temperature trends described earlier, this implies that the fall season has become progressively colder and wetter during the 51-year period studied.

     Also of note is the dramatic difference in summer precipitation totals between STC and MSP.  While STC has experienced a decrease of 1.65 in., MSP has actually increased by 2.66 in. for a difference of over 4 in. between the two cities.  Therefore, this season has experienced the largest precipitation increase at MSP relative to STC.  This is a very interesting result because Bornstein and Lin (2000) have found that the Atlanta UHI induces a convergence zone by changing the wind patterns around the city which then leads to enhanced convective activity along the periphery of the urban area.  Due to MSP's location along the southern periphery of the Minneapolis-St. Paul metropolitan area, this induced convection could possibly explain all or at least part of this dramatic increase in summer precipitation at MSP relative to STC.

4. Conclusion

     It has been shown that both STC and MSP have experienced substantial warming trends over the last 51 years.  Each season has reacted differently to this overall warming trend with the winter and spring temperatures increasing, the fall temperatures decreasing and the summer temperatures remaining steady during the 51-year period.

     Evidence of an UHI in the Minneapolis-St. Paul metropolitan area was also observed.  Based on annual means, the average temperature has increased 0.2°C more at MSP than at STC during the last 51 years.  In addition, supporting the results of previous studies, it was found that the minimum and maximum temperature trends behaved differently with an UHI being well pronounced in the minimum temperatures while an "inverse" heat island was observed in the maximum temperatures.  It was proposed that these differences resulted from different urban and rural heating/cooling rates, the effects of pollution and several other factors.

     The precipitation trends at STC and MSP were also evaluated.  It was found that annual precipitation has decreased at STC and substantially increased at MSP.  Both cities have experienced significant increases during the fall season.  In addition, MSP has experienced an increase of over 4 in. of precipitation during summer relative to STC.  It was proposed that this dramatic difference could be caused by enhanced convection due to an UHI-induced convergence zone.
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