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ABSTRACT 

 

 Daily maximum and minimum temperature data from 758 COOP stations in nineteen 

states are used to create temperature decile maps.  All stations used contain records from 1948 

through 2004 and could not be missing more than 5 consecutive years of data.  Missing data are 

replaced using a multiple linear regression technique from surrounding stations.  For each 

station, the maximum and minimum temperatures are first sorted in ascending order for every 

two years (to reduce annual variability) and divided into ten equal parts (or deciles).  The first 

decile represents the coldest temperatures, and the last decile contains the warmest temperatures.  

Patterns and trends in these deciles can be examined for the 57-year period. 

 A linear least-squares regression method is used to calculate best-fit lines for each decile 

to determine the long-term trends at each station.  Significant warming or cooling is determined 

using the Student’s t-test, and bootstrapping the decile data will further examine the validity of 

significance. 

 Two stations are closely examined.  Apalachicola, Florida shows significant warming in 

its maximum deciles and significant cooling in its minimum deciles.  The maximum deciles 

seem to be affected by some localized change.  The minimum deciles are discontinuous, and the 

trends are a result of a minor station move.  Columbus, Georgia has experienced significant 

warming in its minimum deciles, and this appears to be the result of an urban heat-island effect. 

 The discontinuities seen in the Apalachicola case study illustrate the need for a quality 

control method.  This method will eliminate stations from the regional analysis that experience 

large changes in the ten-year standard deviations within their time series.  The regional analysis 

shows that most of the region is dominated by significant cooling in the maximum deciles and 

significant warming in the minimum deciles, with more variability in the lower deciles. 

 Field significance testing is performed on subregions (based on USGS 2000 land cover 

data) and supports the findings from the regional analysis; it also isolates regions, such as the 

Florida peninsula and the Maryland/Delaware region, that appear to be affected by more local 

forcings. 
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CHAPTER 1 

INTRODUCTION 

 

Scientists have been analyzing temperature trends over the globe and determining 

causality for these trends for many years.  The need to accurately quantify trends and attribute 

them to specific causes has become a high priority.  Many statements in the media today 

regarding global climate change are based on annually and globally averaged temperatures.  The 

drawback with this method should be obvious:  the resultant value rarely occurs in reality for any 

particular day at any given point on the globe.  Many studies, including Mitchell (1953) and 

Kalnicky (1974), examine long-term temperature changes utilizing annual or seasonal averages 

for a given number of stations in a region.  Other studies (Hansen et al., 2001), examined long-

term trends in monthly averages by averaging daily maximum and minimum temperatures, then 

averaging those over a month.  Recent studies (Hale et al., 2006 ;  Kalnay et al., 2006) have 

taken this method one step further by analyzing trends in monthly maximum and minimum 

temperatures, along with monthly averages.  Given that vastly different results were observed 

when contrasting maximum and minimum temperatures in their study, monthly averages might 

not give a sufficiently meaningful representation of the long-term trends; so it seems pertinent to 

always conduct analysis of maximum and minimum temperatures separately.   

More recent studies have taken a different approach to show that the tails of temperature 

distributions will provide new results not evident in the averages.  DeGaetano and Allen (2002) 

and Peterson et al. (2007) evaluated temperature trends by concentrating on stations’ maximum 

and minimum temperature extremes (e.g. the 10
th
 percentile cold extremes and the 90

th
 percentile 

warm extremes).  These extreme values can be determined by finding a percentile temperature 

using a base period, or by picking specific temperatures (such as 32°F or 100°F), and 

determining how often these thresholds are exceeded and how these exceedences change over 

time. 

The goal of the current study is to view the entire temperature distribution and examine 

how that changes over time.  The temperature decile maps display the full distribution of 

temperatures throughout time so one can examine trends in the mean, the median, by picking an 

extreme threshold value, or by selecting any desired temperature range. 
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In order to highlight the significance of using temperature deciles to examine regional 

trends, the results from this study will be compared to previous regional trends analyses.  

Peterson et al. [2007, now referred to as P07] presented results from their study at the 87
th

 

Annual American Meteorological Society Conference in San Antonio, TX.  Using daily data 

from the Global Historical Climatology Network (GHCN), they calculated the percentage of 

days that exceeded thresholds of 10% and 90% over North America.  Area-averaged time series 

plots showed that the percentage of days which fell below the 10% threshold (for maximum and 

minimum temperatures) has decreased from 1950 through 2005.  However, the percentage of 

days which have exceeded the 90% threshold has increased over time, with a sharp increase in 

the minimum temperatures.  Because their thresholds were determined by each calendar day, 

there was no seasonal distinction between the top and bottom thresholds.  Therefore, they also 

presented results when looking at the hottest (July) and coldest (January) days of the year.  In 

both maximum and minimum temperatures they found a decrease in the number of coldest days 

and an increase in the number of hottest days.  P07 concluded that “cold winter extremes are 

warming faster than summer hot extremes. Or…rather than warming, North America is 

becoming less cold.” 

In 2002, DeGaetano and Allen (now referred to as DA02) conducted a study, using 

stations from the United States Historical Climatology Network (USHCN) to evaluate trends in 

exceedences over extreme thresholds of 95% and 5% across the U.S.  Unlike the work of P07, 

the low and high extremes generally represented the winter and summer seasons, respectively.  

Regional images showed a general increase in the number of exceedences over 95% from 1960-

1996 for maximum and minimum temperatures, and they found an overall decrease in the 

number of exceedences below 5% for the same time period.  As with P07, DA02 found an 

increasing number of warm extremes and a decreasing number of cool extremes, and they 

concluded that these results were strongly influenced by urbanization.   

Kalnay et al. [2006, now referred to as K06] calculated monthly maximum and minimum 

average temperatures over the eastern United States from 1950 to 1999 using daily data from the 

National Weather Service Cooperative Station Network.  They discovered that in the summer, 

minimum temperature trends varied greatly over the eastern U.S. with strong warming 

concentrated around Indiana and Ohio.  However, maximum temperatures in the summer have 

been cooling over much of the region.  In the winter, maximum and minimum temperatures have 
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warmed over the entire region since 1950, excluding Iowa where maximum temperatures have 

cooled.  With regard to the warmer temperatures, the findings of K06 seem to contradict the 

results found by P07 and DA02.  Even though the two latter studies found an increase in the 

number of threshold exceedences in warm temperatures, the former study has shown that 

summer maximum temperatures have cooled over time. 

Not only is it important to determine the trends of a region, but all possible causes should 

be explored to learn why trends are occurring.  In 1974, Kalnicky studied the relationship 

between temperature changes and hemispheric circulation.  Using EOF analysis, he showed that 

an observed temperature shift in the northern hemisphere around 1950 coincided with a shift in 

the northern hemispheric circulation from a meridional flow to zonal flow.  Changnon (1992) 

discussed the effects that urbanization would have on temperature trends—growth in urban areas 

not only causes changes in temperature observations but affects the weather patterns and climate 

of that area.  Recently, interest has sparked on how temperatures are affected by changes in land 

cover (Hale et al., 2006).  Not only do land cover changes associated with urbanization modify 

surface temperature observations, but irrigation, vegetation, and removal or growth of trees can 

also play a significant role. 

Perhaps one of the most definitive studies on the causes of temperature trends was 

conducted more than fifty years ago.  In 1953, Mitchell outlined many possible influences on 

long-term temperature changes.  A simplified reconstruction of Fig. 1 from his paper is presented 

(Fig. 1.1) and shows a variety of these influences.  Changes can be caused by large-scale 

phenomena such as shifts in the general circulation or changes in sea surface temperatures.  

Many times, long-term temperature changes can be a result of local modifications (e.g. 

population increases, industrial smoke, change in foliage cover, etc.).  There are also instances 

when small alterations, such as calibrating a thermometer or moving a station, can lead to 

amplified shifts in temperature trends.  Mitchell stated that, “In the usual case of an indicated 

interdecadal temperature rise of 1 or 2F, many instrumental and local-environmental 

influences… seem individually capable of accounting for the entire trend.” 

The goal of this study is to provide an accurate representation of regional trends and 

conjecture as to the causes of these trends.  This will be accomplished statistically testing the 

trends at each temperature decile for significant warming or cooling.  Two case studies are 

presented—one station showing significant warming in the maximum deciles and significant 
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cooling in the minimum deciles; one station, in an urban area, showing significant warming in 

the minimum deciles.  These two stations illustrate some of the limitations of station data and 

how station dynamics and local phenomena can modify the temperature deciles. 

A regional analysis is also presented to provide a picture of the large-scale temperature 

changes.  The maximum temperatures show dominant cooling throughout the deciles, and the 

minimum temperatures experience higher variability, but a warming signal is evident in the 

upper deciles.  Although local forcings affect a few smaller regions, and the lower minimum 

deciles, some large-scale shift appears to be the cause of the trends in the region.  

 

 

 

Fig 1. 1: A sample from Fig. 1 of Mitchell (1953) which shows a flow chart of many possible causes of long-

term temperature changes observed at a station. 
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CHAPTER 2 

DATA AND METHODOLOGY 

 

Data 

This study uses data from the National Weather Service’s Cooperative Station Network 

(COOP).  The National Climatic Data Center provides this quality-controlled data which record 

daily maximum and minimum temperature and precipitation.  Stations were chosen spatially, 

within a specified region of the southern, eastern, and central United States (Iowa, Missouri, 

Arkansas, Louisiana, Mississippi, Alabama, Tennessee, Kentucky, Illinois, Indiana, Ohio, West 

Virginia, Maryland, Delaware, Virginia, North Carolina, South Carolina, Georgia, and Florida), 

and temporally, with a specified period of record from 1948 through 2004. 

 

Quality Control 

The majority of the stations that met the spatial and temporal requirements contain 

missing data.  Stations that contain more than five consecutive years of missing data were 

automatically discarded.  A multiple linear regression method is used to replace the missing data 

at the remaining stations. 

For each station, two to five surrounding stations within a fifty-mile radius are chosen.  A 

relationship needed to be determined between these surrounding stations and the reference 

station.  In order to do this, the raw temperature data at each station are first detrended, then the 

seasonal cycle is removed by subtracting the monthly average from the daily data to give a 

resultant residual 

"ij = Ti # ai # b #T j      (2.1) 

where i represents the day, j represents the month, a is the slope of the data and b is the y-

intercept.  Ti is the temperature for that day and T j  is the average temperature for that month.   

Missing datapoints are ignored in this analysis, and these calculations are done separately for 

maximum and minimum temperatures. 

 A correlation between the reference station’s residuals and each surrounding stations’ 

residuals is calculated.  Because of the large number of datapoints, almost any correlation is 

mathematically significant, so for this study, a good relationship between the reference and 
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surrounding is defined as having a correlation greater than or equal to 0.6.  If the correlation is 

less than 0.6, the surrounding station is not used to replace the data at the reference station. 

The residuals from the good surrounding stations and the reference station are used to 

calculate a multiple linear regression. This multiple regression line is then used to replace the 

missing value at the reference station with a calculated residual 

"
ri
= #

0
+ #

1
"
s1i
+ #

2
"
s2i
+ ...#

n
"
sni

    (2.2) 

where "
ri
 is the calculated reference residual at day i, "

0
 through "

n
 are the calculated 

coefficients for n number of surrounding stations, and "
s1i

 through "
sni

 are the residuals for each 

of the surrounding stations at day i.  The trend and monthly average are added to "
ri
 to compute a 

new Ti for the missing day. 

Allen and DeGaetano (2001) cited Kemp et al. (1983) as showing that a regression-based 

approach to estimate missing temperature values tends to be more accurate than within-station 

(e.g. using the surrounding days’ temperatures) and between-station methods (e.g. a weighted 

average temperature based on the geographical distance between the stations).  Because the 

method above relies on the residuals, the calculated temperature is only dependent on the 

departure from normal, and not dependent on the temperatures, from the surrounding stations.  

Using this method also allows the use of urban stations (which tend toward warming trends) to 

calculate data at a rural station since the trends are removed.   

When compared with other methods, using the calculations from the multiple linear 

regression approach recreated temperature data more accurately.  The accuracy of this 

replacement method can be seen when temperature data from a station with a complete data 

record are assumed missing (Fig. 2.1).  For the sample station, the multiple linear regression 

method demonstrates high precision in calculating missing maximum and minimum temperature 

data for most of the time periods. It appears to be least accurate when calculating summertime 

maximum temperatures, and the method tends to underestimate extreme events in many cases.  

However, even when the calculations deviate from the actual observations, the method still 

catches all the fluctuations and cold/warm events.  Decile plots are created assuming that the 

sample station is missing three years of data.  These decile plots, along with decile plots created 

from the previous example, show little changes from the real decile plot.  The replacement of 

missing data using the multiple linear regression method only leads to minor alterations in the 
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decile plots and will have little to no effect on the trends analysis.  After utilizing this 

replacement method, 758 stations with complete records were deemed adequate for the study.  

 

Creating Decile Plots 

 It is important to find a method of analyzing maximum and minimum temperatures and 

trends at all the stations, and analysis of the monthly means or extremes won’t provide sufficient 

information.  A temperature decile map is an ideal way to view the entire distribution of 

temperatures and how it changes over time. 

 The decile plots contain all 57 years of daily data with one plot representing maximum 

temperatures and a second plot for minimum temperatures (Figs. 2.2-2.3).  The temperature data 

are grouped into sets of two years, to reduce annual variations, so that each time increment 

contains 730 temperatures.  To ensure that the deciles always contain the same numbers through 

time, leap days are removed from the data.  The data are then sorted in ascending order.   A 

Hanning filter is performed on  the data to further eliminate any higher frequency signals.  The 

Hanning filter takes the sum of 25% of the temperatures from the surrounding time increments 

and 50% of the current time increment’s temperature to obtain a smoothed temperature 

Tsmooth = 0.25Tyr"1 + 0.5Tyr + 0.25Tyr+1    (2.3) 

 The data are then separated out into ten deciles (one decile is one tenth of each time 

increment).  The first decile contains the first 73 datapoints and represents the coldest 

temperatures, while the tenth decile contains the 658
th

 to 730
th
 datapoints and represents the 

warmest temperatures. Because the deciles contain two full years of data, the lowest deciles tend 

to contain the cold season (or winter) temperatures, and the highest deciles mostly represent the 

warm season (or summer) temperatures. 

 Phoenix, Arizona’s minimum temperature decile map (Fig. 2.3) gives an example of how 

easily trends can be identified. In the first decile, around 1950, minimum temperatures range 

from the mid 30s to lower 40s.  By the end of the 20
th

 century, the first decile ranges from the 

lower 40s to upper 40s.  Near the beginning of the period, the hottest temperatures for Phoenix 

are around the mid 80s.  But by the end of the record, the hottest temperatures are in the 90s.  

This is clear evidence of the existence of a warming trend in Phoenix’s minimum temperatures.   
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Terminology 

 In this study, all of the statistical analysis is conducted at the first, second, fifth, eighth, 

and ninth deciles.   The previous section stated that each decile contains 73 temperatures, but 

only the highest temperature threshold for each decile is used for the statistical analysis.   In 

subsequent sections, the term “decile” is used loosely.  The first decile refers to the 73
rd

 

temperature, the second decile to the 146
th

 temperature, the fifth decile to the 365
th
 temperature, 

the eighth decile to the 584
th
 temperature, and the ninth decile to the 657

th
 temperature. 

 

 

 

 

Fig 2. 1: Comparisons of real temperature data (blue line) to calculated temperature data (red line) using the 

multiple linear regression approach for Belle Plaine, Iowa.  Data were calculated for missing time periods 

during Jun-Jul 1998 (Tmax, upper left), Dec 1975-Jan 1976 (Tmax, upper right), Aug-Oct 1966 (Tmin, lower 

left), and Mar-Apr 1948 (Tmin, lower right). 
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Fig 2. 2: Daily maximum temperature decile map for Phoenix, AZ. The x-axis represents the ten deciles, the 

y-axis represents time (a 2-year running period), and the temperature contours are in °F. 

 

 

Fig 2. 3: Same as Fig. 2.2, except for daily minimum temperatures. 
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CHAPTER 3 

STATISTICAL ANALYSIS 

 

 To examine the trends at each station, linear least squares regression lines are fitted for 

each decile over the 57-year period.   These best-fit lines can show us long-term trends in the 

cold extremes by analyzing the lower deciles and long-term trends in the warm extremes by 

analyzing the upper deciles.  Temperature data have been found to follow a generally Gaussian 

distribution, and, due to the Central Limit Theorem and the large number of datapoints, the 

decile data are also assumed to be normally distributed (Wilks, 1995).  To determine the 

significance of the trends at each decile, the Student’s t-test (a parametric test that assumes a 

normal distribution) is used, and the data are also bootstrapped. 

 

Student’s t-test 

 This statistical test checks for significance by examining the slope of the best-fit line at 

each decile for n=56 datapoints (56 datapoints, not 57, because every two years were combined).  

The null hypothesis, H0, is that this slope is zero and there is no trend (Yale Statistics 

Department, 1997).  The t-statistic is calculated as 

t
stat
=
m

"
      (3.1) 

using the slope, m, and the standard deviation of the slope, σ.  If this t-statistic is greater than the 

critical t-value (determined by the degrees of freedom) then H0 can be rejected, and the slope is 

assumed to be statistically significant. 

 The standard deviation of the slope calculation is shown in equation (3.2), which uses the 

variance of the data, equation (3.3), and equation (3.4) shows the calculation of the residual 

which is used to find the variance (Inczédy et al., 1998). 

 

" =
n(var)

n x
i

2 # x
i$( )
2

$
     (3.2) 
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var =

"
i

2

i=1

n

#

n $ 2
      (3.3) 

 

"i

i=1

n

# = T
i

i=1

n

# $mx
i
$ b       (3.4) 

 

 After the t-statistic is calculated, it is compared to the critical t-value.  This critical value 

is determined assuming a 95% confidence interval.  For independent data, the degrees of 

freedom is usually n-2, or 54 for this study.  Since the temperature data used in this study are not 

independent, new degrees of freedom need to be calculated for each decile of every station.  This 

is done by detrending the data at each decile and calculating the autocorrelation function. The 

new degrees of freedom is calculated as 

" =
n

lag
      (3.5) 

where lag is the value at which the autocorrelation function first crosses the zero line.   

 If the calculated t-statistic is a positive number and greater than the critical t-value, it is 

assumed that the decile has experienced a statistically significant warming trend over the past 57 

years.  If the t-statistic is a negative number and its absolute value is greater than the critical t-

value, then the decile is showing a statistically significant cooling trend.  In this study, when a 

station is referred to as experiencing “significant warming” or “significant cooling,” it is based 

on the results of the Student’s t-test. 

 All the deciles for Phoenix’s minimum temperatures (Fig. 3.1) show a strong warming 

trend throughout the time period (with a cool event evident in the early 1960s).  The table 

(bottom of Fig. 3.1) gives slopes (°F/decade) and the uncertainty in the slopes.  From Taylor 

(1997), the uncertainty in the slope is calculated as 

"m =" y
n

#
      (3.6) 

where σy denotes the standard deviation of the data and Δ is defined as 

" = n x 2# $ x#( )
2

     (3.7) 
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 Phoenix has experienced a warming trend from 1°F to 2°F per decade across all the 

minimum temperature deciles, with small uncertainty in the slopes.  According to the Student’s t-

test, all of these slopes are significantly positive.  The ten-year trends for Phoenix indicate a 

cooling period in the late 1950s and early 1960s, but the remaining decades are dominated by 

warming. 

 

Bootstrapping Method 

 To further support the results of the Student’s t-test, the temperature data for each decile 

at every station are also bootstrapped.  The bootstrapping method is used to randomly resample 

the data and determine a confidence interval for the slope of the best-fit line.  In this study, the 

temperature data at each decile are randomly sampled, and ten of the 56 datapoints are chosen.  

These ten temperatures are sorted by year, and a slope is calculated using the linear least-squares 

regression method.  This is done 1000 times, and these 1000 slopes are sorted in ascending order.  

The mean of these 1000 slopes will be virtually identical to the actual slope calculated using all 

56 datapoints at once.   

Assuming a 95% confidence interval, the 975
th

 slope represents the top threshold, and the 

25
th

 slope represents the bottom threshold, of the confidence window.  It is important to note that 

since only ten datapoints are chosen, the distribution of slopes will be large, and this will result 

in an overestimate of the error bounds, thus generally showing larger uncertainty than was 

calculated in Eq. 3.6.  This problem is countered by the fact that bootstrapping the data also 

underestimates extremes, therefore reducing the confidence interval.  These factors should be 

taken into consideration when viewing the confidence intervals of the bootstrapped data. 

If a station is significantly warming (according to the Student’s t-test), the bootstrapped 

data could support this if both the top and bottom threshold slopes are positive.  A station with 

significant cooling would also be further supported if the top and bottom threshold slopes are 

both negative.  If the confidence windows are small (equating to small uncertainty) the result at a 

station could also be considered more valid. 

 To continue with the example station, Phoenix’s minimum temperature data are 

bootstrapped (Fig. 3.2).  Bootstrapping the data at each of the deciles always yields positive 

results—the slopes will never be negative based on a 95% confidence interval.  Most of the 

deciles also show little uncertainty in the slopes.  These results, combined with the results of the 
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Student’s t-test lead to the assumption that the warming trend observed in Phoenix’s minimum 

temperatures is real and significant. 

 

 

Fig 3. 1: Minimum temperature trends for Phoenix at the 1
st
, 2

nd
, 5

th
, 8

th
, and 9

th
 deciles.  The plot on the left 

shows trends over the entire period and the plot on the right shows ten year trends.  The table at the bottom 

gives the change in temperature per decade for each decile (plus or minus the uncertainty in the slope) and 

their significance using the Student’s t-test.  
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Fig 3. 2: Minimum temperature trend confidence intervals (at a 95% significance level) for Phoenix using 

bootstrapped data.  The slopes are in units of temperature (°F) / time (years).  The red dashed line represents 

the 975
th

 slope out of the 1000 bootstrapped slopes, and the blue dashed line represents the 25
th

 slope.  The 

black dashed line is the average slope of the bootstrapped slopes and closely resembles the actual slope of the 

data (the solid black line). 
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CHAPTER 4 

RESEARCH AND RESULTS 

 

 This section is broken up into several parts.  First, two case studies are presented after 

finding stations of particular interest (the locations of the case studies are illustrated in Fig. 4.1).  

In each case study, possible causes for the observed trend will be presented, and it will be 

determined whether these trends are valid or simply due to station dynamics.  After highlighting 

some of the limitations of station data, a quality control method is utilized to remove stations 

with discontinuous data from the study.  Next, the region is analyzed for trends in each decile—

localized areas and larger scale regions are identified.  The final part will support the initial 

analysis with field significance testing and will then conjecture as to the causes of these 

recognized regional trends. 

 

Case Study—Apalachicola, FL 

 The COOP station in Apalachicola is located at the Apalachicola Municipal Airport (Fig. 

4.2).  The NCDC webpage for Apalachicola gives information about the station and states that 

Apalachicola is virtually surrounded by water on all sides—the Gulf of Mexico from the 

northeast to the southwest and rivers, creeks, and other smaller bodies of water to the north.  The 

website also says, “The land area is generally sandy, and is heavily covered with Pine and 

Cypress forests and scattered Palmetto Palms.”  The climate of the area is typically mild, with 

the possibility of thunderstorms in every month of the year.  Fig. 4.2 shows that the station is not 

near any buildings or major roads.  The Gulf of Mexico can be seen to the south, the city of 

Apalachicola (with a population of under three thousand people) is to the east, and the airport is 

to the west of the station. 

 The decile plot of maximum temperatures at Apalachicola (Fig. 4.3) indicates a warming 

trend throughout the time period that appears to be more prevalent in the middle to upper deciles.  

A slight warm period existed in the early 1970s, and a colder period was present in the early 

1980s.  Also of note in the plot is a spike in the late 1990s, which is much more pronounced in 

the upper deciles.  This spike indicates that there was a greater occurrence of warmer 

temperatures in those years and also could mean the area experienced hotter summers.  The two-
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year running mean of the maximum temperatures has increased over time from the light blue 

temperatures to the dark yellow temperatures. 

 The ten-year trends graph (Fig. 4.4) shows a cooling trend in the lower deciles from the 

beginning of the time period to the early 1960s.  Warming trends dominate the rest of the time 

period.  The warm periods in the early 1970s and late 1990s are obvious in the trends graph.  The 

table (bottom of Fig. 4.4) shows the trends over time for each decile, with the changes at 

Apalachicola ranging between 0.5°F and 1°F warming per decade.  The smallest uncertainties in 

the slopes occur in the middle and upper deciles.  The Student’s t-test indicates that all the 

maximum temperature trends are significant. 

 The bootstrapping method also provides evidence of the warming occurring in the 

station’s maximum temperatures (Fig. 4.5).  At all deciles but the first the confidence intervals 

suggest warming.  The first decile’s bottom threshold is slightly negative.  This, coupled with the 

larger uncertainty in the slope, implies that the significance at that decile may be questionable.  

The fifth, eighth, and ninth deciles give the clearest results, showing the smallest deviations from 

the actual slopes of the data. 

 The results of the bootstrapping combined with the results from the t-test could mean that 

Apalachicola is indeed experiencing a long-term warming trend in its maximum temperatures—

and more specifically in the upper deciles (or summertime temperatures).  The next question 

would be: What is causing this warming trend? 

 To narrow the scope of possible causes for a warming trend, factors that have had no 

obvious impact on the temperature records can be eliminated.  Fig. 2 of Mitchell’s paper (1953) 

shows the local factors that could affect temperature changes at a station and the magnitude of 

the effects.  Factors are divided into two categories—gradual changes and discontinuous 

changes.  Because the maximum temperature trend at Apalachicola doesn’t appear to be 

discontinuous, those factors (such as station moves, or building and pavement construction) will 

be ignored.  Since Apalachicola’s COOP station does not appear to be affected by any urban 

influences, many of the gradual change factors can also be neglected.  City heat, smoke, and 

shelter dirtying will probably not exist in the area.  This leaves two possible local factors—

growth of foliage, which could cause a rise or decrease in rural temperatures, and change in 

thermometer calibration, which leads to a general rise in temperature observations. 
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 Larger scale factors also need to be taken into consideration when attempting to 

determine the causes of the temperature trends.  Kalnicky (1974) observed a major shift in 

temperature trends, around 1950, that coincided with a change in hemispheric circulation from 

zonal to meridional.  Hale, et al. (2006) found that a region could experience warming trends 

following a change in the land use/land cover.  Land cover shifts from forest to urban and from 

cropland/pasture to grassland/shrubland both lead to warming tendencies.  According to Mitchell 

(1953) these changes in vegetation could affect the local wind speeds and transpirational cooling 

in the area, which both in turn would cause a shift in the temperature observations. 

Large-scale changes might also cause a modification in the precipitation patterns over the 

region—this could indirectly affect the temperature:  a decrease in precipitation would mean a 

decrease in the cloud cover which could allow maximum temperatures to rise.  Examination of 

Apalachicola’s annual precipitation totals show little change over time. 

It is also important to note that the station’s close proximity to the Gulf of Mexico could 

be playing a role—changes in the gulf’s sea surface temperatures, or a shift in the sea breeze 

circulation, could alter the observations taken at the station.  An examination of AVHRR 

Pathfinder satellite-derived monthly average sea surface temperatures from 1985-2004 (POET 

website, 2007), for January and July, show that SSTs along the northern Gulf coast are fairly 

homogeneous and display no obvious trend.  Even if the SSTs did show a warming, this would 

only slightly modify the temperature trends.  It could not fully explain the nearly 1°F warming 

per decade that has occurred in the maximum temperatures at Apalachicola.   

 Alterations in temperature advection across the region could give insight into the possible 

causes for the warming trend by examining changes in both the temperature gradient and wind.  

NCEP/NCAR Reanalysis 6-hourly temperature and wind data are used to compute daytime 

temperature advection.  Monthly-averaged temperature advection is calculated by averaging the 

1800 UTC temperatures and winds for each gridpoint.  The lower resolution of the reanalysis 

data (2.5° x 2.5°) could mean that smaller scale processes won’t show up, but the analysis might 

still give informative results regarding the region. 

During the winter, a Hovmöller diagram of temperature advection at 30°N (Fig. 4.6) 

shows that prior to the mid 1970s, the region typically experienced weak cold advection.  In the 

mid 1970s, a time of strong warm advection prevailed, quickly followed by a short period of 

strong cold advection.  Following this shift, advection in the region became more localized.  
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Areas to the east and west of Apalachicola see no advection to very slight cold advection.  But 

around 85°W (the approximate location of Apalachicola), the advection is also very weak, but 

slightly warm.  The meridional winds near Apalachicola also observed a large jump in the mid to 

late 1970s.  But there does not appear to be a shift in the winds before and after this jump.  The 

winds consistently oscillate between -1 ms-1 and 1 ms-1.  This suggests that the changes in 

advection are a result of temperature gradient changes.  Because this is not apparent at the 

neighboring longitudes, the observed temperature advection shift is more localized, and this 

might mean that the temperature trends are also just specific to that area. 

Weak warm advection is prominent over the region in the summer (Fig. 4.7).  The region 

east of approximately 87°W experiences stronger warm advection through time, and to the west, 

the region experiences more periods of cold advection.  Focusing in at 85°W, there does not 

appear to be a trend in the advection over time, but the magnitude of the meridional wind has 

decreased from the 1960s to the 1990s.  This could mean the temperature gradient has increased, 

in turn compensating for the weakening winds. 

 The advection maps point to more localized shifts, thus discounting the possibility that 

the trend is due to large-scale circulation changes.  This limits the possible causes to a local 

growth of foliage, a change in the temperature calibration, or a regional land use/land cover 

change. 

 A change in the temperature calibration has played a role in the observed temperatures at 

Apalachicola.  In 1998, the station became ASOS, resulting in instrumentation changes, 

modifications in the methods of observation, and the replacement of the temperature shield, all of 

which will alter the temperature observations (Sun et al., 2005).  This coincides with a jump in 

the maximum temperature observations, evident in the upper deciles (Fig. 4.3).  This does not 

fully explain the warming trend—all of the temperature deciles were warming before this time. 

 It is most likely that the warming in the area is due to changes in land.  The land cover 

surrounding Apalachicola has possibly changed, thus the air being advected into Apalachicola is 

warmer.  There is also the possibility that the air over the Gulf of Mexico has also warmed, 

weakening the sea breeze circulation and resulting in warmer temperatures over Apalachicola. 

 The minimum temperature decile map for Apalachicola displays significant warming at 

all the deciles (Fig. 4.8).  Following a cold period in the late 1960s, the station experienced a 

strong warming trend until the mid 1970s.  The most obvious feature is the large jump in the 
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temperatures around 1975, and it is even more evident in the trends plot  (Fig. 4.9).  This 

discontinuity brings into question the quality of the data at the Apalachicola COOP station.  It is 

highly unlikely that the discontinuity is the result of large-scale, natural changes in the 

environment (and certainly not due to any urban changes, since the area is sparsely populated 

throughout the time period).  

 Both the trends plot (Fig. 4.9) and the bootstrapping plots (Fig. 4.10) conclude that 

significant cooling is occurring in the station’s minimum temperatures at all deciles.  But the 

uncertainty in the slopes are large, leading to the questions: is the jump in the data biasing the 

trend, and what is causing the jump?  According to Mitchell (1953), an observed discontinuous 

trend could be caused by a change in the calculation of the mean temperature, or it could be the 

result of a site relocation.  One of the advantages of this study’s examination of maximum and 

minimum temperature deciles is that changes in mean calculations have no bearing on what’s 

being observed.  Also, major site relocations will not show up in the study since  COOP IDs are 

required to change in the event of a large move.  But minor relocations are allowed and can have 

a noticeable impact on temperature observations. 

 The NCDC website records station history and shows that prior to May 20, 1975 the 

Apalachicola COOP station was originally located closer to the city of Apalachicola and very 

close to the mouth of the Apalachicola River.  On May 20, 1975 the station moved 

approximately 3’ due west—a distance of nearly three miles—to its current site at the airport. 

 When studying the minimum temperature trends (Fig. 4.9) it appears that the 

temperatures were rising at the station, dropped suddenly around 1975, but continued to rise after 

that.  This is more obvious in the lower deciles.  The upper deciles only show a mild drop in 

temperature at that time, but no warming before or after the shift.  From these statements, one 

can deduce that the temperature at the airport was cooler than the temperature near the river 

around the time of the location change.  Both locations showed a warming trend in their 

wintertime temperatures from the late 1960s through the early 1980s. 

 Although this problem can never be fixed in the actual data, it is possible to conjecture 

what the temperature trends might have looked like if the station location had never changed.   

The first decile temperatures are reconstructed calculating the slope immediately before the drop 

and moving the subsequent point along that slope (Fig. 4.11).  This simple reconstruction method 

removes the drop, and the significant cooling trend is replaced by a warming trend due to the 
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strong warming that occurred in the late 1960s through early 1980s.  This may not be 

representative of the real, observed temperatures near the Apalachicola River, but it is clear to 

see from these results that the station move is solely responsible for the significant cooling seen 

in this station’s minimum temperatures. 

 One question that arises is why this discontinuity was not detected in the maximum 

temperature deciles.  Looking back at Figs. 4.3 – 4.4 only a slight “bump” in the data can be seen 

around 1975.  This bump could be attributed the station move, but it is much smaller in 

magnitude and does not have an effect on the overall temperature trends.  It can be assumed that 

the temperatures in the region are more homogenized during times of maximum heating due to 

the mixing associated with the sea breeze and mixing in the boundary layer.  So, maximum 

temperatures near the Apalachicola River would be very similar to maximum temperatures at the 

airport three miles away.  However, at nighttime the sea breeze dies, the air is more stable,  and 

minimum temperatures will be more heterogeneous.  The original location was situated closer to 

a source of water, where the air contains more moisture, inhibiting the overnight low from 

dropping too much.  Areas not too far away, but without this reservoir of moisture in the air, 

could experience much lower dewpoints,  and in turn much cooler temperatures—as is the case 

with the new location at the airport.  This obviously had a negative impact on the data records; 

but it is important to know because it brings into light the limitations of station data.  When 

station data are used to analyze regional trends, the researcher should always keep these 

limitations in mind when making statements about local or large-scale climate shifts. 

 

Case Study—Columbus, GA 

 Columbus, Georgia’s COOP station is located at the Columbus Metropolitan Airport, in 

the northeast corner of the city (Fig. 4.12).  The station is just east of the Chattahoochee River 

and sits at an elevation of 120 m above sea level.  The NCDC webpage for Columbus states that 

the “effects of terrain on the weather are negligible.”  Although the area can still be affected by 

maritime airmasses, it is far enough inland to also be affected by continental airmasses, and it 

will likely have a much wider seasonal variability than Apalachicola.  Much of western Georgia 

and eastern Alabama consists of cropland and evergreen forests.  These types of land cover 

surround Columbus, but the local area (where the station observations are taken) is considered 

urban; observed temperature trends could possibly be the result of an urban “heat island” effect. 
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 Decadal variability can be seen in the lower maximum temperature deciles (Fig. 4.13).  

One interesting feature is the warming in the lower deciles and cooling in the higher deciles that 

occurred in the mid 1970s.  A trend is not apparent, and the trends map, with t-test results, 

supports this (Fig. 4.14).  Aside from the decadal variability, the temperatures at each decile 

remain consistent.  Bootstrapping the data (Fig. 4.15) also shows that no substantiated warming 

or cooling trend exists in the maximum temperatures at Columbus. 

 Evidence of a warming trend can be seen throughout the daily minimum temperature 

deciles (Fig. 4.16).  Within the second decile, near the beginning of the period, minimum 

temperatures stay below 40ºF.  But by the end of the period, temperatures in the lower 40s occur 

before the third decile starts.  Similarly, in the tenth decile, the number of occurrences of 

minimum temperatures over 75ºF gradually increases over time. 

 The warming trend can be more easily seen in the trends plot of Columbus’s minimum 

temperatures (Fig. 4.17).  The lower deciles show an increase of nearly 1ºF per decade.  The 

upper deciles show increases of around 0.5ºF per decade, but the variability in these deciles is 

minimal, with small error in the slopes.  The ten-year trends show that warming has dominated 

all of the deciles through most of the 57-year period.  The warming at all of the deciles for 

Columbus is significant according to the Student’s t-test. 

 The bootstrapped slopes (Fig. 4.18) are in agreement with the t-test.  Excluding the fifth, 

the confidence intervals for all the minimum deciles at Columbus are small and strongly positive.  

The fifth decile seems to coincide with the fifth decile analysis of the entire region—the median 

temperature trends throughout many of the states appear much more capricious than the lower 

and upper deciles, which tend to show more uniform trends across the region.  This variability in 

the fifth decile suggests that there is negligible change in the spring and fall temperatures—or, 

the normal distribution of temperatures has not significantly deviated, but the tails of the 

distribution have. 

 According to Mitchell (1953) the warming seen in Columbus’s minimum temperatures 

might be due to the following localized changes: an increase in city heat or industrial smoke, 

progressive shelter dirtying (all due to urbanization), or a change in thermometer calibration. 

Columbus’s station became ASOS in 1994, but there are no changes in the temperature 

observations at this time, so thermometer calibrations or changes are probably not the cause of 

the warming trend. Discontinuous changes are not seen, therefore those factors can be ignored.  
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In the next section, the regional analysis shows that much of the region is dominated by 

significant warming in the upper minimum deciles.  This could suggest that the trends seen at 

Columbus are due to some large-scale shift.   

 GIS maps of USGS 2000 Land Cover indicate the station is located over urban land 

cover.  Maps of county population changes show that the population of Muscogee county 

increased by 50% from 1950 to 1990—an increase that has not been experienced by surrounding 

counties.  The population increases seen in Muscogee county are almost entirely due to the 

growth of the Columbus area.  These factors suggest that the changes in the deciles could be a 

result of urban growth.  To evaluate this statement, the Columbus deciles are compared to the 

deciles of surrounding stations (Changnon, 1992). 

 Six stations surround the Columbus station, all sharing similar land cover types—either 

cropland and pasture or evergreen forests.  None of the stations share the significant warming 

observed at Columbus.  The minimum decile temperatures at Cuthbert are subtracted from those 

at Columbus (Fig. 4.19).  In the lower and median deciles, the temperatures were initially 

warmer at Cuthbert.  Near the end of the record, the temperatures at Columbus are at or above 

the Cuthbert temperatures.  A sharp increase occurred in the mid 1990s which might be 

attributed to an increase in urban and commercial development.  In the upper deciles, 

temperatures at Columbus were close to (or below) those at Cuthbert in the 1950s.  But the 

temperature differences between the two stations shifted, and, in the final decade, Columbus was 

generally 2ºF warmer.  The other surrounding stations show similar results—Columbus’s 

temperature deciles have rapidly increased over time and surrounding deciles have not.  This 

indicates that the warming occurring at Columbus is local and most likely due to the urban 

development of the area. 

 When evaluating the decile and trends plots, and the temperature difference maps for 

surrounding stations, a discrepancy between the lower and upper deciles becomes apparent.  

Obviously, the wintertime temperatures are more affected by the localized climate shift than the 

summertime temperatures.  This is in disagreement with previous studies (Mitchell, 1953 ; 

Changnon, 1992), which find that urban warming will have a greater impact on summer 

temperatures.  It is important to determine why analyses of the Columbus deciles lead to 

contradictory results. 
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 Seasonal distributions for cold minimum temperatures and warm minimum temperatures 

are determined for Columbus (Figs. 4.20-4.21).  Minimum temperatures ranging from 28ºF to 

39ºF tend to occur most often in December, January, and February (Fig. 4.20).  From 1950 to 

1970, December-February generally accounted for 50-70% of this temperature range.  From 

1980 to 2000, a slight increase to 60-80% falls within this three-month period.  This is due to the 

decrease in contribution from the month of March.  As time progresses, it is less likely that the 

given temperature range will occur in March.  Therefore, the seasonal distribution for these 

colder minimum temperatures has decreased over time, suggesting that the cold season in 

Columbus is becoming more confined to the winter months.  Minimum temperatures between 

65ºF and 74ºF (Fig. 4.21) are mostly observed in June, July, and August. In the first twenty years 

of record, 60-75% of these temperatures occurred in the peak summer months.  However, in the 

last twenty years, this percentage has decreased to 55-65%.  This decrease appears to be a result 

of the increasing occurrences in both the spring and fall months—Columbus’s warm season is 

increasing in duration.  Although the deciles show a smaller change in the upper deciles, it is 

clear that both seasons have responded to shifts in the local climate. 

 The reason these alterations in seasonal distributions do not show up clearly in the decile 

plots can be explained by examining a time series of the number of occurrences of these two 

temperature ranges (Fig. 4.22).  Aside from two spikes, the summer temperature range does not 

show much change over the time period.  Even though the occurrences are spreading out through 

more months, the number of occurrences has not increased.  But the number of occurrences of 

the winter temperature range has seen a decrease.  Not only are these cooler temperatures 

disappearing from non-winter months, they are diminishing in number and becoming less 

frequent.   

 It is likely that every season’s minimum temperatures have experienced warming trends 

due to local urban effects.  But, why hasn’t urbanization shifted the maximum temperatures, 

which have shown virtually no trends over the time period?  Warming due to urbanization can 

actually refer to a variety of different factors: 1) increasing the population density increases the 

amount of body heat which gets transferred to the air, 2) changes in drainage systems will mean 

the ground won’t stay wet as long thus reducing the amount of evaporation into the air, and 3) 

land cover will change from grass/trees/fields to pavement which will absorb more solar 

radiation and conduct more heat into the air near the surface.  All of these could lead to warming 
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in both maximum and minimum temperatures.  One factor though would actually limit the 

maximum temperatures from reaching their full potential and allow minimum temperatures to 

continue warming—fuel combustion and industrial smoke could reduce the atmospheric 

transparency of the region, capping the maximum temperatures by inhibiting the incoming 

shortwave radiation and preventing the minimum temperatures from dropping by limiting the 

amount of radiative cooling.  This is most likely the case with Columbus and why the maximum 

temperatures have shown very little change while the minimum temperatures have experienced a 

steady warming trend. 

Regional Analysis 

 The above case studies give examples of how station data can be altered by the effects of 

local dynamics and small scale processes.  Apalachicola’s minimum temperature deciles 

illustrate the discontinuities that arise from changes at a station.  Discontinuities can be the result 

of changing instrumentation, moving a station, improperly locating a station (e.g. near the 

heating vent of a building or over a paved parking lot), and several other factors.  These 

discontinuities can falsely create a trend, as seen at Apalachicola.  Based on this insight, it seems 

prudent to remove stations that could bias the trends in the regional analysis. 

 A “worst case scenario” time series of temperature data shows that the error in the slope 

is actually bigger than any slope calculated in the region.  This time series of bad data is created 

by assuming that a large shift in the mean temperature will occur every ten years due to changes 

or discontinuities at the station—this shift could be due to any of the above listed discontinuities.  

Each period between these large shifts will have a different mean temperature and standard 

deviation; with a shift occurring every ten years, the time series will have six different ten-year 

standard deviations. 

 A ratio of the maximum to minimum ten-year standard deviations (σmax/ σmin) within the 

bad time series would be one way to calculate the magnitude of the discontinuities.  Larger ratios 

would translate to a more discontinuous dataset.  Two hundred “worst case scenario” datasets are 

created to find a range of possible ratios and reveal a maximum value around 4.0 and a mean 

value around 2.0.  These ratios could be used as thresholds for the real times series in the 

region—if a station’s real data observes a ratio greater than the threshold, it is considered too 

discontinuous and is removed from the regional analysis. 
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 Because only the most extreme cases need to be cut from the region, the 95
th
 and 99

th
 

percentile ratio values are used as thresholds.  When the 95
th
 percentile is used (a ratio threshold 

value of about 3.0) only 265 stations remain for evaluation of the maximum deciles, and 242 

stations remain for evaluation of the minimum deciles.  When the 99
th

 percentile is used (a ratio 

threshold value of about 3.5) 426 stations remain for analysis of the maximum deciles, and 427 

stations remain for the minimum decile analysis.  Both of these thresholds remove the 

problematic stations—the more stringent ratio threshold of 3.0 additionally removes many 

stations that don’t appear to have large discontinuities. The ratio threshold of 3.5 allows for 

easier analysis of the region, while still removing stations with questionable data.  Although this 

is just a preliminary way of removing discontinuous stations, the regional analysis produces 

clearer results: many small areas with significant warming stations neighboring significant 

cooling stations are removed, and larger scale spatial patterns become more evident. 

In order to locate regional or large-scale trends, some method of visually inspecting all of 

the stations is needed.  Analysis of the decile plots to locate stations with the most significance in 

each state proved difficult; the task of examining every decile plot in the state and finding 

relationships between neighboring stations was complicated.  Similarly, pinpointing stations with 

similar land coverage and comparing their trends revealed little useful information.  It is more 

beneficial to view the stations spatially, but it’s not possible to view the decile plots for every 

station on a map of the region.  However, plotting trends spatially, based on results from the 

Student’s t-test, allowed for much easier viewing and also proved the most informative method.  

The regional maps in Figs 4.23-4.32 illustrate the temperature trends for the maximum and 

minimum deciles.  Each dot represents a station and is color coded to display that station’s trend 

for the specific decile.  From these regional maps, it is easy to identify large-scale patterns in the 

trends and to target more localized changes as well. 

The maximum first decile temperatures show a tendency toward cooling trends (Fig. 

4.23).  Much of the region is dominated by significant cooling with stronger concentrations in 

Arkansas, Ohio, and southern Illinois.  Very little to no trends are seen in much of Iowa, Illinois, 

and northern Indiana.  Also to note is the area of significant warming seen in southern Florida. 

 The maximum second decile temperature trends (Fig. 4.24) seem to be more variable 

than the first decile.  Significant cooling still dominates Arkansas and southern Illinois and 

Indiana.  The little trends in Illinois in the previous figure have become significant warming 
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trends.  Significant warming still prevails over much of the Florida peninsula and is also quite 

prominent in Maryland and Delaware. 

 The strongest signal of significant cooling is seen in the maximum fifth decile 

temperature trends (Fig. 4.25).  Most of the region has experienced significant cooling in the 

“median” temperature range.  Much of Florida and a lot of the Atlantic coastline show significant 

warming trends. 

 Similar to the previous decile, the eighth decile maximum temperatures in the region are 

dominated by significant cooling (Fig. 4.26).  Southern Florida and Maryland and Delaware still 

show some significant warming.  Also of interest is the small area of significant warming located 

in northwestern Illinois and eastern Iowa. 

 Although the ninth decile maximum temperature trends (Fig. 4.27) possess similar 

patterns to the eighth decile, some of the significance has disappeared.  Missouri, Arkansas, 

Alabama, and Georgia contain many stations experiencing significant cooling in the eighth 

decile, but not as many in the ninth decile.  Because of the lack of significant cooling throughout 

the maximum deciles in southern Florida and the Maryland-Delaware region, it is quite obvious 

that these regions are being affected by more local forcings.  One interesting location is the big-

bend area of Florida.  Both the upper maximum deciles show high variability with significant 

warming stations neighboring significant cooling stations. 

 A drastic change can be seen when switching to minimum temperatures as seen in the 

first decile (Fig. 4.28).  First to note is the lack of significant trends observed in Illinois, Indiana, 

and Ohio. Concentrated areas of significant warming are found in Iowa, western North Carolina, 

and southern Florida.  A dominant region of significant cooling is detected in southeastern 

Alabama and the Florida panhandle. 

 The minimum second decile temperature trends show much more significance than the 

previous decile (Fig. 4.29).  Areas with little trends in the first decile are now dominated by 

significant warming.  Areas previously showing a strong concentration of significant warming 

have not deviated.  Southeastern Alabama and the Florida panhandle still show significant 

cooling. 

 The fifth decile (or the median range) of minimum temperature trends (Fig. 4.30) 

experiences much more variability, with significant cooling stations spreading throughout region.  

Southern and central Florida, as well as central Illinois and Indiana have retained the significant 
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warming signal.  North Carolina has lost most of its significant warming trends from the lower 

deciles, and now Georgia is dominated by significant cooling.  The biggest question this figure 

raises is: Why is there such a discrepancy between the fifth decile and the other deciles? 

 The eighth decile minimum temperature trends (Fig. 4.31) shows a return to dominant 

significant warming over the region.  High variability (with both significant warming and 

significant cooling stations) is seen in Illinois and eastern Iowa.  Southern and central Florida 

contain the most prominent areas of significant warming. 

 The ninth decile minimum temperature trends are very similar to the eighth decile (Fig. 

4.32).  The area is mostly dominated by significant warming with a lot of variability in Illinois 

and Iowa.  Southern and central Florida still shows a lot of significant warming trends. 

 Overall, these trends analyses show that cooling dominates the maximum temperatures at 

all deciles, and warming dominates the minimum temperatures for the upper deciles with more 

variability seen in the lower and median deciles.  K06 similarly found warming in both seasons 

for minimum temperatures; however, contrary to the decile results, they observed stronger 

warming in the winter and higher variability in the summer.  K06 showed dominant warming in 

the region for winter minimum temperatures, and the current study’s lower deciles also 

experience more warming than cooling; but in the maximum temperatures for winter, K06 saw a 

dominant warming trend over the region, whereas the decile study indicates that cooling trends 

actually dominate.  This large discrepancy in the winter maximum temperatures brings to light 

an interesting notion—though the average maximum temperature for December-January-

February has increased from 1950 to 1999 (from K06), the temperatures at the first and second 

deciles have become cooler from 1948 to 2004.  In other words, there is a decrease in the coldest 

days of the season, but an increase in the number of cold days for the year. 

 Recall that both P07 and DA02 found a decrease in the number of the coldest 

temperatures and an increase in the number of the hottest temperatures (for both maximum and 

minimum temperatures).  Even though the number of colder days has decreased, the lower 

deciles show that the maximum temperatures have cooled.  This, again, points to a disappearance 

of the coldest temperatures (or the record low maximums) but an increase in the occurrence of 

cold temperatures.  Combining the results of this study and those of P07 and DA02 for winter 

minimum temperatures, not only is the number of coldest nights decreasing, but the total number 

of cold nights has decreased, resulting in a net warming trend over time.  Similar results are 
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found for summertime minimum temperatures—there is an increasing frequency in the hottest 

minimum temperatures and an increase in the number of hot nights for the year.  Maximum 

temperatures in the summer, though, have seen an increase in the hottest temperatures of the 

season but a decrease in the number of warm temperatures for the year. 

 The results of P07 and DA02 suggest that the annual temperature range has decreased 

over time (i.e. cold extremes are diminishing faster than warm extremes are increasing); the 

current decile study may help to support this, but it actually emphasizes a net cooling in the 

maximum temperatures and warming in the minimum temperatures—this could mean that the 

diurnal temperature range is decreasing and could be investigated in future studies. 

 

Regional Results 

 A simple field significance test may be able to determine if the regional trends at each 

decile are the result of large-scale changes or local effects.  The region is divided into fifteen 

subregions (with Iowa as its own region due to the large number of stations) based on their land 

use/land cover type (Fig. 4.33).  Patten et al. (2003) conducted a field significance test, first 

introduced by Wilks (1995), using the results of their z-test.  For the present study, field 

significance at the 95% level occurs when 

Pr X = x{ } > 0.95      (4.1) 

where x is the minimum number of stations that need to be significantly warming or cooling in 

the subregion, based on the Student’s t-test results.  This simplified method does not take spatial 

correlation into consideration and is only used as a preliminary tool for separating large-scale 

trends from local trends.  It is also important to note that trends may not necessarily follow land 

use/land cover regions—field significance for both warming and cooling in one region might be 

a result of picking the wrong boundaries and could be rectified by reclassifying the subregions 

based on different criteria. 

 The majority of the subregions show field significant cooling for the lower maximum 

temperature deciles.  Regions 9 and 15 actually display field significant warming, and Region 1 

shows no field significance.  These three regions might be affected by more local influences.  

Aside from Regions 9 and 15, there is field significant cooling for all of the subregions in the 

upper deciles of maximum temperatures (Fig. 4.34).  Region 9 is field significant for both 

warming and cooling. 
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 It is clear, when viewing the upper and lower deciles for maximum temperatures, that 

some large-scale forcing has played an important role.  An analysis of NCEP/NCAR Reanalysis 

data over the United States shows a shift in the 300 hPa winds when comparing the 1950s 

winters to the 1990s winters.  Winds over Canada have become more northwesterly, which could 

suggest that, in recent years, more cold air has been advected into the states.  This northwesterly 

flow might also translate to more storms passing through the country, thus cooling the maximum 

temperatures. 

 The minimum temperature deciles appear more ambiguous than the maximum deciles, as 

was evident in the previous section.  Many of the subregions are field significant for warming in 

the lower minimum deciles (Fig. 4.35).  Regions 4 and 8 are field significant for both warming 

and cooling, and regions 6 and 7 display no field significance.  Region 8 gives evidence that land 

use subregion divisions may not work for testing field significance.  Although the region is 

significant for both warming and cooling, it is clear to see that the cooling is confined to a 

specific area in southeastern Alabama and the Florida panhandle.  Field significance also doesn’t 

catch the differences in region 2.  The significant warming in this region is confined to Missouri.  

The remainder of the region shows little to no trends.  A much stronger warming signal is 

evident in the upper minimum deciles.  Only regions 1 and 13 deviate and show field 

significance for warming and cooling. 

 The results of the lower minimum temperature deciles seem intuitive—minimum 

temperatures are generally dominated by local forcings, such as moisture content, winds, and 

cloud cover.  The idea that trends over an entire region would be more variable is 

understandable.  It also makes sense that the winter temperatures would be more erratic than 

summer temperatures: many of the regions in the winter are repeatedly affected by troughs and 

frontal passages but experience a more persistent zonal flow in the summertime. 

 Even with the variability, a dominant warming signal is evident in the minimum deciles.  

It is difficult to ascertain the specific reasons for this trend.  It is possible that an increased 

number of storms throughout the region could be increasing the overall cloud cover, thus 

preventing nighttime radiative cooling.  It is also possible that an increase in the southwesterly 

flow could be advecting warmer, moister air over the continent.  Perhaps future studies will be 

able to answer these uncertainties. 
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Not only has the field significance testing identified regions affected by large-scale 

phenomena, but it has also isolated regions that appear to be governed by local forcings.  The 

primary regions of interest are Iowa, Florida, and the Maryland-Delaware region.  Iowa displays 

much more variability than its surrounding regions.  This could be due to the prevalence of crops 

and farmland throughout the entire state.  Human influences could control the trends in the area 

with continuous farming and irrigation techniques.  Throughout the maximum deciles, the 

Florida peninsula also experiences variability.  Whether an area is warming or cooling seems 

entirely dependent upon where it is located and what is happening at that location.  With the 

ocean on all sides, with land cover constantly changing, and with large amounts of urbanization 

occurring in many regions, it will be impossible to come to any conclusions about this area of the 

country.  Also anomalous in the maximum temperature deciles, the Maryland-Delaware region is 

dominated by warming.  It is not clear why this area would differ from the rest of the region.  But 

it is possible that trends in this area are a result of changing land cover, or due to population 

increases and urban development. 

 

 



 31 

 

Fig 4. 1: Location of the case study stations. The circled Florida station is Apalachicola. The circled Georgia 

station is Columbus. 
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Fig 4. 2: Satellite image of Apalachicola Municipal Airport and surrounding areas. The COOP station is 

located just east of the airport, in a grassy area, and is marked with a yellow star. Image courtesy of Google 

Earth. 
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Fig 4. 3: Daily maximum temperature decile map for Apalachicola, FL. The x-axis represents the ten deciles, 

the y-axis represents time (a 2-year running period), and the temperature contours are in °F. 

 

 

Fig 4. 4: Maximum temperature trends for Apalachicola at the 1
st
, 2

nd
, 5

th
, 8

th
, and 9

th
 deciles.  The plot on the 

left shows trends over the entire period and the plot on the right shows ten year trends.  The table at the 

bottom gives the change in temperature per decade for each decile (plus or minus the uncertainty in the 

slope) and their significance using the Student’s t-test. 
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Fig 4. 5: Maximum temperature trend confidence intervals (at a 95% significance level) for Apalachicola 

using bootstrapped data.  The slopes are in units of temperature (°F) / time (years).  The red dashed line 

represents the 975
th

 slope out of the 1000 bootstrapped slopes, and the blue dashed line represents the 25
th

 

slope.  The black dashed line is the average slope of the bootstrapped slopes and closely resembles the actual 

slope of the data (the solid black line). 
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Fig 4. 6: NCEP/NCAR Reanalysis derived average 18Z January temperature advection (°C/hr) along 30°N 

latitude throughout time. 

 

Fig 4. 7: Same as Fig. 4.6, except for July 
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Fig 4. 8: Same as Fig. 4.3 except for daily minimum temperatures. 

 

 

Fig 4. 9: Same as Fig. 4.4 except for minimum temperature trends. 
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Fig 4. 10: Same as Fig. 4.5 except for minimum temperature trend confidence intervals. 

 

 

Fig 4. 11: Fixed minimum first decile temperature trends for Apalachicola.  The data between 25 and 30 

years has been adjusted, assuming that the station never changed locations in 1975. The purple line 

represents the temperature data, and the red line is the overall trend. 
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Fig 4. 12: Satellite image of Columbus Metropolitan Airport and surrounding areas.  The COOP station is 

located in a field near the runways and is marked with a yellow star. Image courtesy of Google Earth. 
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Fig 4. 13: Daily maximum temperature decile map for Columbus, GA. 

 

 

Fig 4. 14: Maximum temperature trends for Columbus at the 1
st
, 2

nd
, 5

th
, 8

th
, and 9

th
 deciles. 
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Fig 4. 15: Maximum temperature trend confidence intervals (at a 95% significance level) for Columbus using 

bootstrapped data. 
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Fig 4. 16: Same as Fig. 4.13 except for daily minimum temperatures. 

 

 

Fig 4. 17: Same as Fig. 4.14 except for minimum temperature trends. 
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Fig 4. 18: Same as Fig. 4.15 except for minimum temperature trend confidence intervals. 
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Fig 4. 19: Minimum temperature decile differences (Δ°F) between Columbus, GA and Cuthbert, GA. 

Cuthbert is located 56 miles south-southeast of Columbus. 

 

 

Fig 4. 20: Monthly contributions to the total number of days where the minimum temperature at Columbus 

was between 28°  and 39°F.  The x-axis represents the two-year period, and the y-axis shows the number of 

days within the range in a given month divided by the total number of days for the two-year period ( x 100). 
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Fig 4. 21: Same as Fig. 4.20 except for a minimum temperature range of 65°  to 74°F. 

 

 

Fig 4. 22: Total number of occurrences within the given temperature ranges in Figs. 4.20 (blue) and 4.21 (red) 

over time. 
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Fig 4. 23: Regional Map showing all stations’ trends over the 57-year period for the maximum first decile 

temperatures. Big blue (red) dots represent significant cooling (warming) based on the Student’s t-test.  The 

smaller dots represent some insignificant trend, and the grey dots represent a trend of 

"0.01°Fyr
"1
# T # 0.01°Fyr

"1
. 
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Fig 4. 24: Same as Fig 4.23 except for maximum second decile temperatures. 

 

Fig 4. 25: Same as Fig 4.24 except for maximum fifth decile temperatures. 
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Fig 4. 26: Same as Fig 4.25 except for maximum eighth decile temperatures. 

 

 

Fig 4. 27: Same as Fig 4.26 except for maximum ninth decile temperatures. 
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Fig 4. 28: Same as Fig 4.27 except for minimum first decile temperatures. 

 

Fig 4. 29: Same as Fig 4.28 except for minimum second decile temperatures. 



 49 

 

Fig 4. 30: Same as Fig 4.29 except for minimum fifth decile temperatures. 

 

 

Fig 4. 31: Same as Fig 4.30 except for minimum eighth decile temperatures. 



 50 

 

 

Fig 4. 32: Same as Fig 4.31 except for minimum ninth decile temperatures. 
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Fig 4. 33: Regional divisions based on 2000 land cover (yellow: cropland/pasture; tan: cropland/woodland; 

green: deciduous broadleaf forest; dark green: evergreen forest; dark blue: mixed forest; orange: urban/built 

up land). Land cover information courtesy of USGS. 
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Fig 4. 34: Field significance results based on Student’s t-test for the 15 land use subregions for ninth decile 

maximum temperatures. Blue (red) is field significant for cooling (warming). The grey region is field 

significant for warming and cooling. 
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Fig 4. 35: Same as Fig. 4.34 except for first decile minimum temperatures.  Grey regions not marked with  

“W & C” (meaning significant for warming and cooling) are not field significant. 
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CHAPTER 5 

CONCLUSIONS 

 

 Due to the increasing importance of climate change in our society, many methods of 

examining temperature trends are being explored.  Temperature deciles maps display a station’s 

entire temperature distribution and show how that distribution changes over time.  

 Using deciles maps and statistical analysis, a significant warming trend was identified 

throughout Apalachicola, Florida’s maximum temperature deciles.  This trend appears to be 

localized and most likely due to changes in land cover.  The minimum deciles show significant 

cooling, but a large shift was detected in the mid 1970s.  This shift, which was the result of a 

station move, created a bias in the observed trend and highlights the unreliability of station data. 

 Minimum decile temperature trends were also studied at Columbus, Georgia.  All deciles 

show a significant warming trend, and this trend is not seen at any of the surrounding stations.  

Population increases and urban development are important factors in this case and prove that a 

station’s trends can solely be the result of local influences and are not representative of a region. 

 Based on the findings of the case studies, a regional analysis of many stations should be 

conducted with caution.  In this study, stations with high variability in decadal standard 

deviations were removed from the regional analysis.  The region shows dominant cooling in the 

maximum deciles, more variability in the lower minimum deciles, and dominant warming in the 

upper  minimum deciles. 

 When comparing the regional analysis of this study to results from previous studies, the 

region has generally seen a decrease in the coldest maximum temperatures of the year, but an 

increase in the number of cold maximum temperatures (and the cold maximum temperatures are 

less confined to just the winter months).  There has been an increase in the number of the hottest 

maximum temperatures, but a decrease in the total number of warm maximums (and warm 

maximum temperatures are becoming more confined to just the summer months).  The region 

has experienced a decrease in the coldest minimum temperatures and a decrease in the number of 

cold minimum temperatures, resulting in a net warming in wintertime lows.  There has been an 

increase in the frequency of hottest minimum temperatures and an increase in the number total 

number of warm minimums, resulting in a net warming for the summertime lows as well. 
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 Field significance testing was performed on 15 subregions based on land use/land cover 

divisions.  The field significance tests supported the initial results from the regional analysis.  

The region is dominated by cooling in the maximum deciles, and this is most likely due to an 

increase in the northwesterly flow at 300 hPa over Canada and a possible increase in the number 

of storms that pass over the region.  Although there is some variability in the lower deciles, the 

region is dominated by warming in the minimum deciles.  The variability in the lower deciles 

emphasizes the importance of local factors on minimum temperatures (such as moisture content 

or wind).  However, some large scale influence is warming the minimum temperatures—it is 

possible that an increase in the number of storms is leading to increased cloudiness, or perhaps 

there has been an increase in the southwesterly flow over the Gulf of Mexico (advecting more 

warm, moist air over the land). 

Field significance testing also isolated subregions that are not affected by large-scale 

influences, but more by local forcings.  Iowa’s farmlands probably dominate the trends in that 

region, and the Maryland-Delaware region has probably experienced warming in the maximum 

deciles due to urbanization or changes in land cover.  The Florida peninsula displays a lot of 

variability—the trends seen at each station in this region are most likely governed by purely local 

effects. 

 Additional research with the use of decile maps would be beneficial.  A cooling in 

maximum deciles and a warming in minimum deciles could be pointing toward a decrease in the 

diurnal temperature range (DTR).  Decile maps for every station’s DTRs could provide evidence 

to support this theory.  Analysis of the changing DTR would also be important in showing, not 

just temperature trends, but how the hyrdological cycle in a region has changed over time.  DTR 

could be a better proxy for examining the surface energy balance than humidity or precipitation 

measurements. 

 Further attention should also be given to the regional analysis of fifth decile minimum 

temperature trends—analysis of winter and summer seasons don’t fully explain what is being 

observed in the median decile.  Field significance testing can also be conducted based on land 

cover changes over time, which could lead to more conclusive evidence on the causes of smaller-

scale trends. 
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