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X-2 RUSSO, STERL: GLOBAL CLIMATE INDICATORS

Abstract.  Climate change indices derived from model daily extreme tem-
perature data are computed and analyzed to study the change of climatic
extremes between 1950 and 2100. We use data from the ESSENCE project,
in which a 17-member ensemble simulation of climate change in response to
the SRES Alb scenario has been carried out using the ECHAM5/MPI-OM
climate model. The large size of the dataset gives the opportunity to accu-
rately detect the change of extreme climate indicators. We choose extreme
temperature indices from the Expert Team on Climate Change Detection,
Monitoring and Indices (ETCCDMI), focusing on percentile based and du-
ration indices. Additionally, we define some new indices measuring the in-
tensity of daily temperature extremes. To study extremes within different
subsequent 50-year time intervals (1950-2000, 2001-2050 and 2051-2100) we
use corresponding reference periods (respectively 1961-1990, 2011-2040, and
2061-2090). Trends of the indices within each of the three 50-year periods

are estimated using the Mann-Kendall slope estimator. The trends found in
our model data for the period 1950-2000 compare well with those reported

in the literature from observations. Future trend patterns resemble those from
the 1950-2000 period, but have larger amplitudes. Thus the pattern of ex-
treme temperature change is already emerging from the weather noise. Out-
side the tropics, the trend of indices defined from minimum daily temper-
atures is greater in absolute value than the trend of indicators related to max-
imum daily temperatures. The trend of the annual temperature range (7jnax—

Thnin) is positive or close to zero over the tropics and negative over the ex-
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tratropics, indicating that the value of the yearly maximum temperature is
increasing faster than the minimum in the tropics and wvice versa in the ex-
tratropics. Finally, using a class of frequency curves defined by Johnson (John-
son, 1949), we study index probability density functions (PDF) for eight re-

gions. All PDFs shift in the direction of warming.
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1. Introduction

Future climate change is generally believed to lead to an increase in climate variability
and in the frequency, intensity and duration of extreme events. The definition of an
extreme is not simple if we want to define an extreme coherently over the entire Globe.
In the last few years many indices have been developed by different authors to compare
climate change between different regions. The utility of an index is to monitor climate
and estimate when climate change will happen. They measure intensity, frequency and
duration of temperature and precipitation events. An index represents events that occur
several time per season or year, giving it more robust statistical properties than measures
of extremes which are so far in the tail of the distribution that they are not observed every
year.

Frich et al. [2002] (henceforth FEA02) produced a global dataset of derived indicators
to clarify whether frequency and severity of climatic extremes changed during the sec-
ond half of the 20th century. They found that the number of days for which the daily
minimum temperature is above the 90th percentile has increased for most of the land
area, with a reduction of frost days and increasing in growing season length. Kiktev et
al. [2003] generally confirmed these results with more robust statistical methods. The
joint World Meteorological Organization Commission for Climatology (CCl)/World Cli-
mate Research Programme (WCRP) project on Climate Variability and Predictability
(CLIVAR) Expert Team on Climate Change Detection, Monitoring and Indices (ETC-
CDMI) coordinated two complimentary efforts to enable the global analysis of extremes

(see http://ccma.seos.uvic.ca/ETCCDMI for details). One effort was the international
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RUSSO, STERL: GLOBAL CLIMATE INDICATORS X-5

coordination of the development of a suite of climate change indices which primarily focus
on extremes. The second ETCCDMI effort was to coordinate regional workshops with
the aim of addressing gaps in data availability and analysis in previous global studies
le.g., Frich et al., 2002]. Alezander et al. [2006] (henceforth AEA06) applied the suite of
climate indices developed by ETCCDMI to a data set with good coverage. They studied
the empirical probability density function (PDF) of the calculated indices and found that
over 70% of the sampled land area has a significant decrease in the annual occurrence of
cold nights (TN10p index) and a corresponding increase in warm nights (TN90p index).

In this paper we use modelled daily temperature data for the period 1950-2100 to
calculate some of the temperature indices formulated by FEA02 and reviewed later by
the ETCCDMI. Most of the indices that were used in the past are related to the estimation
of duration or occurrence of extreme events, without any consideration of their intensity.
We therefore also define some indices that measure the intensity of extreme events. This
study is a complement to the paper of Sterl et al. [2008], who used the same model data
to investigate the change of the temperature to be expected only once in 100 years. In
the present paper we focus on much milder extremes, which makes it possible to better
compare the model results with observations.

We divide the period 1950-2100 into three consecutive non-overlapping 50-year periods.
The findings for the first period (1950-2000) are in agreement with previous studies [e.g.,
Jones et al., 1999], regional studies using daily data [e.g., Yan et al., 2002], and with the
results of AEA06. We focus on extremes in the future periods by moving the threshold
from the 1961-1990 reference period (FEA02 definition) to reference periods 2011-2040 and

2061-2090 and calculate the indices with respect to these reference periods. Additionally,
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we also calculate them for the whole period (1950-2100) using the threshold of the first
period. This gives us the opportunity to distinguish changes caused by a shift of the PDFs
from changes caused by an increased variability. We focus on the temporal variability of
the indices by using non-parametric trend analysis within the three 50-year intervals.
Finally, we consider eight sub-regions of the Globe where we study the PDFs of the

indices by fitting with Johnson’s method of translation [Johnson, 1949].

2. Essence project and model data

In the ESSENCE project (Ensemble SimulationS of Extreme weather events under
Nonlinear Climate changE) a 17-member ensemble of runs with a state-of-the-art climate
model was performed to investigate the range of possible future climate change (Sterl et
al., [2008]). The model used is the ECHAM5/MPI-OM coupled climate model developed
at the Max-Planck-Institute for Meteorology in Hamburg. Model runs start in 1950 and
end in 2100. For the historical part (1950-2000) the concentrations of greenhouse gases
(GHG) and tropospheric sulfate aerosols are specified from observations, while for the
future part (2001-2100) they follow the SRES Alb scenario [Nakicenovic et al., 2000].
The runs are initialized from a long run in which historical GHG concentrations have
been used until 1950. Different ensemble members are generated by disturbing the initial
state of the atmosphere. Gaussian noise with an amplitude of 0.1 K is added to the initial
temperature field. The initial ocean state is not perturbed. For more information about

the model see Sterl et al. [2008].

3. Index selection and definition
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All indices used in this work are derived from daily maximum and minimum tempera-
tures. AEAO06 have divided the indices into 5 different classes: percentile based indices,
duration indices, absolute indices, threshold indices and other indices. In addition to
indices from the first two classes we use the Extreme Temperature Range index (ETR;
classified as “other index”) and some newly defined indices that allow us to study changes
in the intensity of warm and cold days. Their definition is given below.

Percentile based indices: These are indices with the threshold defined by using a
percentile of an empirical PDF. Percentile based indices taken from the ETCCDMI and
used in this study are given in Table 1. As an example, we discuss one of them, TX90p,
which is given by

TX90p (Occurrence of warm days): Percent (or number) of days per month (or year)
with maximum daily temperature over the 90th percentile for the 1961-1990 reference
period.

The daily threshold for the reference period 1961-1990 is defined as the n-th (in this case
n=90) percentile, centered on a 5-day window (calculated using the method of Appendix D
of Zhang and Yang [2004]). For example, for a fixed day d the threshold is the n-th

percentile of the set of data A, defined as

1990 d'+2
Ad — U U Ty,d" (1)
y=1961 d'=d—2
Different reference periods are used to focus on future extremes. The time period studied
(1950-2100) is split into three consecutive 50-year periods, with the reference periods for
the second and the third period being 2011-2040 and 2061-2090, respectively. In addition

to calculating the indices for these three different reference periods we also calculate them
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X-8 RUSSO, STERL: GLOBAL CLIMATE INDICATORS

for the whole period 1950-2100 by using the threshold from the first reference period
(1961-1990).

There are at least two reasons to shift the reference period: the first is that by moving the
threshold we are eliminating the effect of the mean shift of the distribution when focusing
on future extremes. By also calculating the indices with respect to the first period we
just include this effect. The second is that the indices counting the number of days over
the 10th percentile (occurrence of cold days, cold spell duration index, etc.) tend to have
too many zero values in the future if we fix 1961-1990 as the reference period. After year
2000 most of the data move above the 10th percentile, making the index meaningless.

For the same reason we define a new TN10p index by calculating it for the whole
period using the threshold from the last reference period (2061-2090). We call this index
TN10p-ft, where “ft” indicates future threshold.

To test whether the highest extremes show a different behaviour than the relative mod-
erate 90th percentiles, we also investigated indices based on the 95th and 98th percentiles.
As we found no difference between the trends from these three sets of indices, the results
related to the indices based on the higher percentiles are not shown.

Duration indices: Duration indices are defined as the time period in which the data
are above some threshold. Warm Spell Duration Index (WSDI) and Cold Spell Duration
Index (CSDI) are two examples of temperature duration indices. Their definitions are
given in Table 1. As before, different reference periods are used to calculate WSDI and
CSDI within the three 50-year periods considered.

Other Indices: The intra-annual extreme temperature range (ETR) is defined as

the difference between yearly maximum and minimum temperature (see Table 1). It
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spans the most extreme high-temperature events of the summer season and the most
extreme low temperature events of the winter season. If the yearly minimum temperature
increases faster (slower) than the yearly maximum temperature the sum of scale and shape
parameters of the temperature distribution is decreasing (increasing), while changes in the
location parameters are not important. Thus changes in ETR are only related to changes
in the tails of the temperature distribution.

Intensity of occurrence of warm and cold nights and days (ITX90p, I'TN90p,
ITX10p, ITN10p): The previous percentile based indices represent an empirical way to
study the change of the number of days over a threshold. However, they do not give
any information about the wvalues above that threshold. It could be that the number of
threshold exceedances is increasing while the values over the threshold have no significant
trend or wvice versa. To estimate this effect we introduce the intensity indices. They are
defined in analogy to the “degree-days” used to characterize the coldness of a winter or
the hotness of a summer by summarizing the differences between the daily temperature
and the daily threshold over a year. The threshold is taken from the percentile-based

indices. For example, ITX90p is defined as

365
ITX90p = > AT;, (2)
i=1
where
T% — Th’l"l . >0
AE—{ 0 if (TZ-—Thri){<O : (3)
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X-10 RUSSO, STERL: GLOBAL CLIMATE INDICATORS

Here T; is the daily maximum temperature of day ¢ within a year, and Thr; is the
threshold for the same day.

A physical interpretation of a trend in I'TX90p is obtained by dividing the trend values
by 36.5 (10% of days in a year), which approximately represents the number of days over
the 90th percentile threshold. For example, let the trend be 12 degree-days per decade.
Dividing by 36.5 days gives 0.32 degrees/decade, meaning that for a constant number of
days above the threshold (10% of the days in a year) each of these days is warming by

0.32 K per 10 years.

4. Data analysis methods

To quantify global climate variability we use two different approaches: trend analysis

and the study of the PDF of the indices.

4.1. Trend analysis

Index data do not necessarily have a Gaussian distribution, so a simple linear least
square estimation is not sufficient to detect a trend. To overcome this problem we use
the Mann-Kendall non-parametric slope estimator, which does not assume a distribution
for the residuals [Sen, 1968]. Its definition is detailed in Appendix A of Wang and Swail
[2001]. When investigating trends we have to pay attention to the autocorrelation of the
data. If a trend test is applied to serially correlated data (which is usually the case for
climatological time series) the trend detection results are not reliable. In the case of the
Mann-Kendall estimator the test may reject the null hypothesis of no trend (Hp) more
often than specified by the significance level [von Storch, 1995; Zhang and Zwiers, 2004].

We therefore use the procedure proposed by Zhang et al. [2000] and apply the test after
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pre-whitening the time series [von Storch, 1995; Zhang and Zwiers, 2004]. Details about
the method are well explained by Wang and Swail [2001] (Appendix A).

The trend is estimated for each of the seventeen samples individually. As the distribu-
tion of the slopes is normal due to the independence of the 17 samples, the final trend is
the mean of the 17 slopes. To calculate the significance level of the final trend we consider
the Kendall S statistic, which estimates whether our data are concordant or discordant.

The S-values for each sample (5;) are summed to form the overall statistic Sy,

17
i=1

The distribution of Sy can be approximated by a normal distribution with expectation
equal to the sum of the expectations of the individual S; under the null hypothesis (zero
here), and variance equal to the sum of their variances. Sy is standardized by subtracting

its expectation pg, = 0 and dividing by its standard deviation og,,

Sp—1
s, >0

Zs, =140 if S, =0, (5)
Setl <0
sy,

where o5, = /S, 03, with o; = (n;/18)(n; — 1)(2n; + 5) being the variance of the
individual slope estimates, and n; is the number of data in the i-th sample. The null
hypothesis (no trend) is rejected at significance level « if |Zg, | > Z,.i1, where Z,; is the

value of the standard normal distribution with a probability of execeedence of a/2.

4.2. Fitting by using Johnson’s frequency curves
We use Johnson’s fit [Johnson, 1949] to calculate probability density functions for eight

different regions. We use the same regions that were selected by Chauvin et al. [2007]
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because of their homogeneous response. Four of them are situated in the latitude band
40°S-40°N, and four are outside of this band (see Table 2 and upper left panel of Figure 1).
Indices are averaged over these regions and then fitted by using Johnson’s frequency curves
[Johnson, 1949]. The Johnson system is a flexible system to describe statistical distribu-
tions. It translates the general distribution function of a continuous random variable z,

whose distribution is not known, to a normal distribution,

Z=7+5-g<$;£>, (6)

where Z is the normal standard variate with zero mean and unit variance.

By setting

equation (6) is simplified to

Z=v4+0-9(y), (8)

where ¢(y) is one of the following functions:

gy =y Normal

2) g(y) =log(y) Log — Normal

3) g(y) =log (ﬁ) Unbounded (9)
4) g (y) =log(y + vy?> + 1) Bounded

The Johnson system classifies sample distributions according to these four families of
frequency curves.

The probability density function of y is given by
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ply) =v+6-9'y)-p(Z) = \/(;—Wg’(y) - exp(Qh n :g(y)]z)-

(10)

The linear relationship (7) implies that the distribution of x has the same shape as that
of y. By definition, the standard deviation of z is A times that of y, and & represents a
simple translation that only affects the expected values of the = distribution. Accordingly,
A and ¢ in equation (6) are simply scale and location parameters, respectively, while v and
d determine the shape of the distribution (10). We estimate the Johnson parameters from
quantiles, using the procedure of Wheeler [1980]. Alternatively, they can be estimated

from the moments [Hill and Holder, 1976].

4.3. Fitting GEV

To study the change in yearly maxima and minima we use the generalized extreme value
(GEV) distribution. GEV fitting is used to confirm our results related to changes of the
ETR index, in order to have robust results. According to the extremal types theorem
[Coles, 2001] the GEV provides a model for the distribution of block maxima. The data
are divided into blocks of equal length, and the GEV is fit to the set of block maxima.
The fit is done by using the Maximum-Likelihood fitting implemented in the R package
ismev (http://cran.r-project.org/web/packages/ismev/index.html). The likelihood ratio
test is used to check whether the two-parameter Gumbel model is a plausible reduction
of the GEV, which has three parameters. For the test the deviance statistic is calculated

and compared with the y? distribution.

5. Trend Results
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5.1. General considerations

The data are split into three consecutive periods of 50 years, representing respectively
past (1950-2000), (near-)present (2001-2050) and future (2051-2100). The results are
related to the extreme values within each of the periods. As explained in section 3
each of the periods has its own reference period (1961-1990, 2011-2040, and 2061-2090,
respectively) to define the percentiles. In this way we are sure that the indices are not

affected by the shift of the mean and that we are really focusing on the extremes.

5.2. Past - comparison with observed data

To assess the degree to which our model is able to reproduce observed trends in extreme
indices, we first compare our results with those of AEA06. They used a global daily
observed dataset to calculate the extreme indices. In Figures 1-5 we show trends of the
indices for the three periods defined above. We start the discussion of these figures by
comparing their upper panels (period 1950-2000) with the results of AEAOQG.

5.2.1. Occurrence of cold nights and days

Figure 1 shows the decadal trends of the occurrences of cold nights, TN10p (left),
and cold days, TX10p (right). The figure does not contain white points as the trend is
significant at the 5% confidence level everywhere and for all periods studied.

The trends of TN10p and TX10p (Figure 1, upper panels) are negative everywhere,
indicating a decrease of the number of cold days and nights. Their magnitude falls in the
same range as those derived form the observations. For example, the trend for the occur-
rence of cold nights over Eurasia and South Africa varies between —6 and —3 days/decade,
which is in very good agreement with AEA06. On the other hand, the trends over South

America are only —3 days/decade, which is less than observed (up to —6 days/decade).
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The highest trend of TN10p (> 6 days/decade) is found over Africa. Unfortunately, this
value cannot be compared with observations due to the lack of data.

For cold days (TX10p) AEAO06 found significant trends only over 46% of the area for
which they had data. This area comprises South Africa, Alaska and parts of Asia, where
the trend values range between —6 and 0 days/decade. In the same regions our calcu-
lated trend for TX10p is a smaller, with values ranging between —3 and 0 days/decade.
Only small regions show higher values. The highest trends are again found over Africa,
where they cannot be compared with observations. Over parts of the US the observations
indicate a non-significant positive trend which is not confirmed by the model.

5.2.2. Occurrence of warm nights and days

For TN90p and TX90p (upper panels of Figure 2) our trend results show good agreement
with those of AEA06. Over North America both trends are around 3 days/decade in both
model and observations. Over Eurasia the modelled trend of TN90p is lower than the
observed one, but for TX90p both sources give trends of the same magnitude of around
3 days/decade. Modelled trends in the data-void tropical and subtropical regions are
much higher than in the extratropics, exceeding 9 days/decade in the Congo basin.
5.2.3. Intensity of cold nights and warm days

The intensities of cold nights (ITN10p) and warm days (ITX90p) show the same overall
development as do the numbers of these days. The intensity of the cold nights decreases
(Figure 3, upper left) and that of the warm days increases (Figure 3, upper right).

For both indices the magnitude of the trend is smallest in the tropical belt, most no-
ticeably in the northern part of South America. The magnitude of both trends increases

towards the poles. However, this increase is much larger for the cold nights than for the
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warm days. While the former reaches values of more than —10 K/decade in Siberia and
Canada, the maximum of the latter is only 7 K/decade. In short, cold nights warm much
faster than warm days.
5.2.4. Cold and Warm Spell Duration Indices

Over the period 1950-2000 the length of the warm spells (Figure 4, upper left) signif-
icantly increases everywhere, while the length of the cold spells (Figure 4, upper right)
exhibits positive trends over North America, but both positive and negative trends over
Eurasia. Similar results were obtained by AEA06, who also find positive trends in CSDI
over North America. Due to our large ensemble our trends in both indices are statistically
significant nearly everywhere, but they are generally smaller than those of AEA06 which,
however, are significant in limited areas only.
5.2.5. ETR index

Both FEA02 aud AEAO06 have found a decreasing trend in the yearly temperature
range from observed data covering the extratropics and a small part of the subtropics.
Our model data show comparable trends (Figure 5, upper left). The modelled ETR index
shows a significant negative trend with magnitude between —0.1 and —0.5 K/decade over
Canada, Alaska and some small areas in Eurasia. On the other hand we find an increase in
ETR in some parts of the tropical regions of America. Unfortunately, this finding cannot
be compared to observations. For both observational and modelled data trends in ETR
are significant only in a small fraction of the land area.
5.2.6. Conclusion

In conclusion our model does a reasonable job in reproducing observed trends in the

analyzed extreme temperature indices. While the patterns of the trends compare well,
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the magnitudes are generally lower. However, due to the much larger dataset (17 runs)
our results are statistically more robust. Furthermore, we have data also in those regions
(mainly tropics) for which enough observational data do not exist. We therefore feel

encouraged to use the model data to assess projected changes in the extreme indices.

5.3. Future extremes

5.3.1. Occurrence of cold nights and days

Both indices continue to decrease in the future (Figure 1, middle and lower panels),
albeit with an increasing speed. For both future periods the patterns of the trends are
very similar, but values tend to be higher for the future period than they are for the
near-present one, and much higher than for the past. As for the present period the largest
trends are found over the tropical regions, where the trend of TN10p reaches values around
—20 days/decade in the Congo basin, and trends are generally higher for the cold nights
than for the cold days.
5.3.2. Occurrence of warm nights and days

The number of both warm nights and warm days keeps increasing (Figure 2, middle
and lower panels). For both indices the patterns are very similar in all three periods, but
the magnitudes are much higher in the near-present and future periods than in the past
period. Both indices show the highest trends in the tropics, were maxima reach values of
more than 20 days/decade, and lowest values at higher latitudes. Generally the trends
are higher for the warm nights (TN90p) than they are for the warm days (TX90p).

Comparing the trends of the “cold” indices (TN10p and TX10p) with those of the
“warm” ones (TN90p and TX90p) we see that they have similar patterns. Absolute values

are highest in the tropics and smallest at high latitudes. However, at high latitudes the
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numbers of cold days and nights decrease faster than those of warm days and nights
increase, while the opposite is true in the tropics. We can anticipate that this leads to
opposite trends in ETR, the yearly temperature range. It will probably decrease at high
latitudes and increase at lower latitudes.

5.3.3. Intensity of cold nights and warm days

The trend patterns of the intensity indices for cold nights (ITN10p) and warm days
(ITX90p) (Figure 3) are similar for all three periods, but as for the occurrence indices
their magnitudes are higher for the near-present and future periods than they are for the
past one.

A comparison between the intensity indices and their occurrence counterparts shows an
interesting difference. For both occurrence indices the magnitude of the trends is larger in
the tropical areas than it is at high latitudes (left panels of Figures 1 and 2). The patterns
for the corresponding intensity indices (Figure 3) are exactly opposite with largest trends
at high latitudes and smallest in the tropics. Clearly, the temperature increase at high
latitudes is much larger than near the Equator [see also Brown et al., 2008] and outweighs
the increase in the number of days above the threshold in the tropics. Relatively few days
with high exceedance values (high latitudes) contribute stronger to the intensity indices
than does a large number of days with small exceedences (tropics).

5.3.4. Cold and warm spell duration indices

The trends of both duration indices are quite similar for all three periods investigated
(Figure 4). The duration of warm spells (WSDI) increases everywhere with highest values
being reached in a latitude belt around 20°N. The magnitude of the trend in the duration

of cold spells (CSDI) is generally larger than that for WSDI. Interestingly, the length
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of cold spells is projected to increase in some parts of America as well as in southern
Australia. In all these areas both the occurrence and the intensity of cold nights decreases
(left panels of Figures 1 and 3). An increase of CSDI thus means that cold spells will
become longer, but less severe.

5.3.5. Extreme Temperature Range index (ETR)

The area with significant trends of the ETR index increases in the near-present and
future periods (Figure 5). Strong negative trends of up to —1 K/decade are found poleward
of 40°, while a slight increase is found equatorward of this latitude. This behaviour is in
accordance with that of the intensity indices (Figure 3). The decrease of ITN90p is much

larger than the increase of I'TX90p over the higher latitudes, but smaller in the tropics.

6. Mean shift and extremes

6.1. Method

In this section we calculate the probability density functions of TX90p, TN10p-ft, and
ETR and examine their change over time. As we do not know the generic form of the
PDFs of the indices beforehand, we use Johnson’s method (section 4.2) to estimate their
forms. The error of the fits is estimated by using bootstrapping with 10.000 repetitions.
For all fits the error ranges between 3% and 10%.

The data are split into six periods of 25 years. This is short enough to consider them
stationary and at the same time to have enough data for a reliable fit. Furthermore,
other studies have got PDFs using the same time periods (FEA02, AEA06). Spatially,
we consider the average of the indices over the eight regions defined in Table 2. They are

chosen to represent different climates with independent means.
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6.2. Cold nights and warm days: Mean shift

Figures 6 and 7 show the PDFs of the occurrence of warm days (TX90p, based on
reference period 1961-1990) and cold nights (TN10p-ft, i.e., based on reference period
2061-2090) for the six 25-year periods. For both indices and all regions the PDFs show
significant changes over time. The PDF of TX90p moves from left to right, indicating
warming. The PDF of TN10p-ft moves in the opposite direction. As TN10p-ft is computed
with respect to the threshold of the last period (2061-2090), this also indicates warming.
Generally, the shape and kurtosis parameters do not show significant changes over time.
Exceptions are northern South America (Figures 6f and 7f) and Australia (Figures 6g
and 7g), where the shape parameters change from positive to negative values. The reason
is that in these areas the upper tail of the PDFs reaches the possible maximum (365),
making a long right tail impossible. Location and scale parameters increase everywhere,
meaning that warming is taking place in all regions, and that the variability of the indices
increases, so that and the extremes are increasing faster than the mean.

Figure 8 shows the location parameters of the PDFs for each region. The numbers on
the x-axis denote the six 25-year periods. The index values on the y-axis are expressed
in percent of days in a year and represent the change between the location parameter for
the given 25-year period and that of the first period (1951-1975). The black circles and
gray crosses correspond to TX90p and TN10p-ft, respectively. The shift of both indices
towards a warmer climate is obvious.

The difference of the location parameters between the last and the first period gives
an estimate of the total shift of the two indices over the whole 150 years. It is shown in

Figure 8i, where grey and black histograms correspond to TN10p-ft and TX90p, respec-
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tively. Confirming earlier results, this figure shows that over mid to high latitudes the
location parameter of TN10p-ft changes more than that of TX90p: cold temperatures are
increasing faster than warm temperatures. Equatorward of about 40° there are regions
like Australia or the US where the location parameter of TX90p is changing as fast as
or even faster than that of T10p-ft. In northern South America, the region of maximum
shift (Figure 8i), the number of warm days (by the standards of 1961-1990) reaches 227
(62%) by the end of the century, while by the standards of the last period (2061-2090)

there are 281 (77%) cold nights during the period 1950-1975.

6.3. Cold nights and warm days: Extremes

Changes in extremes, here the occurrence of cold nights and warm days, can have two
reasons: a shift of the mean temperature, and a change of the scale and shape of the
temperature PDF, i.e., an increased variability. The frequency distribution of a climate
parameter for a given period and area varies around a mean value. An extreme event
is defined by a deviation from the mean with a low frequency of occurrence [Dankers
et al., 2008]. As shape and kurtosis of the PDFs do not change much (section 6.2),
changes of temperature extremes are due to a shift (location parameter) and widening
(scale parameter) of the distribution.

To estimate the relative importance of changes in both parameters we define the quantity

For TX90p Ap; and Ag; are the differences between period ¢ (where i = 2,3,4,5,6

numbers the 25-year periods) and the first period of the location and scale parameter,
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respectively. For TN10p-ft i = 1,2, 3,4, 5, and Ayu; and Ag; are calculated with respect to
the last period. AFE; represents the change in the extremes as the sum of the shift (Apu;)
and increased variability (Ag;). The factor 2 indicates that we are focusing on the 98th
percentile of the calculated PDF. If the variability increases (Aog; positive) the extremes
change more than the mean shift of the distribution (Apy;) suggests.

The red circles and crosses in Figure 8 represent the changes of the extremes of TX90p
and TN10p-ft, respectively, as estimated by AE;. We see that in the future the extremes
are increasing more than the mean in nearly all regions. The extra increase due to the
increasing variability reaches up to 15%. The only region where changed variability has
no influence on the extremes is northern South America, where the shift is very strong

and where we have detected large changes of the shape parameter (section 6.2).

6.4. Extreme temperature range

Figure 9 shows the changing PDFs for the extreme temperature range (ETR). The
values on the x-axis are Kelvin and estimate the difference between yearly peaks of max-
imum and minimum daily temperature. As a further confirmation of the previous results
we see that over the extratropical areas the curves are shifting from the right to the left,
indicating a decrease of the temperature range. In this areas, cold temperatures rise faster
than warm temperatures. Over the latitude band between 40°S and 40°N the difference
between annual maximum and minimum temperatures increases as warm temperatures

rise faster than cold temperatures.

7. Conclusions
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In this paper we have investigated projected changes of some frequently used indices
describing extreme temperature events, such as the occurrence of cold nights or warm
days. We do so by using data from the ESSENCE project [Sterl et al., 2008], in which a
17-member ensemble of runs with a comprehensive climate model for the period 1950-2100
under the SRES Alb emission scenario was performed.

For the period 1950-2000 we find a good correspondence between our model results
and those derived from observations [Alezander et al., 2006]. Patterns of modelled trends
in the extreme indices are qualitatively equal to those derived from observations, and in
many cases there is even quantitative agreement.

For the future the modelled trend patterns resemble those of the historical period (1950-
2000), but the change is faster. Taken together with the close resemblance of observed
and modelled trend patterns over the historical period this means that the patterns of
extreme temperature changes are already emerging from the weather noise.

The temperature increase at high latitudes is much larger than near the Equator and
outweighs the increase in the number of days above the threshold in the tropics. Relatively
few days with high exceedance values (high latitudes) contribute stronger to the intensity
indices than does a large number of days with small exceedances (tropics).

The increase of indices describing extreme temperatures is caused by a combination of
changes in the mean temperature and an increase of the variability. The increase of the
variability accounts for an extra increase of the extremes of up to 15% above that caused
by the mean shift.

In extratropical areas indices describing cold extremes rise faster than those describing

warm ones, leading to a reduction of the extreme temperature range index, the difference
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between the yearly maximum and minimum temperatures. In the tropics the development

is opposite, with warm indices increasing faster than cold ones.
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TN10p-TX10p_1950-2100. epsi

Figure 1. Trend in the numbers of cold nights (TN10p, left) and cold days (TX10p, right)
for the periods 1950-2000 (upper), 2001-2050 (middle), and 2051-2100 (lower). The indices are
calculated with respect to the respective reference periods. Units are number of days per ten

years. In the upper left panel the eight regions defined in Table 2 are indicated.
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TN9Op-TX90p_1950-2100. epsi

Figure 2. Trend in the numbers of warm nights (TN90p, left) and warm days (TX90p, right)
for the periods 1950-2000 (upper), 2001-2050 (middle), and 2051-2100 (lower). The indices are
calculated with respect to the respective reference periods. Units are number of days per ten

years.
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DTMN10p-DTMX90p_1950-2100.epsi

Figure 3. Trend in the intensity of cold nights (ITN10p, left) and warm days (ITX90p, right)
for the periods 1950-2000 (upper), 2001-2050 (middle), and 2051-2100 (lower). The indices are

calculated with respect to the respective reference periods. Units are degree-days per ten years.
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CSDI-WSDI_1950-2100.epsi

Figure 4. Trend in the duration of cold spells (CSDI, left) and warm spells (WSDI, right)
for the periods 1950-2000 (upper), 2001-2050 (middle), and 2051-2100 (lower). The indices are

calculated with respect to the respective reference periods. Units are days per ten years.
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ETR_1950-2100.epsi

Figure 5. Trend in the yearly temperature range (ETR) for the periods 1950-2000 (upper left),
2001-2050 (upper right), and 2051-2100 (lower left). The indices are calculated with respect to

the respective reference periods. Units are Kelvin per ten years.
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Figure 6. Johnson’s PDF of TX90p for the six 25-year periods (black: 1950-1975, grey:
1976-2000, cyan: 2001-2025, blue: 2026-2050, orange: 2051-2075, and red: 2076-2100). Number

of events for each PDF N=425.
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Figure 7.  Johnson’s PDF of TN10p-ft for the six 25-year periods (black: 1950-1975, grey:
1976-2000, cyan: 2001-2025, blue: 2026-2050, orange: 2051-2075, and red: 2076-2100). Number

of events for each PDF N=425.
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Figure 8. Development over time of the location parameters of TX90p (black circles) and
TN10p-ft (grey crosses) in the eight regions of Table 2. The red symbols denote the index AFE; as
defined in (11) for TX90p. The periods are indicated by the numbers on the x-axis (1: 1951-1975,
2: 1976-2000, ..., 6: 2076-2100). The index values on the y-axis are expressed in percent of days
in a year and represent the change between the location parameter for the given 25-year period
and that of the first period (1951-1975). Panel i) shows the difference of the location parameters

between the last and the first period, respectively (black: TX90p, grey: TN10p-ft).
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Figure 9. Johnson’s PDF of ETR for the six 25-year periods (black: 1950-1975, grey: 1976-
2000, cyan: 2001-2025, blue: 2026-2050, orange: 2051-2075, and red: 2076-2100). Number of

events for each PDF N=425.
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Index Definition Unit

TX90p Warm days: percent (or numbers) of days per month with daily days
maximum temperature over the 90th percentile for the 1961-1990
reference period.

TN90p Warm nights: As TX90p, but using minimum daily temperature.  days

TX10p Cold days: percent (or numbers) of days per month with daily max- days
imum temperature below the 10th percentile for the 1961-1990 ref-
erence period.

TN10p Cold nights: As TX10p, but using minimum daily temperature. days

TN10p-ft Percent (or numbers) of days by month with minimum daily tem- days
perature over the 10th percentile for the 2061-2090 reference period.
Applied to whole 1950-2100 period.

ITX90p Intensity of warm spells: Degree-days above 90% threshold. degree-days
ITN10p Intensity of cold spells: Degree-days below 10% threshold. degree-days
WSDI Warm spell duration: Maximum period with more than 5 consecu- days

tive days with maximum temperature above the 90th percentile for
the 1961-1990 reference period.

CSDI Cold spell duration: Maximum period with more than 5 consecutive days
days with minimum temperature below the 10th percentile for the
1961-1990 reference period.

ETR Intra-annual extreme temperature range: difference between the days
highest temperature observation for any given calendar year and
the lowest temperature reading of the same calendar year.

Table 1. Definition of indices.

Alaska Canada USA Europe
Latitude 58-70°N 38-58°N 27-38°N  45-60°N
Longitude  165-105°W 130-70°W 120-65°W  15°W-45°E
Med-Countries Northern Australia Russia
South America
Latitude 27-45°N 0-21°S 20-40°S 40-60°N
Longitude  15°W-45°E 90-30°W 110-160°E  80-120°E

Table 2. Definition of regions used to calculate the PDF's.
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