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[1] We evaluate changes in climatic indices for the 100
largest U.S. urban areas and paired surrounding non‐urban
areas. During the period 1950–2009, we find that there
were statistically significant changes in as many as half of
the urban areas in temperature‐related indices, such as
heating and cooling degree‐days and number of warm and
cool nights, almost all of which are reflective of a general
warming. Similarly, statistically significant changes (mostly
increases) in indices related to extreme precipitation, such
as daily maximum intensities and number of days with
heavy precipitation, were detected in as many of 30% of
the urban areas. A paired analysis of urban and surrounding
non‐urban areas suggests that most temperature‐related
trends are attributable to regional climate change, rather
than to local effects of urbanization, although the picture is
more mixed for precipitation. Citation: Mishra, V., and D. P.
Lettenmaier (2011), Climatic trends in major U.S. urban areas,
1950–2009, Geophys. Res. Lett., 38, L16401, doi:10.1029/
2011GL048255.

1. Introduction

[2] More than 50% of the world’s population lives in
urban areas, in contrast with only about 10% a century ago
[Grimm et al., 2008]. Moreover, while less than three per-
cent of the global terrestrial surface is covered by urban
areas, they are responsible for a majority of global resource
consumption and carbon emissions [Brown, 2001], For
these reasons, urban areas are emerging as ‘first responders’
for climate change adaptation and mitigation [Rosenzweig
et al., 2010].
[3] Most modeling studies show that as the climate warms

the severity of heat waves and extreme precipitation events
will increase [Diffenbaugh and Ashfaq, 2010;O’Gorman and
Schneider, 2009; Tebaldi et al., 2006; Zhang et al., 2007].
Furthermore, a first principles argument can be made for
intensification of the hydrologic cycle because of climate
warming [Huntington, 2006; Meehl et al., 2000; Lenderink
and Van Meijgaard, 2008; Min et al., 2011]. The con-
sequences of extreme temperatures and precipitation for
human life can be profound. For example, the 1995 heat wave
in Chicago resulted in hundreds of fatalities [Karl and Knight,
1997], and New York City’s subway system was crippled by
flooding in August 2007 because the drainage system could
not handle the runoff resulting from exceptionally intense
rainfall [Metropolitan Transportation Authority, 2007].
[4] Nonetheless, the potential effects of a warmer climate

and intensified hydrologic cycle on infrastructure and energy

demands in urban areas have not been well studied. This may
in part be due to difficulties in attributing relative contribu-
tions from land cover (e.g., urbanization) and regional climate
change. For instance, while urbanization impacts on tem-
perature and precipitation have been well documented
[Kalnay and Cai, 2003; Zhou et al., 2004; Shepherd, 2005;
Zhang et al., 2009], conclusions vary as to the relative con-
tributions of land cover and regional climate change to the
observed trends [Parker, 2004; Peterson, 2003; Peterson and
Owen, 2005].
[5] Understanding the risk of extreme climatic events is

essential to managing and planning urban infrastructure. Heat
and cold waves alter energy demands for heating and cooling.
Precipitation extremes (intensity) determine the sizing of
stormwater infrastructure. For these reasons, an analysis of
long‐term historical climate data is warranted to understand
the nature of changes in urban climate extremes, if any, which
have already been experienced. Here, we report the results of
such an analysis over the continental U.S. for the 100 largest
urban areas, using a method that pairs core urban and sur-
rounding non‐urban areas to elucidate the relative contribu-
tions of regional climate and land cover change to observed
trends.

2. Methods

[6] We identified the 100 most populous urban areas in the
continental United States (CONUS) based on Census 2000
(http://www.census.gov/main/www/cen2000.html). The geo-
graphical extent of each of these urban areas was extracted
from the 2000 Urbanized area shape file (http://www.baruch.
cuny.edu/geoportal/data/esri/esri_usa.htm; accessed on: 20th
September, 2010), and overlaid these areas on a 1/16 latitude
by longitude grid mesh. For our paired analyses of urban and
non‐urban areas, we extracted urban polygons from the
urbanized area shape file. Non‐urban polygons were then
selected by first constructing buffer regions of 25‐km around
each urban area. The choice of a 25‐km band was made to
provide a basis for creating non‐urban areas of roughly the
same size as the urban areas, and to avoid, to the extent
possible, influences of major topographic variations in the
Western U.S. between urban and non‐urban areas. Once
the 25‐km bands were formed, the polygons were converted
to 1/16 degree raster images for purposes of generating
gridded meteorological data for the urban and non‐urban
areas. Non‐urban areas were selected to have the same
number of grid cells by subselecting from the 25‐km bands
those grid cells that were closest to the urban center.
[7] Meteorological station data for the CONUS including

daily maximum and minimum temperature and precipitation
were obtained from the National Climatic Data Center
(NCDC) for the period 1950–2009. Station data (NCDC
cooperative observer (Co‐op)) were then gridded at 1/16
degree spatial resolution for the selected urban and non‐urban
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buffer regions using the methodology described in reference
[Hamlet and Lettenmaier, 2005]. Stations that had data entry
errors or misinterpretation of data in written records were
removed. In the interest of preserving local influences of
urbanization on temperature and precipitation,we used separate
NCDC‐Coop andHCN stations for urban and non‐urban areas.
Meteorological stations not located in urban regions were
designated as non‐urban stations, and were eligible for inclu-
sion in the non‐urban grids, subject to the restrictions of the
gridding algorithm [Hamlet and Lettenmaier, 2005]. Gridding
of meteorological data for the urban and non‐urban buffer
regions was performed using the stations that were uniquely
present only in either urban or non‐urban regions. This
approach insured that data for urban and non‐urban regions
were gridded with unique sets of meteorological stations to
avoid any contamination that may occur due to common sta-
tions in urban and non‐urban regions. The gridding methods
assures that gridded data are well quality controlled and rep-
resent long‐term (multi‐decadal) trends due to climate change
[Hamlet and Lettenmaier, 2005], while avoiding spurious
trends that can result from changes in the number of stations,
station location changes, and changes in instrumentation.
[8] We selected indices that reflect climate impacts on res-

idential heating and cooling, as well as indices related to tem-
perature and precipitation extremes. Specifically, we estimated
heating degree days (HDD), cooling degree days (CDD), and
the annual number of warm nights/days and cool nights/days.
We also estimated changes in cold and warm spells as mani-
fested by cold spell duration index (CSDI) and warm spell
duration index (WSDI), as well as the number of warm (cold)
nights/days, defined as the number of days when the daily
minimum/maximum temperature was higher (lower) than the
90th (10th) percentile of the minimum/maximum temperature
during the 1961–1990 reference period (Table S1). HDD and
CDDwere estimated using base temperatures 18.3 and 23.9°C,
respectively [Hamlet et al., 2010]. CSDI (WSDI) was esti-
mated as the annual number of periods with at least 6 consec-
utive days when the daily minimum (maximum) temperature
was lower (higher) than the 10th (90th) percentile [Klein Tank
et al., 2009] based on the 1961–1990 reference period. To
understand potential changes in precipitation extremes, we
estimated annual 1‐day maximum precipitation (MP‐1),
mean accumulated precipitation for the five most extreme
events each year (PI‐5), number of precipitation events each
year exceeding the 90th percentile for that day (NP‐90), ratio
of heavy and non heavy precipitation (H‐NH), and precipi-
tation intensity (P‐INT). A description of these indices
[Alexander et al., 2006] is provided in Table S1.
[9] After generating the gridded meteorological data set,

we identified all the 1/16 degree grid cells falling within each
urban area polygon. For each urban area, spatially aggregated
mean time series were estimated using all the grid cells within
the urban areas. The result of the process was a single time
series for each of the climatic indices for each urban area over
the 1950–2009 period of record (Table S1 in the auxiliary
material).1 Changes in the equivalent non‐urban areas were
also estimated in same manner to understand relative attri-
bution from the local urbanization effect and regional climate
change. The gridding for the urban and non‐urban areas was
performed in such a way as to assure that there were no

common stations contributed to the gridded data for urban
and non‐urban areas.
[10] Trends in annual time series of the climate indices

were estimated and tested at the 5% significance level using
the non‐parametric Mann‐Kendall test applied to the entire
period 1950–2009. This test has been widely used to assess
trends in hydrologic and climate data [Helsel and Hirsch,
1993; Lettenmaier et al., 1994; Yue and Wang, 2002].
Trend magnitudes were estimated using the Sen slope esti-
mator [Sen, 1968]. We considered the effects of serial and
spatial correlation (i.e., field significance test) using the
regional Mann‐Kendall test statistic [Yue and Wang, 2002].
The significance of differences in mean and distribution was
tested using the Wilcoxon rank‐sum and Kolmogorov‐
Smirnov (KS) tests, respectively.

3. Results

[11] For the period 1950–2009 (consistent for all our
analyses), we analyzed changes in heating degree days
(HDD), cooling degree days (CDD), and number of warm
and cold nights (Figure 1). Declining trends in HDD were
pervasive across the U.S.; about 50% of the urban areas had
significant declines while none had a significant increase in
HDD. Changes in HDD varied between −10 to +1% per
decade (Figure 1e), with a median of −1.7% per decade for
areas with significant declines.
[12] There was likewise a large predominance of statisti-

cally significant increasing (31) relative to decreasing (0)
trends in CDD. The median increase (6.0% per decade for
those areas with statistically significant increases) was
strikingly large, although the patterns of changes (Figure 1)
were generally more variable than for HDD.
[13] A majority of urban areas (62) experienced statisti-

cally significant increases in the number of warm nights,
with patterns that were roughly similar to those in CDD.
None of the urban areas had a statistically significant
declining trend in warm nights. The median decadal increase
was 8% for those areas with statistically significant changes
in the number of warm nights and 6.5% for all urban areas.
The number of cool nights also changed in many (37 sta-
tistically significant decreases, no increases) of the urban
areas (Figure 1d), with a median decline of 7.6% per decade
for those areas with significant downward trends (Table 1).
[14] We found increases in the number of warm days,

but not nearly as many as in the number of warm nights
(Table S2). The number of cool days declined in 8 urban
areas, most of which also were located in the Western U.S.
and increased in two urban areas (Figure S1 and Table S2).
[15] We found that trends in the temperature‐related

indices for the surrounding non‐urban areas were quite
similar to those for the associated urban areas (compare
Figure 1e with Figure 1g, and Figure 1f with Figure 1h). For
indices based on minimum daily temperature, we also found
that the spatial distribution of changes in urban and non‐
urban areas were mostly similar (Figures S2 and S3).
However, for indices based on daily maximum temperature
(e.g., number of warm days), more substantial differences
were found in the number of changes and their spatial dis-
tribution (Figures S1 and S3 and Table S2). On this basis, it
appears that trends in HDD, CDD, warm, and cool nights
are largely attributable to trends in climate rather than to
local effects of urbanization. On the other hand, trends in

1Auxiliary materials are available in the HTML. doi:10.1029/
2011GL048255.
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indices related to daily maximum temperatures may be
attributable in part to land use change. For instance, Bonan
[2001] found reductions in daily maximum temperature due
to increases in cropland in the Midwestern U.S.
[16] We evaluated the direction of change in cold spell

duration index (CSDI) and warm spell duration index
(WSDI) by subtracting mean CSDI/WSDI for 1950–1979
from 1980–2009 (Figure 2). We found declines in mean

CSDI that varied from −14 to 2 per year in urban areas
across the U.S (Figure 2c). Most of the urban areas (93) had
declines in CSDI, whereas only 7 had increases, although
the median change over all urban areas was quite small
(−2%). On the other hand, 65 urban areas had increases in
WSDI, while 35 had declines (Figure 2c). There was slightly
less consistency in the number of areas showing upward vs.
downward changes in WSDI for urban versus non‐urban

Figure 1. Percentage change per decade during the period 1950–2009 for the selected climatic indices based on air temper-
ature: (a) heating degree‐days (HDD), (b) cooling degree‐days (CDD), (c) warm nights (TMIN90), (d) cool nights (TMIN10),
(e) distribution of % changes/decade for urban areas, (f) median trends in dominant direction (direction in which most urban
areas show significant trends) (solid bar) and for all urban areas (hollow bar), (g) same as Figure 1e but for non‐urban areas, and
(h) same as Figure 1f but for non‐urban areas. Boxes represent median, lower, and upper quartiles, whiskers extend from min-
imum to maximum values. Numbers left of boxes indicate urban areas with positive (upper) and negative (lower) changes.
Numbers in parentheses represent urban/non‐urban areas with statistically significant changes at 5% significance level
(two‐sided test). Percentage changes were estimated using the non‐parametric Mann‐Kendall trend test. Red circles show
increasing trends while blue circles show decreasing trends. Filled circles represent statistically significant trends at 5% sig-
nificance level.
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areas (58 increases vs. 42 decreases for non‐urban areas).
Overall, the differences appear to be mostly attributable to
regional changes in climate, rather than to local effects of
urbanization. We also found that both pooled (for all urban
areas) means and distributions of CSDI and WSDI have
significantly (p < 0.05) changed during the recent three
decades (1980–2009) (Figures 2e–2h).
[17] Changes in frequency, intensity, and magnitude of

precipitation extremes can affect performance and design
requirements for stormwater infrastructure in urban areas.
We evaluated changes in the annual maximum daily pre-
cipitation amounts (MP‐1), precipitation intensity for the
largest five events per year (PI‐5), the annual number of
events exceeding the 90th percentile of all non‐zero daily
precipitation amounts in the 1961–90 reference period
(NP90), ratio of heavy and non‐heavy precipitation (H‐NH)
per year, and annual precipitation intensity (P‐INT). As
shown in Figure 3a, there were statistically significant
increases in MP‐1 in many (20) urban areas, increases in
PI‐5 in slightly higher (29), increases in NP90 in about the
same number (29) of urban areas. The small numbers of
downward trends in all three indices were mostly in the
western U.S., where there was a somewhat random pattern
of increases and decreases. For urban areas with statistically
significant increases in MP‐1, the median increase was
6.5%/decade. There was also a preponderance of statistically
significant increases in both H‐NH and P‐INT (Figures 3d
and 3e and Table 1).
[18] The direction of trends and the number of areas with

significant increases in urban and non‐urban areas for MP‐1
were somewhat consistent. On the other hand, for PI‐5,
NP90, H‐NH, and P‐INT, the results in terms of both
numbers of statistically significant upward trends and their
predominance relative to downward trends were quite sim-
ilar for urban and adjacent non‐urban areas (Figures S2f,
S2g, S3c, and S3d). Of those paired urban/non‐urban areas
where trend directions or significance varied, many were

located in the West (Figures 3a and S2e), and these differ-
ences might be attributable to larger spatial variability in this
part of the country.
[19] We also compared domain averaged (time series mean

over all 100 selected urban areas) values of HDD, CDD, PI‐5,
and NP90 for 1980–2009 and 1950–79 (Figure 4) as they
were considered to be broadly representative of implications
for energy and infrastructure demand over all U.S. urban
areas. We found that mean HDD over all of the urban areas
has decreased significantly, and mean CDD has increased
significantly for 1980–2009 relative to 1950–79 (Figure 4a).
We also found statistically significant changes in the dis-
tributions of HDD and CDD (p < 0.05, based on the KS test)
for the first and second halves of the record.We found that for
the selected precipitation‐related indices, the means averaged
over all urban areas have increased significantly during
1980–2009 relative to 1950–1979. Moreover, changes in the
distributions were also statistically significant (Figures 4c and
4d). Results from the empirical orthogonal function (EOF)
analysis also reflected similar nature of trends/changes in
climate indices during the 1950–2009 (Figure S4).
[20] Finally, we evaluated the implications of altering our

criterion for determination of the non‐urban areas slightly.
Specifically, we added the requirement that stations that lie
within 25 km of the urban area boundary be excluded from
the non‐urban areas. Our reasoning was that there might be
some “spill‐over” effect from urban to non‐urban stations
nearby, i.e., the urban area could be affecting the sur-
rounding non‐urban area, calling into question whether the
trends were primarily of climatic origin. When we made this
change, the results (see Figure S5) were generally similar to
those without the buffer for temperature‐related indices,
suggesting that most of those trends are of climatic origin.
However, for precipitation‐related trends, the number of
statistically significant trends was generally reduced when
we imposed the 25 km restriction, suggesting that these
trends are at least partially specific to the urban areas (i.e.,

Table 1. Trends, Median Changes, and Field Significance for the Period 1950–2009

Climatic Indices
Areas With Significant
Decreasing Trends

Areas With Significant
Increasing Trends

Median Decadal Change (%)
in Dominant Direction

Median Decadal Change (%)
for All Areas

Field
Significancea

Urban
HDD 49 0 −1.7 −1.2 ↓
CDD 0 31 6.0 3.3 ↑
Warm Nights 0 62 8.0 6.5 ↑
Cool Nights 37 0 −7.6 −4.1 ↓
MP‐1 3 20 6.5 1.3 ↑
PI‐5 3 29 4.7 1.6 ↑
NP90 6 29 7.1 2.3 ↑
H‐NH 7 29 8.9 3.2 ↑
P‐INT 11 40 3.1 1.4 ↑

Non‐urban
HDD 51 0 −1.4 −1.2 ↓
CDD 1 28 11.0 2.2 ↑
Warm Nights 3 56 7.8 5.3 ↑
Cool Nights 40 0 −7.2 −4.5 ↓
MP‐1 1 19 5.9 2.1 ↑
PI‐5 5 33 4.1 2.2 ↑
NP90 2 33 7.2 3.5 ↑
H‐NH 8 33 8.3 4.1 ↑
P‐INT 8 38 3.9 1.6 ↑

aArrows show the direction of change.
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land cover related), and that there may be some “spill‐over”
effect of trends related to land cover change in urban areas
to nearby non‐urban areas.
[21] In addition to the analyses we performed for each of

the indices for each of the urban and non‐urban areas, we

also tested for field significance [Yue and Wang, 2002]
(essentially for rejection of the null hypothesis that the
spatial patterns of statistically significant changes could
have occurred due to chance). For all variables, except
warm and cool days, we found that our results were field

Figure 2. Direction of change in (a) cold spell duration index (CSDI) and (b) warm spell duration index (WSDI) for pre
and post 1980 periods for urban areas, upward triangles indicate that mean CSDI/WSDI has increased in recent decades
while downward triangles indicate decreases. Changes were estimated as the difference between mean CSDI and WSDI
for the 1980–2009 and 1950–1979 periods. (c) Distribution of changes in mean CSDI and WSDI for urban areas, (d) dis-
tribution of changes in mean CSDI and WSDI for non‐urban areas, (e) pooled mean CSDI for all urban areas for the pre and
post 1980 periods, (f) pooled mean WSDI for all urban areas for the pre and post 1980 periods, (g) pooled distributions for
CSDI for the pre and post 1980 periods, and (h) pooled distributions for WSDI for the pre and post 1980 periods. Error bars
show range of one standard deviation from the mean. Boxes represent median, upper, and lower quartiles, while whiskers
join the minimum and maximum changes. Numbers left of boxes are for urban/non‐urban areas with significant positive
(upper) and negative (lower) changes in CSDI and WSDI. Statistical significance was estimated using rank sum and KS
tests for mean and distributions of CSDI and WSDI.
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significant at the 5 percent significance level (see also
Tables 1 and S2).

4. Conclusions

[22] Based on our findings we conclude that:
[23] 1. A pervasive warming across the U.S. over the last

60 years has been manifested as a strong preponderance in
decreases in heating degree‐days and increases in cooling
degree‐days, with coincident decreases in the number of

cool nights and increases in the number of warm nights.
Consistent with previous studies [Easterling et al., 2000;
Kalnay and Cai, 2003], trends related to temperature min-
ima in the urban areas are generally stronger than those
related to temperature maxima.
[24] 2. There has been a strong preponderance of increases

in daily precipitation maxima and in the frequency of
extreme daily precipitation in urban areas across the U.S.
Although the number of statistically significant trends is not

Figure 3. Same as Figure 1 but for the selected climatic indices based on precipitation: (a) one day annual maximum
precipitation (MP‐1), (b) precipitation intensity of five most extreme events in a year (PI‐5), (c) number of heavy pre-
cipitation events (NP90), (d) ratio of heavy to non‐heavy precipitation (H‐NH), (e) precipitation intensity (P‐INT),
(f) distribution of % changes/decade for urban areas, (g) median trends in dominant direction (solid bar) and for all urban
areas (hollow bar), (h) same as Figure 3f but for non‐urban areas, and (i) same as Figure 3g but for non‐urban areas. Boxes
represent median, lower, and upper quartiles, whiskers extend from minimum to maximum values. Number left of boxes
indicate urban areas with positive (upper) and negative (lower) changes. Numbers in parenthesis represent urban/non‐urban
areas with statistically significant changes at 5% significance level. Percentage changes are estimated using the non‐
parametric Mann‐Kendall trend test. Red circles show increasing trends while blue circles show decreasing trend. Filled
circles represent statistically significant trends at 5% significance level. Precipitation events which exceeded 90th percentile
of wet day precipitation magnitude (wet day: day when precipitation is more than 1mm) during 1961–90 period were
considered to be heavy precipitation events.
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as dominant as temperature related trends, the number of
increasing trends ismuch larger than the number of decreasing
trends. Furthermore, the smaller number of statistically sig-
nificant trends as compared to temperature‐related indices
may well be a result of higher natural variability for precipi-
tation extremes as related to temperature.
[25] 3. For both minimum daily temperature based climate

indices and precipitation‐related trends, changes in urban
and non‐urban areas are generally consistent; suggesting
that the trends are dominantly a response to climate [Parker,
2004; Peterson, 2003], rather than local land cover changes
during the period of analysis. However, there is somewhat

less consistency in urban vs. non‐urban trends in climate
indices related to daily maximum temperature, which sug-
gests that land cover change may be at least partially
responsible for those trends. Also, there was some indication
of a “spill‐over” effect in precipitation indices, suggesting
that while trends in urban and non‐urban areas as we
defined them were quite similar, the non‐urban areas may
have been affected somewhat by (presumably land cover‐
related) changes in the urban areas.
[26] 4. Our results indicate changes in climate in major

U.S. urban areas during the last 60 years that have poten-
tially profound implications for urban residential heating

Figure 4. Comparison of domain average empirical probability distributions for the pre (1950–1979, red) and post (1980–
2009, blue) 1980 periods for (a) heating degree days (HDD), (b) cooling degree days (CDD), precipitation intensity for the
five most extreme events in a year (PI‐5), and (d) number of heavy precipitation events (NP90). Years in blue have the five
lowest values while years in red have the five highest values over the entire period 1950–2009. Differences in mean and
distributions were significant at 5% significance level using the Rank Sum Test and Kolmogorov‐Smirnov (KS) Test.
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and cooling, and stormwater infrastructure. However,
additional work will be needed to quantify these impacts,
and to estimate associated uncertainties.
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