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Abstract The objective of the study is to detect geograph-
ical and temporal variations of near surface air temperatures
over Minnesota and Wisconsin, USA derived from the
North American Regional Reanalysis (NARR) dataset. In
addition, the study serves to assess the usefulness of NARR
temperature data to analyze regional and local temperature
variations. Particular emphasis was placed on the analyses
on the temperature-modifying effects of the Great Lakes
and large urban environments. We analyzed annual mean,
daily maximum and minimum, and January minimum and
July maximum temperatures for the period 1979–2006 by
using methods such as ordinary kriging, principal compo-
nent analysis, and the Mann–Kendall test. On a regional
scale, we found significant effects of the latitude and the
Great Lakes on the spatial variability of the data.
Furthermore, we found clearly identifiable effects of large
urban areas in the study region (Minneapolis—Saint Paul
and Milwaukee), which are more evident in the principal
component scores than in the temperature data themselves.
While we failed to detect significant July maximum
temperature trends, we detected significantly increasing
trends in January minimum and mean annual temperature
datasets in the eastern part of the region. Overall, the
present study has demonstrated the potential of using
NARR data for urban climate research.

1 Introduction

With the majority of the world population living in urban
areas (United Nations Department of Economic and
Social Affairs Population Division 2004), the urban
microclimate and the effect of urban areas on regional
climates have become a matter of interest to billions of
people. Extreme weather events such as heat waves reveal
how the built environment can exacerbate climate-related
natural hazards (Wilby 2008). The uniqueness of urban
climate has been well studied, as summarized by Arnfield
(2003). The urban heat island is a well-known effect of
urbanization on the local climate, and it is likely to
intensify with global climate change in the future, as a
case study for London, UK suggests (Wilby 2008). For
North America, besides detailed urban heat island studies
(e.g., Runnalls and Oke 2000; Oke et al. 1992), several
studies analyzed urban/rural temperature differences at
different spatial scales (from local to national) based on
weather station data (e.g., Cueto et al. 2009; Stone 2007;
Angel 2004; Peterson 2003).

The lack of data that provide information on urban
temperature patterns beyond the sparse information taken
from weather stations has been a significant barrier to a
deeper understanding of the impact of urban environments
on the climate. Kalnay and colleagues (e.g., Nuñez et al.
2008; Kalnay et al. 2006; Kalnay and Cai 2003) provided
an insight into the effect of urbanization on air temperatures
by analyzing temperature trends with focus on the
difference between the weather station data and the
National Centers for Environmental Prediction–National
Center for Atmospheric Research (NCEP–NCAR) 50-year
Reanalysis (Kistler et al. 2001). Their research was based
on the different nature of the datasets—the weather station
data reflect surface effects and other micro-scale forcings,
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while the NCEP–NCAR Reanalysis, with a spatial resolu-
tion of 2.5°, only reflects relevant atmospheric forcings.

The release of the North American Regional Reanalysis
(NARR) dataset (Mesinger et al. 2006) has opened new
possibilities for urban climate research. The temperature
and precipitation data from NARR are in much better
agreement with observation data than those from the global
NCEP–NCAR 50-year Reanalysis data (Choi et al. 2009;
Mesinger et al. 2006). NARR has a 32-km spatial
resolution suitable for identifying large urban areas and a
3-h temporal resolution suitable for many physically based
or conceptual hydrological models, as Choi et al. (2009)
and Woo and Thorne (2006) have demonstrated. In an effort
to test its suitability for climatic research in a region with
large urban areas, we investigated the spatial and temporal
patterns of near surface temperatures from NARR over
Minnesota and Wisconsin in the Midwestern USA. This is a
first step towards more comprehensive hydroclimatic
research in large urban areas using NARR.

The objective of the present study is to detect spatial and
temporal variations of temperatures over the two states and
assess their urban/rural differences in the Milwaukee and
Minneapolis—Saint Paul metropolitan areas for the 28-year
period of 1979–2006. Specifically, this research addresses
the questions: (1) What are the dominant temperature
patterns in Minnesota and Wisconsin?; (2) How are the
dominant patterns modified by the metropolitan areas? This
work differentiates itself through its use of NARR that does
not require homogeneity adjustments and is better suited for
spatial analysis.

2 Data and methods

Our study is based on three-hourly mean temperature data
at 2 m above sea level, which were derived from the 32-km
grid North American Regional Reanalysis dataset. NARR
can be obtained from the National Oceanic and Atmospher-
ic Administration’s Earth System Research Laboratory
(http://www.cdc.noaa.gov/data/gridded/data.narr.monolevel.
html). It is the result of a data assimilation technique, which
combines data from observations and short-term simula-
tions based on a regional model (Eta Model). Due to
reliance on satellite data, NARR is only available from
1979 onward. We analyzed the available data for Minnesota
and Wisconsin from 1979 to 2006. Figure 1 shows the 692
grid points of the dataset over the two states and the Great
Lakes which are bordering northeastern Minnesota and
northern and eastern Wisconsin. The metropolitan
Minneapolis—Saint Paul area (MSP) and the metropol-
itan Milwaukee (MKE) area are also shown in the map
as relevant county boundaries. MKE is located along
the edge of Lake Michigan, while MSP is located inland

bordered by a river valley on the eastern side, which
divides the two states. Both metropolitan areas also
contain rivers in them. The arrows over MSP and MKE
are lines along which some temperature characteristics
were plotted as transects (see Section 3).

The three-hourly NARR temperature data were used to
calculate several temperature characteristics: annual means
and daily average maximum and minimum temperatures,
January average minimum temperatures, and July average
maximum temperatures. Annual mean temperatures for
each grid point were calculated as arithmetic means of
temperature records within the respective year. We
calculated daily average maximum temperatures by
averaging the highest 3-h temperature values of each
day. Daily average minimum temperatures were calculat-
ed analogously. We chose the months January and July to
understand potential differences of temperature variabil-
ities between winter and summer. The January average
minimum temperatures were calculated as the arithmetic
mean of all daily minima in January for each year. A
corresponding approach was chosen to calculate July
average maximum temperatures.

To visualize temperature characteristics on high-
resolution maps, the gridded temperature data were spatial-
ly interpolated in a geographic information system (GIS)
using an ordinary kriging algorithm. Specifically, we used
the algorithms of the Environmental Systems Research
Institute’s GIS software ArcGIS® (version 9.3) with default
options. Kriging is a geostatistical method for spatial
interpolation based on regression against observed values
of surrounding data points, weighted according to spatial
covariance values (Chang 2012). There are other interpo-
lation methods such as inverse distance weighting available
in ArcGIS, but a quick comparison of the methods for our
application revealed that both methods produced similar
results. Given that the data points are closely and regularly
spaced and the area is relatively flat, the use of explanatory
variables such as the terrain would not make any significant
difference to the outcome. As a result of the spatial
interpolation, spatial variations of each variable were
presented as continuous surface maps. A closer look at
potential temperature characteristics associated with the
Milwaukee and Minneapolis—Saint Paul metropolitan
areas was facilitated by GIS-based transects through the
relevant counties shown in Fig. 1. Interpolated temperatures
from the beginning to the end of each arrow were plotted as
a line graph.

Due to the fact that our climatic data have both temporal
and spatial dimensions, it is necessary to reduce the
dimension to several important underlying components, as
many previous studies demonstrated (e.g., Santos et al.
2010; Toreti et al. 2009; Sneyers et al. 1992). We applied a
principal component analysis (PCA) for each grid point by
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using the annual temperature records (averages, maxima,
and minima) as input variables and subsequently ana-
lyzed the spatial distribution of the PCA scores. The
component scores were calculated at each grid point
using the “princomp” function of MATLAB® R2009a
software. These analyses resulted in several uncorrelated
components that characterize the temperature records of
each grid point. The first and second component scores,
which explained more than 90% of the variability in
most cases, were spatially interpolated using ordinary
kriging to facilitate the visualization. The component
scores over the metropolitan areas were also analyzed by
the transect analysis.

We applied the Mann–Kendall test to assess potential
trends in the time series. This non-parametric test is a
preferred method for trend tests of datasets that are not
normally distributed and is frequently used for testing
trends in hydrological, climatological, and meteorological
time series (e.g., Toreti et al. 2009; Zhang et al. 2005, 2009;
Becker et al. 2006). We followed the procedure described
by Manly (2009, p.192).

3 Results and interpretation

3.1 Summary statistics and geographical variations of
temperature characteristics

The summary statistics for the temperature characteristics
are presented in Table 1. Given the large area, we see
considerable variations in air temperatures: Annual mean
temperatures are averaged at 6.59°C over the region with a
range in excess of 12°C. Across the variables, the mean and
the median are relatively close to each other, which could
lead to the conclusion that the data are normally distributed.
However, the Kolmogorov–Smirnov test rejected the
assumption of a normal distribution for all datasets at the
95% confidence level. An analysis of histograms (not
shown) reveals that particularly the July temperature
records are characterized by a visibly skewed distribution
with the peak closer to the higher end and a longer tail at
the lower end.

Spatial variations of the selected temperature character-
istics are presented in Fig. 2. For this purpose, each

Fig. 1 Location of NARR grid
points selected for the study,
along with administrative
boundaries, lakes, and streams
(MSP stands for the
metropolitan Minneapolis—
Saint Paul area and MKE stands
for the metropolitan Milwaukee
area. The arrows represent the
temperature transects over each
metropolitan area)

Table 1 Summary statistics for temperatures

Annual mean
temperature

Daily maximum
temperature

Daily minimum
temperature

January minimum
temperature

July maximum
temperature

Mean [°C] 6.59 10.98 2.19 −14.44 26.68

Median [°C] 6.63 11.06 2.28 −14.41 26.88

Standard deviation 2.33 2.72 2.24 5.20 3.69

Maximum [°C] 12.71 18.30 9.28 1.65 38.36

Minimum [°C] 0.36 3.74 −3.81 −30.18 12.03

Identification of temperature variabilities

Author's personal copy



displayed variable was temporally averaged over the entire
measuring period. Figure 2a shows that the mean annual
temperatures generally exhibit a south–north gradient
which obviously reflects the effect of latitude. The effect

of the Great Lakes is not clearly visible on this map. The
map also does not reveal any particular difference between
the metropolitan and rural areas. A slight difference was
found over MSP by a transect analysis (Fig. 3a). The lake

a b
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d

Fig. 2 a–e Temperatures measured in degree Celsius and classified by natural breaks
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effect is more clearly visible on the daily maximum and
minimum temperature maps (Fig. 2b, c). Lake Superior is
characterized by the lowest daily maximum temperatures
and Lake Michigan by the highest daily minimum temper-
atures. The “island” at the northern tip of Minnesota
(Fig. 2b) corresponds largely to Lake of the Woods, which
is large enough to accommodate a few NARR grid points
and exerts its visible effect onto the temperature pattern.

January average minimum temperatures (Fig. 2d) are
generally characterized by a south–north gradient in most
of the area except the eastern end. The effect of both lakes
is clearly visible, indicating significantly warmer temper-
atures compared to inland areas. July maximum temper-
atures generally reveal a southwest–northeast gradient
(Fig. 2e), with clearly visible low temperature areas which
correspond to Lake Superior and Lake Michigan. The
southwest–northeast gradient appears to be related to the
land–water temperature contrast. Hot spots in metropolitan
areas are not readily identifiable on this scale.

The transect analysis of some temperature characteristics
reveals distinct temperature variations between downtown
areas and their surroundings. Figure 3 shows the temperature
transects over MSP and MKE along the paths shown as
arrows in Fig. 1. The distance unit is decimal degree from
the beginning to the end of the arrows. Downtown MSP

shows slightly higher annual mean temperatures than less
developed areas west and east of it (Fig. 3a) even though the
temperature differences are miniscule. The eastern end of the
path falls on a river valley and indicates considerably lower
temperatures. The temperature difference between the west-
ern end of the path and the downtown area is relatively small
(0.04°C) and can therefore hardly allow for any conclusions.
Downtown MSP also shows higher daily minimum temper-
atures (Fig. 3b), which is consistent with numerous studies
on urban heat islands (Oke 1978). Again, the temperature
drops sharply in the river valley east of downtown. The
temperature difference between the western end and down-
town is approximately 0.1°C. Daily maximum temperatures
peak in downtown MKE (Fig. 3c). The temperature drops
sharply east of downtown as a result of Lake Michigan. The
difference between the western end and the downtown is
approximately 0.32°C.

3.2 Results of the principal component analysis

Figure 4 shows the spatially interpolated scores of the most
important component (PC1) and the second most important
component (PC2) for selected temperatures. The variability
explained by PC1 and PC2 for each variable is presented in
Table 2.

a

c

b

Fig. 3 a–c Selected temperature profiles along the transects shown in Fig. 1
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PC1 from the annual mean temperatures explains approx-
imately 90% of the variability and its scores show a clear
south–north gradient in most of the study area without any
visible lake effects (Fig. 4a). PC2 explains less than 4% of the
variability; the scores (Fig. 4b) reveal a west–east gradient
which has a lot to do with the Great Lakes. PC2 scores of the
annual mean temperatures are especially lower over Lake
Superior compared to inland areas at the same latitude.

PC1 from daily maximum temperatures explains 87.4%
of the variability and its scores have a clear south–north
gradient (Fig. 4c) with remarkably low scores over Lake of
the Woods and Lake Superior. PC2 from daily maximum
temperatures explains 5.2% of the variability and the scores
have a northwest–southeast gradient (Fig. 4d). Overall PC2
scores reveal lake effects. Southern Wisconsin features
considerably lower component scores compared to the area

a b

c d

e f

Fig. 4 a–j Scores of principal components from selected temperatures and classified by natural breaks
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north of Lake Superior which is located at similar
longitude.

PC1 from daily minimum temperatures explains 91.1% of
the variability and the scores exhibit a distinct south–north
gradient (Fig. 4e). Particularly higher scores than surrounding
areas are found over Lake Superior. Even though the latitude
effect is dominant, the daily minimum temperature over Lake
Superior is exceptionally higher than nearby land areas,
resulting in “islands” on the lake. PC2 explains just over 3%
of the variability and the scores feature a east–west gradient
(Fig. 4f) with very high scores in the wedge between

Minnesota and Wisconsin on Lake Superior. The water–land
temperature contrast is very strong and inland areas generally
feature fairly similar scores.

PC1 and PC2 from January minimum temperatures have
very similar explanation power compared to those derived
from annual mean temperatures (Table 2). PC1 scores from
January minimum temperatures (Fig. 4g) show a clear
south–north gradient, with remarkably high scores over the
Great Lakes. PC2 scores from January minimum temper-
atures (Fig. 4h) again show a distinctive northeast–southwest
gradient. The spatial patterns of annual mean temperatures
and January and daily minimum temperatures are dominated
by the effect of latitude followed by the lake effect. PC2
explains less than 4% of the variability of these parameters.

PC1 from July maximum temperatures explains 81.7%
of the variability, which is considerably lower compared to
annual mean temperatures or January minimum temper-
atures. PC1 scores from July maximum temperatures show
a strong northeast–southwest gradient (Fig. 4i), similar to
those of PC2 from January minimum temperatures. In this
case, positive scores correspond to cooler areas and
negative scores correspond to warmer areas. It is interesting

g h

i j

Fig. 4 continued.

Table 2 Variability (percent) of each temperature variable explained
by PC1 and PC2

PC1 PC2

Annual mean temperatures 90.5 3.7

Daily maximum temperatures 87.4 5.2

Daily minimum temperatures 91.1 3.1

January minimum temperatures 90.5 3.5

July maximum temperatures 81.7 4.7
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Fig. 5 a–g Selected temperature component scores along the transects shown in Fig. 1
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to note that north–south gradients are much weaker
compared to the PC1 scores of annual mean or January
minimum temperatures. With regard to annual mean
temperatures and daily maximum and minimum temper-
atures, the effects of latitude and lakes were clearly
separated in PC1 and PC2 scores; however, both effects
appear to mix in the July maximum temperature PC1
scores. PC2 from July maximum temperatures explains
4.7% of the variability, and the scores show a spatial pattern
that is rather different from the other component scores
(Fig. 4j). Overall, the scores are higher in the northwestern
corner and lower in the southeastern corner. However, the
scores also feature a north–south gradient in Wisconsin and
parts of eastern Minnesota and a west–east gradient in low
latitude areas.

Component scores from selected temperatures were
examined as transects over the two metropolitan areas.

Figure 5 only shows the transects that reveal remarkable
urban effects. Figure 5a shows slightly higher PC1 scores
of annual mean temperatures over MSP compared to its
surrounding area. The results are similar to the annual mean
temperatures (Fig. 3a). Figure 5b shows that the PC2 scores
of annual mean temperatures peak over the MKE down-
town. It is evident that the urban area modifies the general
downward trend of the scores from inland to the lake. MSP,
located inland, seems to have a stronger effect on PC1 than
on PC2, and MKE, located on the lakefront, appears to
affect PC2 more than PC1.

Component scores of daily average maximum and
minimum temperatures reveal similar transects compared
to the temperatures shown in Fig. 3. MKE shows
noticeably higher PC1 and PC2 scores of daily maximum
temperatures than the inland region and lake areas
(Fig. 5c, d). MSP shows distinctly higher PC1 and lower
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Fig. 6 Time series of selected
temperatures measured in degree
Celsius averaged across the grid
points (the error bars denote
standard deviation)
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PC2 scores of daily minimum temperatures than the
surroundings (Fig. 5e, f).

PC1 scores of July average maximum temperatures over
MKE (Fig. 5g) again show the effect of downtown
Milwaukee between the inland area and Lake Michigan.
The scores gradually decrease from inland towards down-
town but increase sharply over the lake. As shown in
Fig. 4i, high scores correspond to low July average
maximum temperatures and low scores correspond to high
temperatures. A similar pattern can be observed over MSP
(not shown); however, the differences are less pronounced.
Urban–rural differences are much weaker or non-existent
regarding the other component scores or temperatures.

3.3 Temporal trends of the temperatures

Figure 6 shows annual time series of selected temperatures
averaged across the grid points with error bars denoting
standard deviations. Annual mean temperatures and January

minimum temperatures show increasing trends between 1979
and 2006. Similar to the other time series, the annual mean
temperatures since 1998 appear to be fairly stable compared to
the preceding period. Daily minimum temperatures are
characterized by a very weak upward trend, and it is difficult
to observe any increasing or decreasing trend in daily
maximum temperatures and July maximum temperatures.
Overall, the temperature changes during the last three decades
in Minnesota and Wisconsin appear to be driven by an
increase in wintertime minimum temperatures.

The time series analyses of temperatures for all grid
points based on the Mann–Kendall test generally revealed
positive trends for the grid points in the region; however,
Fig. 7 reveals a significant spatial variability in the
magnitude of the trends. For example, the slope of annual
mean temperature increases (Fig. 7a) is relatively weak in
the center of the study region, including MSP, and relatively
high in eastern Wisconsin, including MKE. It is notable that
the steepest increase occurred over Lake Superior, which is

a

c

b

Fig. 7 Results from the Mann–Kendall test (a Sen's slope for annual mean temperatures, b significance of trend for annual mean temperatures, c
significance of trend for January minimum temperatures)
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consistent with the finding by Austin and Colman (2007)
that the lake temperatures increased faster than regional
temperatures. The observed trends are statistically signifi-
cant (α=0.05) in most of the area (Fig. 7b). Even the low
slope areas in the center of the study area in Fig. 7a have a
significant trend. On the other hand, the analysis of the
monthly trends leads to very different results. Significant
trends regarding January minimum temperatures can be
observed in the eastern parts of the study area (Fig. 7c)
including Lake Superior and Lake Michigan, and no
significant trends were found regarding the July maximum
temperatures (not shown). The increase in January average
minimum temperatures certainly seems to be a main driving
force for the strong trend shown in Fig. 7a. It is also very
likely that other monthly temperatures that were not
analyzed here contributed to the significant increase in the
annual mean temperatures across the study area. We did not
detect significant differences between urban and surround-
ing areas when it comes to the trend.

4 Conclusions

Annual mean temperatures, daily average maximum and
minimum temperatures, January average minimum temper-
atures, and July average maximum temperatures for
Minnesota and Wisconsin were calculated from the North
American Regional Reanalysis and analyzed both spatially
and temporally for the period 1979–2006. When the
temporally averaged temperatures are plotted on maps as
continuous surfaces, they generally show the mingled
effects of both latitude and the Great Lakes. Downtown
Milwaukee shows higher daily maximum temperatures than
surrounding areas, while downtown Minneapolis—Saint
Paul shows higher daily minimum temperatures. Down-
town Milwaukee’s higher daily maximum temperatures are
unexpected and warrant further investigation. The metro-
politan areas did not show stronger temperature increases
than the surrounding areas, which is contradictory to the
results of studies that utilized weather station data (e.g.,
Stone 2007; Kalnay and Cai 2003).

The principal component analysis clearly separated the
latitudinal effect from the lake effect in the spatial variation
of the temperatures. The first component in each temper-
ature explained the absolute majority of the variability and
is largely related to the latitude effect. The second
component, associated with the effect of land–water
contrast, explained less than 6% of the variability of each
variable. Scores of PC2 from the annual mean temperatures
and PC1 from July average maximum temperatures
revealed urban modification in their spatial variations,
which were not visible when the temperatures were
presented as averages for the entire period. The approach

to analyze air or sea surface temperatures based on PCA
has been applied in several studies (Andronache 2009;
Sneyers et al. 1992); however, none of them adopted our
approach to use annual data as input variables and compute
component scores for each location. This approach enabled
us to examine the geographical pattern of temperature
characteristics in a unique way.

The present study has demonstrated the potential of
using NARR data for urban climate research. Even though
our analyses were limited by the use of highly generalized
annual or monthly temperature records, we were able to
clearly identify the effect of urban areas. The magnitude of
urban–rural temperature differences was small in general,
but larger differences may be found based on the analysis of
daily records. A more detailed approach to analyze the
urban heat island would require consideration of various
factors such as landform, urban internal structure, surround-
ing land use, synoptic conditions, and wind patterns (see
Schlünzen et al. 2010). NARR’s spatial resolution is still
too coarse to take into account these factors. Nevertheless,
it would be interesting (but beyond the scope of the present
study) to incorporate NARR’s wind records to further
studies. Future research could focus on investigating the
urban heat island based on NARR’s daily temperature and
wind data on a spatial domain that contains a small number
of NARR grid points.
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