Vol. 17: 45-53, 2001

CLIMATE RESEARCH
Clim Res

Published July 4

Nature of observed temperature changes across
the United States during the 20th century

Paul C. Knappenberger'*, Patrick J. Michaels?, Robert E. Davis?

INew Hope Environmental Services, Charlottesville, Virginia 22903, USA
ZDepartment of Environmental Sciences, University of Virginia, Charlottesville, Virginia 22903, USA

ABSTRACT: The annual temperature history of the United States during the 20th century shows 3
distinct periods of change: warming from 1900 until about 1940, cooling from 1940 to 1969, and
warming from 1970 to the present. The characteristics of daily temperature change during these 3
periods are very different. The first 2 periods are marked by a tendency toward more temperature
extremes—higher extreme maxima during the first period, and lower extreme minima during the
second. In contrast, the warming during the most recent period, often used as evidence of human-
induced climate change, is characterized by temperature moderation—the pattern of temperature
rise exhibits a strong, preferential warming of the coldest days of the year.
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1. INTRODUCTION

During the past 100 yr, observations indicate that the
annual average surface air temperature for the 48 con-
tiguous United States has increased at a rate of about
0.04°C decade™! (Karl et al. 1996). However, this
observed temperature rise has not been constant;
instead, it is marked by 3 distinct periods of change.
From 1900 to 1939, annual temperatures rose at a rate
of 0.18°C decade!. This rise was followed by a tem-
perature decline of 0.12°C decade™! from 1940 to 1969.
From 1970 to 1997, the temperature again rose at the
same rate (0.19°C decade™) as in the early century rise
(Fig. 1). This pattern of temperature change is also pre-
sent in global temperature records (e.g., Stott et al.
2000). The most recent rise in temperature is often
identified as a signal of anthropogenic alterations to
the atmospheric composition of greenhouse gases
(e.g., Mann et al. 1998, Tett et al. 1999, Crowley 2000,
Stott et al. 2000) and as support for climate model pro-
jections of future conditions. These projections have
been used by the United Nations Intergovernmental
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Panel on Climate Change (IPCC) and in the recent
United States National Assessment (USNA) of the
potential consequences of climate change to suggest
that the future will be one with increasing temperature
extremes and related consequences such as increased
heat-related human mortality, spreading tropical dis-
eases, more severe droughts, more intense precipita-
tion events, and greater agricultural stress (IPCC 1996,
2001, USNA 2000).

Most of these consequences result from climate
model output suggesting that a warmer climate is a
more extreme climate (IPCC 1996, Easterling et al.
2000, IPCC 2001). However, before the model projec-
tions should be embraced by the IPCC or the USNA
teams, or can be considered a useful basis for policy or
planning decisions, the models should be extensively
verified. Observational studies, therefore, should be
carried out at a temporal scale appropriate for per-
forming such verifications. Since most extreme events,
by definition, occur on a rather fine temporal scale,
studies looking for changes in such events need to
incorporate data collected on a similarly fine scale. For
example, attempting to assess changes in temperature
extremes using monthly data may miss many of the
important aspects of how that change took place and
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Fig. 1. United States temperature history from 1910 to 1997

showing the pattern of temperature change marked by

successive periods of increasing (1910-1939), decreasing
(1940-1969), and then increasing (1970-1997) trends

would be insufficient for use in model verifications.
Therefore, in order to capture the temporal patterns of
temperature change observed across the United States
during the 20th century at a scale against which pro-
jections of changes in extremes can be judged, we
examined trends in daily observations of maximum
and minimum temperatures for a collection of stations
across the country.

2. DATA AND ANALYSES

Our analysis focused on daily temperature trends
over the United States within 3 successive time periods
covering most of the 20th century: 1910-1939,
1940-1969, and 1970-1997. These periods were cho-
sen from the available data to be of roughly equal
length and to best isolate the different temperature
patterns, in terms of both trends and break points, that
characterize the US temperature record over the
course of the 20th century. Observations show that
there was a strong warming trend of similar magnitude
in the first and last periods, while a cooling trend was
present in the middle period (Fig. 1). This pattern of
temperature change is well recognized in the US tem-
perature record (e.g., Karl et al. 1995, 1996). While the
magnitude of the trends within each period varies
across different regions of the United States, the pat-
tern of successive periods of warming, cooling, and
warming is generally preserved.

The data used in our analysis were the maximum
and minimum temperature observations contained in
the 1062-station version of the United States Historical
Climate Network daily data for the 48 contiguous
United States (HCN/D) (Easterling et al. 1999). The
spatial density, daily resolution, and long period of
observations make this data set especially useful for
the detection and characterization of regional temper-
ature changes across the United States. This data set is
an expansion and update of the original 138-station
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HCN/D database (Hughes et al. 1992). The expanded
database includes much improved spatial density and
coverage, although data quality and control are not as
strict.

The reduction in data quality and control, however,
potentially introduces changes in these data that are
not related to climate variability. Sources of these non-
climatological signals include time of observation
changes (Baker 1975, Schaal & Dale 1977, Karl et al.
1986), station moves, urbanization (Karl et al. 1988,
Balling & Idso 1989), and instrument changes (Quayle
et al. 1991). It is possible to isolate several of these fac-
tors within this data set and to select stations that are
free from their effects. To do this, we examined the sta-
tion history for each station that had a sufficiently long
period of record within each of our analysis periods. An
adequate period of record was defined to be one with
valid data for at least 90 % of the total number of years
in an analysis period. Up to 10 non-consecutive miss-
ing daily observations were allowed in a valid year.
These missing values were interpolated as the linear
average between the temperature measured on the
preceding and following days. A year containing suc-
cessive missing daily observations, or more than 10
non-successive days with missing observations, was
removed from the analysis. Once stations with ade-
quate data were identified, we then checked for con-
sistency in station location, observation time, and
instrument type within each analysis period. We elimi-
nated stations that had station moves of more than 0.1’
of longitude or latitude or an elevation change of more
than 6 m. We also eliminated those stations that had a
time of observation change of more than 1 h. And
lastly, during the 1970-1997 period of study, we
removed those stations where the liquid-in-glass ther-
mometers in Cotton Region Shelters that were histori-
cally used to record daily maximum and minimum
temperatures in the Cooperative Station Network were
replaced with a thermistor-based temperature observ-
ing system (Maximum-Minimum Temperature System
or MMTS). This changeover was begun in the mid-
1980s.

For each of the remaining stations within each analy-
sis period, the daily data within each year were ranked
from the coldest to the warmest. The data were then
collected into 365 annual time series for each tempera-
ture variable (maximum and minimum tempera-
tures)—1 time series for each ranked day of the year.
Note that these time series do not have a consistent
ranking in time (e.g., the Julian day is not constant),
but instead have a consistent ranking in temperature
(a time series of the first coldest day of each year, a sep-
arate time series for the second coldest day of each
year, etc.). An ordinary least-squares regression line
was then fitted through each of the 365 time series.
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Within each analysis period, we averaged the least-
squares trends from all available stations within 7
roughly equal-area geographic regions across the
United States for each ranked day. Regional averages
were used to reduce the effects of spatial inhomogene-
ity of the station distribution, while still allowing some
illustration of regional variation of change.

Through this data selection method, we effectively
eliminated most non-climatological effects except for
land-use changes (including urbanization). The identi-
fication and removal of an urbanization signal are
extremely difficult, and there exists no method that
assures success. Researchers have applied many dif-
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ferent techniques to monthly data and have reported
somewhat, but not completely similar, results (e.g.,
Karl et al. 1988, Balling & Idso 1989, Gallo et al. 1999).
No studies have attempted to identify, much less adjust
for, urbanization influences on a daily scale on any-
thing more than a case-study basis since the magni-
tude of the urban effect is dependent not only on the
physical surroundings but also on the daily weather
(e.g., Landsberg 1981, Oke 1987). Because of these
severe limitations, we were unable to account for
urban influences in our data set. It is the general con-
sensus of previous research that urbanization raises
nighttime temperatures and has little effect on daytime
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Fig. 2. Regional average trends through ranked daily maximum and minimum temperatures for the period 1910-1939. In paren-

theses are the numbers of stations within each region used in the analysis. The vertical bars represent the average trend for each

ranked day across each station in the region, sorted from coldest to warmest (x-axis), while the thin black lines represent the
upper and lower 95 % CLs of this average as defined by 2 SEM
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temperatures. The seasonality of the urban signal is
not well established. Some researchers have found that
the minimum temperatures during the summer and fall
months exhibit the greatest warming (e.g., Ackerman
1985, Karl & Jones 1989), while others have identified
the strongest signal in the winter months (e.g., Balling
& Idso 1989, Moreno-Garcia 1994). In interpreting our
results, bear in mind that urbanization effects are
likely present, and that they likely act to increase the
trends in minimum temperatures over the levels that
would be observed in the absence of urban influences.

3. RESULTS
3.1.1910-1939

During the earliest period, 39 stations passed our cri-
teria for inclusion in the analysis of maximum and min-
imum temperatures. Fig. 2 shows the average temper-
ature trend among all valid stations within each
geographic region, along with the 95% CI as defined
by 2 SEM. There was only 1 station in our southwest-
ernregion, and, therefore, this region was not included
in our subsequent calculations. The trends of ranked
daily temperatures showed that a significant warming
occurred across most of the remaining 6 regions and

across most temperature categories with the exception
of the coldest days in the Northwest, and most times of
the year in the South (probably due to the small num-
ber of valid stations in this region). While the warming
was spread throughout the temperature range, there
was a tendency for more warming to occur on the
warmest days. When the mean trends from the 6
regions were combined (with an equal weighting for
each region) into a national average, the country as a
whole exhibited an overall significant warming trend
in both maximum and minimum temperatures (Fig. 3).
The warming trends of minimum temperatures in-
creased toward both the colder and the warmer ends of
the ranking, while the trends in maximum tempera-
tures increased more toward the warmest half of the
temperature ranking. This resulted in the greatest
warming trends being found in the days with the high-
est maximum temperature. This is a climatic tendency
toward more extreme heat.

3.2.1940-1969

In contrast to the early period warming, the years
from 1940 to 1969, with 99 valid stations, were marked
by a general cooling throughout the eastern half of the
United States, rather neutral changes in the North-
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Fig. 3. United States national average trends through ranked daily temperatures for the period 1910-1939. See Fig. 2 for definitions
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west, and a small warming in the southwestern region
(Fig. 4). There was a tendency for days with lower
maximum and lower minimum temperatures to cool at
a rate greater than that observed during warmer days.
This pattern becomes more obvious when the trends
from the 7 regions are averaged (Fig. 5). On a national
scale, this period was characterized by a general
reduction in both the daily maximum and daily mini-
mum temperatures. A significant cooling trend in daily
maxima was found at both ends of the temperature
range, while the significant cooling trends in the daily
minima were found primarily during the days with the
lowest temperatures. In other words, the coldest days
became colder.
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3.3. 1970-1997

During the period from 1970 to 1997, 100 stations
met the data inclusion criteria. The primary feature of
temperature change during this period was the large
warming trend during the coldest days of the year. An
examination of the regional trends in temperatures
(Fig. 6) shows that the pattern of greatest warming
occurring during the days with the lowest minima, and
to a large extent days with the lowest maxima, was
common to all regions. The days with more moderate
temperatures (those in the middle of the temperature
rankings) showed a wide variety of change, including
warming in the west, mixed trends in the middle por-
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Fig. 4. Regional average trends through ranked daily temperatures for the period 1940-1969. In parenthesis are the numbers of
stations within each region used in the analysis. See Fig. 2 for definitions
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tions of the country, and cooling in the southeast. The
highest daily maximum temperatures exhibited signif-
icant increases in the eastern parts of the country and
changed little in the western regions. When the 7
regions are combined, the nationwide average trends
are dominated by the significant increases during the
days with the lowest temperatures (Fig. 7), although
increasing temperatures are evident throughout the
rankings. This is a climatic tendency characterized pri-
marily by less extreme cold.

These daily results are generally consistent with
studies that have investigated changes in minimum
and maximum temperatures using data at the monthly
time scale (Karl et al. 1991, 1996, Easterling et al.
1997), but provide for a more detailed analysis of the
patterns of change.

3.4. Impact of urbanization

The impact of urbanization and land-use changes on
these daily trends was not quantified in this analysis.
As we have previously discussed, there is widespread
agreement that urbanization tends to raise minimum
temperatures and leave maximum temperatures unaf-
fected, but little agreement as to the seasonality of

these changes. Therefore, we assume that, when aver-
aged over a number of stations, urbanization led only
to an across-the-year elevation of the trends observed
in minimum daily temperatures. We conclude that in
the absence of urban influences, the general patterns
of temperature changes observed during our 3 study
periods would be enhanced. In the 1910-1939 period,
the relative dominance of warming on the hottest days
would be more pronounced as the positive trends in
minimum temperatures would be reduced. During the
1940-1969 period, the cooling trends observed in daily
temperature minima would be even greater, and dur-
ing the 1970-1997 period, urban effects would have
little impact on the finding that the greatest warming
rate occurred at the cold end of the rankings, in both
maximum and minimum temperatures.

4. DISCUSSION AND CONCLUSION

During the most recent period (1970-1997), human
changes to the earth-atmosphere system should have
exerted their largest influence on temperatures since
this corresponds to the time of the greatest rate of
atmospheric buildup of greenhouse gases as well as
their greatest concentrations. Numerous detection
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Fig. 6. Regional average trends through ranked daily temperatures for the period 1970-1997. In parenthesis are the numbers of
stations within each region used in the analysis. See Fig. 2 for definitions

studies have looked for and reported to have found
a connection between observed temperatures and
greenhouse gases (e.g., Barnett et al. 1999, Michaels et
al. 2000). Our results show that the nature of tempera-
ture changes in the United States during this period of
warming are quite different from those that occurred
during an earlier period of comparable warming with
much less human modification of the composition of
the atmosphere.

The warming from 1900 to 1939, the period in the
last century that had the least anthropogenic influ-
ence, was one in which the greatest rise in temperature
occurred during the hottest days of the year. The
decade at the culmination of the warming, the 1930s,
was marked by very hot summer days and extreme

and widespread drought conditions across the United
States. This early 20th century warming, thought to be
predominantly natural and caused by variations in the
solar and volcanic output (Lean et al. 1995, Robock &
Free 1995, Lean & Rind 1998, Crowley 2000), dis-
played the characteristics of a climate that was becom-
ing more severe. By contrast, the warming observed
during the past 3 decades displays few such character-
istics. The temperature rise has taken place predomi-
nantly in the days of the year with some of the lowest
maximum and minimum temperatures, while the days
with the highest temperatures have exhibited far less
of an increase. These findings add to the growing evi-
dence (Balling et al. 1998, Michaels et al. 1998,
Michaels et al. 2000) that the surface air temperature
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Fig. 7. United States national average trends through ranked daily temperatures for the period 1970-1997. See Fig. 2 for
definitions

change that has occurred during the period of the
greatest human influence on the climate is one in
which increases of extremely low temperatures have
dominated over those of high temperatures—a climate
tending toward moderation rather than the extreme.
Prognostications of dire consequences built upon
model projections of a climate change dominated by
increasing high temperatures should be reassessed
based upon a growing body of evidence to the con-
trary.
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