JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 111, D05109, doi:10.1029/2005JD006290, 2006

Global observed changes in daily climate extremes of temperature
and precipitation

L. V. Alexander,"** X. Zhang,4 T. C. Peterson,’ J. Caesar,! B. Gleason,’

A. M. G. Klein Tank,® M. Haylock,7 D. Collins,® B. Trewin,® F. Rahimzadeh,’
A. Tagipour,” K. Rupa Kumar,'® J. Revadekar,'® G. Griffiths,'' L. Vincent,”

D. B. Stephenson,12 J. Bulrn,12 E. Aguilar,13 M. Brunet,13 M. Taylor,14 M. New,!?
P. Zhai,'® M. Rusticucci,'” and J. L. Vazquez-Aguirre'®

Received 31 May 2005; revised 28 September 2005; accepted 8 November 2005; published 15 March 2006.

[1] A suite of climate change indices derived from daily temperature and precipitation
data, with a primary focus on extreme events, were computed and analyzed. By setting an
exact formula for each index and using specially designed software, analyses done in
different countries have been combined seamlessly. This has enabled the presentation of
the most up-to-date and comprehensive global picture of trends in extreme temperature
and precipitation indices using results from a number of workshops held in data-sparse
regions and high-quality station data supplied by numerous scientists world wide.
Seasonal and annual indices for the period 1951-2003 were gridded. Trends in the
gridded fields were computed and tested for statistical significance. Results showed
widespread significant changes in temperature extremes associated with warming,
especially for those indices derived from daily minimum temperature. Over 70% of the
global land area sampled showed a significant decrease in the annual occurrence of cold
nights and a significant increase in the annual occurrence of warm nights. Some regions
experienced a more than doubling of these indices. This implies a positive shift in the
distribution of daily minimum temperature throughout the globe. Daily maximum
temperature indices showed similar changes but with smaller magnitudes. Precipitation
changes showed a widespread and significant increase, but the changes are much less
spatially coherent compared with temperature change. Probability distributions of indices
derived from approximately 200 temperature and 600 precipitation stations, with near-
complete data for 1901-2003 and covering a very large region of the Northern
Hemisphere midlatitudes (and parts of Australia for precipitation) were analyzed for the
periods 1901-1950, 1951-1978 and 1979—2003. Results indicate a significant warming
throughout the 20th century. Differences in temperature indices distributions are
particularly pronounced between the most recent two periods and for those indices related
to minimum temperature. An analysis of those indices for which seasonal time series are
available shows that these changes occur for all seasons although they are generally least
pronounced for September to November. Precipitation indices show a tendency toward
wetter conditions throughout the 20th century.
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1. Introduction

[2] For decades, most analyses of long-term global cli-
mate change using observational temperature and precipi-
tation data have focused on changes in mean values. Several
well respected monthly data sets provide reasonable spatial
coverage across the globe [e.g., Jones and Moberg, 2003;
Peterson and Vose, 1997]. However, analyzing changes in
extremes, such as changes in heat wave duration or in the
number of days during which temperature exceeds its long-
term 90th percentile, requires daily data in digital form.
Unfortunately, these data are not readily available to the
international research community for large portions of the
world [Folland et al., 2001]. In earlier “global” analysis of
extreme indices by Groisman et al. [1999] and Frich et al.
[2002], there were almost no data for most of Central and
South America, Africa, and southern Asia. Subsequent
studies such as Kiktev et al. [2003] provided gridded
updates to some of the indices but the spatial coverage
was still poor.

[3] The joint World Meteorological Organization Com-
mission for Climatology (CCl)/World Climate Research
Programme (WCRP) project on Climate Variability and
Predictability (CLIVAR) Expert Team on Climate Change
Detection, Monitoring and Indices (ETCCDMI) coordinated
two complimentary efforts to enable global analysis of
extremes. One effort was the international coordination of
the development of a suite of climate change indices which
primarily focus on extremes. These indices are derived from
daily temperature and precipitation data. The development
of the indices, including a user-friendly software package
that is freely available to the international research commu-
nity, involved not only ETCCDMI members but also
numerous other scientists, including many of the authors.
In all, 27 indices were defined and two software packages,
one written in R (RClimDex) and the other written in
FORTRAN (FClimDex), were developed. A website,
http://ccma/seos.uvic.ca/ETCCDMI, dedicated to this effort
provides comprehensive descriptions of all of the indices,
details of quality control procedures and references to
relevant literature. It also provides a free download of the
software packages along with detailed user manuals. By
setting an exact formula for each index and by using the
same software package, analyses done in different countries
or different regions can fit together seamlessly.

[4] The second ETCCDMI effort was to coordinate
regional workshops with the aim of addressing gaps in data
availability and analysis in previous global studies [e.g.,
Frich et al., 2002]. In many parts of the world there are
enough daily data available in digital form at the national
level, although accessing digital daily data can still be
problematic in some regions [Page et al., 2004]. Also,
some institutions are reluctant to part with data for various
reasons. A solution to this problem proposed by the
ETCCDMI was to hold regional climate change workshops
modeled on the Asia Pacific Network (APN) workshops
[Manton et al., 2001; Peterson et al., 2001; Griffiths et al.,
2005]. The APN approach was to bring together scientists
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from different countries within the Asia-Pacific region.
These participants brought their own daily data to the
workshops. Under guidance from international experts,
during the workshop, they conducted data quality control
and computed indices using a standard procedure and
software. The APN approach made it possible to exchange
indices data. Although some participants chose not to share
their original daily data they made the derived indices series
available for regional and global analyses. Two regional
climate change workshops were held in 2001 in Jamaica, to
cover the Caribbean region [Peferson et al., 2002] and in
Morocco, to cover Africa [Easterling et al., 2003; Mokssit,
2003]. Recognizing the successes and problems of these
workshops, the ETCCDMI held five additional workshops
in 2004 and early 2005 in South Africa (M. New et al.,
Evidence of trends in daily climate extremes over southern
and west Africa, submitted to Journal of Geophysical
Research, 2005), Brazil [Haylock et al., 2006; Vincent et
al., 2005], Turkey [Sensoy et al., 2006; Zhang et al., 2005a],
Guatemala [Aguilar et al., 2005] and India [Peterson, 2005;
Klein Tank et al., 2006] to provide additional coverage for
Africa, South America, the Middle East, Central America
and south-central Asia.

[5] The objective of this paper is to provide the most
comprehensive analysis of observed global temperature and
precipitation extremes. Toward this end, we use high-
quality daily data from all possible sources. They include
(1) data that are freely available to the international com-
munity, (2) data from all the ETCCDMI workshops that
were not available previously and (3) data that only some of
our coauthors have access to. The paper is organized as
follows. We describe the data in section 2. This section
includes detailed descriptions of the sources of daily data,
data quality control and homogeneity testing procedures,
and definitions and computation of the indices. In section 3
we provide a detailed account of the analysis of the indices
data, including gridding and trend computation. Results are
presented in section 4. We offer some discussion of the
results in section 5 followed by conclusions in section 6.

2. Data
2.1. Daily Data

[6] There are three international daily data sets freely
available to the research community. They are (1) the GCOS
Surface Network (GSN) data set [Peterson et al., 1997],
(2) the European Climate Assessment (ECA) data set [Klein
Tank et al., 2002] and (3) the daily Global Historical Clima-
tology Network (GHCN-Daily) data set [Gleason et al.,
2002]. The ECA data are used to cover Europe in this
analysis, while GHCN-Daily data are used for the United
States and Brazil. The GSN data are used to supplement these
sources of data, primarily in Africa. Indices data from the
workshops are used to cover the respective regions where data
had not previously been available. Details of the workshop
data are described in relevant workshop reports or papers.
Data from the APN workshops are also included.
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[7] Data were also provided by the authors’ institutions
for some parts of the world where the data for these regions
from the above sources were not available or were of poorer
quality. Though the level of development of high-quality
daily station data sets differs from one country to another,
we included the best available data sets. Canada supplied
carefully homogenized daily temperatures up to 2003 for
210 stations [Vincent et al., 2002] and a high-quality
precipitation data set [Mekis and Hogg, 1999]. Australian
temperature records have been adjusted for inhomogeneities
at the daily timescale by taking account of the magnitude of
discontinuities for different parts of the distribution [7rewin,
2001]. Stations that were likely to be affected by urbaniza-
tion were excluded, although recent studies [e.g., Peterson,
2003; Parker, 2004; Peterson and Owen, 2005] show that
urbanization effects have had little effect on large-scale
temperature trends. Australian precipitation data also came
from a high-quality precipitation data set [Haylock and
Nicholls, 2000]. Temperature data for the United States
were chosen from GHCN-Daily stations where statistical
homogeneity tests on both maximum and minimum temper-
atures did not detect any inhomogeneities [Menne and
Williams, 2005]. Precipitation data for the former USSR
were homogeneity adjusted [ Groisman and Rankova, 2001].
For some countries for which prescreened national data sets
were not readily available, e.g., Argentina [Rusticucci and
Barrucand, 2004], China [Zhai et al., 2005], India, Iran
[Rahimzadeh and Asgari, 2003] and Mexico, the authors
chose stations on the basis of their knowledge of the best
stations in their own country and/or recent analysis. The
remaining data were supplied primarily from the GHCN-
Daily data set, e.g., Brazil, and the Hadley Centre archives.
In all cases at least one of the authors had access to the raw
station records so that reference could always be made to
the original data should quality issues arise during the
analysis.

2.2. Data Quality and Homogeneity

[8] In most cases, data supplied by the authors were
quality controlled and the indices calculated using standard
software before being collated for this study. The level of
quality control differed from country to country (see above)
but in all cases an attempt was made to use the best possible
data sources. For data supplied from the workshops the
quality control procedure in RClimDex was used. The main
purpose of this quality control procedure was to identify
errors in data processing, such as errors in manual keying.
Negative daily precipitation amounts are removed and both
daily maximum and minimum temperatures are set to a
missing value if daily maximum temperature is less than
daily minimum temperature. Outliers in daily maximum and
minimum temperature are also identified. These are values
outside a range defined by the user. In this study, the range
is defined as lying within four standard deviations (std) of
the climatological mean of the value for the day, that is,
[mean + 4 x std]. Daily temperature values outside this
range are manually checked and edited on a case by case
basis by workshop participants who are knowledgeable
about their own daily data.

[o] Statistical tests were not generally applied to precip-
itation data analyzed at the workshops but any obvious
outliers, identified by careful examination of graphs, were
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checked manually. Careful post workshop analysis was
employed and data processed outside of the workshops
were similarly tested for outliers but methods varied from
source to source. Statistical tests, local knowledge, an
investigation of station histories or comparison with neigh-
boring stations can all be applied to determine whether an
outlying precipitation value is erroneous. It is particularly
important to identify multiday precipitation accumulations
that can appear erroneously in records of daily precipitation
[Viney and Bates, 2004]. These occur when accumulated
rainfall values are reported as daily totals. For example, data
extracted from GHCN-Daily for Brazil were rejected if a
rainfall value greater than 1 mm fell after a missing
observation [Haylock et al., 2006]. Even after data were
processed and collated for this study, annual time series of
total precipitation and diurnal temperature range for each
station were assessed again to identify outliers that may
have been missed in the initial quality control procedure.

[10] Data quality is a relatively easy problem to address
when compared with the problems associated with data
inhomogeneity. Erroneous outliers and artificial step
changes caused by changes in station location, observing
procedures and practice, instrumentation changes etc.
[Aguilar et al, 2003] make trend analysis unreliable,
and there is not always a consistent approach to deal
with data inhomogeneity [Peterson et al., 1998]. For this
reason, RClimDex can be used in tandem with a software
package called RHtest which identifies step changes in
station temperature time series. RHtest is based on a two-
phase regression model with a linear trend for the entire
series [Wang, 2003]. Except for the data from the first
few workshops, where a slightly different program based
on a similar technique was used, RHtest has been used to
test for inhomogeneities in the temperature data from
most stations used in this study. Other exceptions include
the use of the most homogeneous stations as defined by
Wijngaard et al. [2003] for ECA temperature and precip-
itation data and the use of homogeneous stations identi-
fied by Menne and Williams [2005] for the United States.

[11] If station data were identified as being inhomoge-
neous then they were excluded from the analysis. Inhomo-
geneous data were not adjusted for two main reasons
(although note that some data sources were already adjust-
ed, e.g., Groisman and Rankova [2001] and Vincent et al.
[2002] prior to inclusion in this study). First, there has been
only limited success to date in adjusting daily temperatures
[e.g., Vincent et al., 2002]. Second, as the many stations we
have cover many different climates, adjustment of temper-
atures would be an extremely complex task and difficult to
do well [Aguilar et al., 2003]. It is possible that some step
changes could be real and not due to an inhomogeneity
problem in the data. This highlights the importance of
having access to station metadata which we generally
lacked.

[12] Inhomogeneities other than step changes, such as
gradual changes in temperature, are not accounted for. Such
an inhomogeneity might occur through urbanization
although Peterson and Owen [2005] suggest that the effects
of urbanization on data averaged over an entire network of
stations are minimal when compared to the magnitude of
real climate variability and change. The problem of such
inhomogeneities is also difficult to address though it could
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