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1. INTRODUCTION

The continued buildup of greenhouse gases may
force any number of changes to the climate system
including the highly-popularized prediction for an in-
crease in mean global temperatures. However, as noted
by many investigators (Hansen et al. 1988, Mearns et
al. 1990, Barrow & Hulme 1996, Joubert & Hewitson
1997), changes in temperature variability are also im-
portant in determining the future temperature distrib-
utions. While the newer numerical models of climate
predict less warming with realistic greenhouse changes
than do earlier versions (Kerr 1997, Mitchell & Johns
1997), predictions of temperature variability remain
inconsistent.

For example, Gregory & Mitchell (1995) concluded
that changes in variability could greatly differ from
season to season, and were highly dependent upon
local physical processes. Under doubled carbon di-
oxide conditions, their experiment revealed decreases
in temperature variability during European winter be-

cause of reduced land/sea temperature differences,
but increased summer variability because of changes
in the surface radiation budget.

Empirical studies of observed temperature vari-
ability are no more conclusive. Parker et al. (1992)
examined the long temperature record from central
England (Manley 1974) and found no evidence of in-
creased variance in recent decades. Parker et al. (1994)
compared interannual seasonal temperature anom-
alies from the 1954–1973 period to the 1974–1993
period for most of the globe. They found a small
increase in variability overall with an especially large
increase in central North America. However, Karl et al.
(1995) concluded that an increase in CO2 should de-
crease high frequency temperature variance, and they
found that day-to-day variability during the twentieth
century is down in the Northern Hemisphere, par-
ticularly in the United States and China. Karl et al.
(1997, p. 81) later stated, ‘Projections of the day-to-day
changes in temperature are less certain than those of
the mean, but observations have suggested that this
variability in much of the Northern Hemisphere’s 
mid-latitudes has decreased as the climate has become
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warmer. Some computer models also project decreases
in variability.’

The entire issue is further confused by the many
operational definitions and statistical approaches that
have been used to quantify temperature variability.
In addition, the literature contains many articles on
trends in extreme temperatures which may be related
to changes in the mean and/or changes in the variance
(Mearns et al. 1984, Hansen et al. 1988, Balling et al.
1990, Tarleton & Katz 1995, Barrow & Hulme 1996).
But while the scientific debate on this dimension of
global change continues, the public seems convinced
that the world’s weather has become more variable in
the recent decades.

The purpose of this paper is to present the results
from 3 different empirical analyses used to address
interrelated issues involving changes in temperature
variability and trends in record-breaking extreme
temperatures. The calculations applied are relatively
simple and the datasets are widely available and from
large areas of the earth’s surface. The techniques are
applied consistently from place to place, and several of
the procedures allow areal averaging which provides
an indication of temporal trends in variability over
large areas, including the entire earth. All of these
analyses and results should be useful in resolving some
of the fundamental questions regarding trends in
temperature variability during the period of historical
records. An understanding of the historical record will
provide us with a better insight into future trends
under a changing climate.

2. TEMPERATURE DATASETS

The 1995 report of the United Nations Intergovern-
mental Panel on Climate Change (IPCC) describes a
monthly near-surface air temperature dataset that is
available on the internet and is widely used in climate
research (Houghton et al. 1996). The land surface air
temperatures are taken from the 5° latitude by 5°
longitude grid cell temperature data developed and
described by Jones (1994). Jones carefully assessed
the homogeneity and representativeness of each time
series from 2961 stations. He converted the monthly
station observations into the 5° latitude by 5° longitude
grid-box data, and all values are expressed as devia-
tions (anomalies) from a reference period defined as
1961 to 1990. The IPCC monthly temperature data for
the oceanic areas were extracted from the data gen-
erated and described by Folland & Parker (1995). The
original data come from millions of observations from
ships, and a physical-empirical method is applied to
the raw data to eliminate inhomogeneities that impact
the oceanic temperatures.

Daily maximum and minimum temperature time
series for the United States, China, and the former
Soviet Union were acquired from the Carbon Dioxide
Information Analysis Center (CDIAC) at Oak Ridge
National Laboratory (Oak Ridge, TN, USA). The
record from the former Soviet Union consists of 223
stations compiled initially by the Research Institute of
Hydrometeorological Information in Obninsk, Russia
(Razuvaev et al. 1993). This network varies consider-
ably through time with some stations opening in the
late 19th century, most opening in the mid-1930s, and
all ending by 1989. Daily temperature data for the
People’s Republic of China were assembled initially by
the Chinese Academy of Sciences in Beijing, China.
The network consists of 191 stations with nearly con-
tinuous records extending from 1951 to 1990. Finally,
the 1062-station subset of the United States Historical
Climatology Network prepared by the National Cli-
matic Data Center was added to the analyses (Hughes
et al. 1992). Many of these stations opened in the late
19th century and most continue through 1995.

Each of these 3 daily maximum and minimum tem-
perature datasets is considered to be of high quality
and potentially useful in the analyses of changes in
variability over the period of record. The source orga-
nizations and CDIAC subjected these data to rigorous
quality assurance checks that eliminated outliers,
major discontinuities, and other relatively standard
data problems. However, in each network the time of
observation does vary from station to station and year
to year, and urban influences have not been explicitly
addressed, although most stations in the former Soviet
Union and the United States are predominantly rural.

3. ANALYSES AND RESULTS

3.1. Monthly temperature variation

We first looked at the variability of the monthly tem-
perature anomalies within each year using the IPCC
monthly gridcell temperature anomaly dataset. For each
gridcell in this dataset which contained a complete set
of 12 monthly anomalies in any year, we simply calcu-
lated the intra-annual variance in the temperature
anomalies for that year as:

where X represents the monthly temperature anom-
alies and N is the number of months (equal to 12). We
then calculated the best fit least-squares linear trend in
the variance time-series for each gridcell for the most
recent 50 and 100 yr periods, and only calculated the
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trend for cells with no more than 10% of the years
missing over the selected time period.

For the most recent 50 yr (1947 to 1996), 1041 (out of
a possible 2592) gridcells have valid data, covering
50.5% of the earth. The regional pattern shows a gen-

eral decline of the within-year variance of the monthly
temperature anomalies in most locations, although
the mid-to-upper latitude land areas of the Northern
Hemisphere show increases in the intra-annual vari-
ance levels (Fig. 1). Fig. 2 shows the spatial pattern of
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Fig. 1. Trends in intra-annual variance (°C2 decade–1) for the period 1947 to 1996

Fig. 2. Trends in intra-annual variance (°C2 decade–1) for the period 1897 to 1996
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the trends in the variance time-series using
the 100 yr period (1897 to 1996). While this
analysis only included 393 cells covering
18.4% of the earth, the spatial pattern con-
tinues to show an overall decline in most
areas, but an increase in variance in north-
ern North America and northern Eurasia.

For the period 1947 to 1996, we produced
a single areally-weighted average variance
term for each year using the 1041 cells with
nearly continuous data. This produced a
time-series of intra-annual variance levels
from 1947 to 1996 over a large spatial scale
(Fig. 3). The trend in this time-series is
towards decreasing intra-annual variance
of monthly temperature anomalies and is
highly significant (∆Variance/∆Decade =
–0.11°C2 decade–1, r = –0.58). We repeated
the analyses for the 313 cells with continu-
ous data from 1897 to 1996, and found a
similar result (∆Variance/∆Decade = –0.06°C2 decade–1,
r = –0.44). The Pearson product-moment correlation
coefficient between the long and short time series is
+0.90, indicating that using the 100 yr dataset, even
though it is much reduced in spatial extent, provides a
fair representation of large-scale historical trends.

Finally, we compared the IPCC mean annual global
temperature anomalies to the variance time-series for
the 1897–1996 period (Fig. 4); the statistically signifi-
cant correlation coefficient is –0.33. The result indi-
cates that as the world warms, the intra-annual vari-
ance decreases at a statistically significant rate. Looking
at only the 1947–1996 period, the correlation coeffi-
cient between global temperature variance and global
temperature is –0.34.

3.2. Daily temperature variance

We then performed an analysis to investigate the
trends in the variation of the daily minimum and
maximum temperatures within a winter and summer
month. To do this, we calculated the intra-monthly
variance in daily maximum and minimum tempera-
tures for each January and each July for each of the
223 stations in the former Soviet Union, the 1062
stations in the United States, and the 198 stations in
China. A minimum of 29 January or July days with
actual data was required for any one month, or the
monthly variance value for that month was considered
missing. We then separately determined the trend in
the daily maximum and minimum temperature vari-
ance values for each station for January and July. We
eliminated any station with less than 50 yr of monthly
variance values in the United States and the former

Soviet Union, and, since the Chinese stations had a
shorter period of record, we required only 30 yr of data
for stations there to be included in the analysis. Finally,
we calculated the mean and standard deviation of the
variance trend values for each of the 3 regional data-
bases.

Several key patterns stand out in the mean trends in
daily temperature variance values from the 3 regions
(Table 1). Overall, variance in daily maximum and
minimum temperatures is generally trending down-
wards (i.e. temperatures are becoming less variable)
through the period of historical records. January de-
clines are on average nearly 10 times greater than
declines in July. Variance in minimum temperatures is
declining more than variance in maximum tempera-
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Fig. 3. Plot of intra-annual temperature variance for 393 valid cells in the 
1897–1996 time-series and 1041 cells for the 1947–1996 time-series
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tures. However, the spatial standard deviations asso-
ciated with these regional mean variance trend values
are in every case as large, or larger than the mean
shown in Table 1. This suggests that the mean trend
values are not statistically significantly different from
zero. However, 12% of the stations show statistically
significant negative trends (α = 0.05) while 6% show
a significant increase. This latter value is obviously
not different from the 5% expected at this signifi-
cance level.

3.3. Record-breaking daily temperatures

The final set of analyses we performed was aimed at
exploring the temporal trends in the occurrence of
record-breaking extreme temperatures. For each sta-
tion, and for each of the 4 temperature records (high
maximum, low maximum, high minimum, low mini-
mum), we developed a string of 365 values, one for
each day of the year. For each day, we determined
the year in which the most extreme (record-breaking)
temperature occurred; we also determined the time
when the daily temperature series began and ended
for each station. If there is a trend toward an increasing
frequency of record temperatures in the more recent
years, the mean of the 365 values representing the
years in which daily temperature records were set,
Ymean, would be greater than the mid-point of the time
series, Ymid. We calculated the standard deviation, s, in
the time series of 365 year values, and finally, we pro-
duced standardized z-scores of the difference between
the time-series mid-point and the mean of the 365 year
values by dividing the difference by the standard devi-
ation, z∆Y = (Ymean – Ymid)ys. In this way, we were able to
combine the data from individual stations into regional
aggregates. We can assess the statistical significance
of the z∆Y values by using a table of standard normal
probabilities. We performed these calculations sepa-
rately for record-breaking high maximum temperature,
low maximum temperature, high minimum tempera-
ture, and low minimum temperature. We eliminated
stations with less than 50 yr of record or more than 5%

missing data in the United States and the former Soviet
Union and stations with less than 30 yr of record or
more than 5% missing data in China. We produced a
regional aggregate mean value through simple aver-
aging of the z∆Y values for every station in each region.

The resulting regional aggregated z∆Y values are
presented in Table 2, and although the z∆Y values are
not high enough to be judged statistically significant,
several key results emerge. The average year in which
daytime record high temperatures were set is prior to
the midpoint of the time-series for both the United
States and China station aggregates, and very near to
it for the Russian aggregate. This indicates an overall
tendency for record-breaking maximum temperatures
to have occurred earlier in the temporal record,
although the lack of statistical significance means that
these results could have occurred by chance alone.
The same holds true for record low minimum tempera-
tures where, although all 3 regions showed the ten-
dency for record-setting extremely low temperature to
have occurred in the early part of the record, the
results were not statistically significant. Therefore, at
our level of aggregation, we cannot support the state-
ment in the recent IPCC report (Houghton et al. 1996,
p. 138) which says, ‘There has been a clear trend to
fewer extremely low minimum temperatures in several
widely separated areas in recent decades.’ However,
our results do support the IPCC assertion that
‘[w]idespread significant changes in extreme high
temperature events have not been observed.’

Although we eliminated stations with more than 5%
missing data, there remained a significant and positive
relationship between some of the z∆Y values and the
percent missing data. Because missing data tend to oc-
cur early in the observations, thereby reducing the op-
portunity for record-breaking values during the peri-
ods with missing data problems, a positive relationship
exists between percent missing data and the z∆Y val-
ues. For example, the +0.03 z∆Y value for the high max-
imum temperatures in the former Soviet Union actually
reduces to –0.01 when this effect is controlled for using
a simple regression analysis. The other z∆Y values
would be similarly corrected downward for the former
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Table 1. Mean linear trend (°C2 decade–1) in daily tempera-
ture variance values

USA China Former Soviet Union

Maximum temp.
January –0.19 –1.13 0.07
July –0.13 0.06 –0.02

Minimum temp.
January –0.26 –1.32 –0.37
July –0.19 0.06 –0.08

Table 2. z∆Y values indicating temporal tendency for record-
breaking temperatures

USA China Former Soviet Union

Maximum temp.
High –0.24 –0.16 0.03
Low –0.07 –0.11 –0.01

Minimum temp.
High –0.14 0.02 0.14
Low –0.16 –0.31 –0.15
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Soviet Union, but in China and the United States, no
statistically significant relationship exists between the
z∆Y values and the percent missing data.

4. DISCUSSION AND CONCLUSIONS

Our results vary considerably with the popular per-
ceptions about a warming world. We find decreasing
variability within years and within months. In addition,
we find a negative correlation between global average
temperature departures and global-scale monthly tem-
perature variance, which means that warmer global
temperatures are associated with lower intra-annual
temperature variability (i.e. more stable temperatures).
We also find no evidence for an increasing frequency
in the number of days in which record high tempera-
tures occur, and a statistically insignificant downward
trend in the frequency of days in which record low
temperatures are set.

Our results are consistent with a number of recent
studies (e.g. Karl et al. 1995, Thompson 1995, Knap-
penberger et al. 1996) that show very subtle (and
nonobvious) climate responses that are highly consis-
tent with greenhouse physics. The enhancement of the
levels of atmospheric carbon dioxide is forecast by
most global climate models to raise the temperatures
the most during the wintertime in the high latitudes
(Houghton et al. 1996). Recent results by Balling et
al. (1998) show that this seems to be occurring in the
coldest and driest airmasses in the Northern Hemi-
sphere—those found during the winter over Siberia
and northwestern North America. This reduction of the
equator-to-pole temperature gradient results in a
climate that is more ‘summerlike’ (or less ‘winterlike’).
Globally, warm seasons are characterized by lower
month-to-month and day-to-day variability. This is
consistent with our results which show that the vari-
ance in daily temperatures has been declining much
more during January than July in our 3 regions in the
Northern Hemisphere.

These results underscore an evolving concept of
‘moderate’ climate change (as opposed to rapid, large
and dangerous change) that is also supported by
recent modelling studies such as those described by
Kerr (1997) and Mitchell & Johns (1997). These models
produce only about a degree and a half (C) of warming
over the next century when their results are adjusted
to reflect a more realistic value (0.7% yr–1) for the
increase of effective carbon dioxide than was actually
used in the models. A future temperature change of
1.5°C is near the low end of the IPCC (1995) range of
1 to 3.5°C for the forecast of global average tempera-
ture increase by the year 2100. The results of these
new models, along with our results and other recent

findings (e.g. Balling et al. 1998), suggest that the
climate of the next century will be characterized by a
modest warming, primarily in the high latitudes in
winter, with decreased season-to-season and day-to-
day temperature fluctuations.
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