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Abstract

It has been widely accepted that diurnal temperature range (DTR) decreased on a
global scale during the second half of the twentieth century. Here we show however,
that the long-term trend of annual DTR has reversed from a decrease to an increase
during the 1970s in Western Europe and during the 1980s in Eastern Europe. The5

analysis is based on the high-quality dataset of the European Climate Assessment
and Dataset Project, from which we selected approximately 200 stations, covering the
area from Iceland to Algeria and from Turkey to Russia for 1950 to 2005. We inves-
tigate national and regional annual means as well as the pan-European mean with
respect to trends and reversal periods. 17 of the 24 investigated regions including the10

pan-European mean show a statistical significant increase since 1990 at the latest. Of
the remaining 7 regions, 2 show a non-significant increase, 3 a significant decrease
and the remaining 2 no significant trend. The long-term change in DTR is governed by
both surface shortwave and longwave radiation, the former of which has undergone a
change from dimming to brightening. Consequently, we discuss the connections be-15

tween DTR, shortwave radiation and sulfur emissions which are thought to be amongst
the most important factors influencing the incoming solar radiation through the primary
and secondary aerosol effect. We find reasonable agreement between trends in SO2
emissions, radiation and DTR in areas affected by high pollution. Consequently, we
conclude that the long-term trends in DTR are mostly determined by changes in emis-20

sions and the associated changes in incoming solar radiation.

1 Introduction

Satellite and ground based measurements for Europe show that the mean surface air
temperature has overall increased during the second half of the last century (Trenberth
et al., 2007). In more detail for the 1950s and 1960s a characteristic phase of roughly25

no increase or even decrease is apparent while since the late 1970s an accelerated
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increase in the mean temperature was observed. The slow and later on enhanced
increase of the mean temperature is especially evident during the summer months
(Trenberth et al., 2007) where the incoming shortwave radiation is one of the most
dominant factors for the daily temperature development. This leads to the hypothesis,
that changes in the incoming solar flux at the surface might be the key issue for the5

temperature development between 1950 and 2000 (Wild et al., 2007). In contrast,
from a monotonically increasing longwave radiative forcing a more linear temperature
increase would have been expected.

Measurements of shortwave radiation at the surface, around the globe, have shown
that the incoming flux has significantly decreased in nearly all and subsequently in-10

creased in many of the investigated stations within the last 4 to 5 decades (Ohmura
and Lang, 1989; Gilgen et al., 1998, Gilgen and Ohmura, 1999; Stanhill and Cohen,
2001; Roderick and Farquhar, 2002; Pinker et al., 2005; Wild et al., 2005).

The diurnal temperature range (DTR) is considered a suitable measure to investi-
gate the counteracting effects of longwave and shortwave radiative forcing, because15

the diurnal minimum is closely related to the longwave radiative flux, while the diurnal
maximum is predominantly determined by shortwave radiation (Fig. 1a). It is known
that the DTR has been decreasing since the 1950s on a global scale due to a strong
increase of diurnal minimum (Karl et al., 1984; Karl et al., 1993; Kukla and Karl, 1993).
Comparison of GCM simulations with observations have shown that the DTR decrease20

has been underestimated due to a strong increase in the modeled maximum temper-
ature. However, a change in aerosol burden was not included (Braganza et al., 2004).
The change in DTR has formerly been addressed mainly as consequence of cloud
cover development, precipitation, change in irrigation and surface albedo or water va-
por feedback (Stenchikov and Robock, 1995; Easterling et al., 1997; Dai et al., 1997;25

Dai et al., 1999; Stone and Weaver, 2002; Vose et al., 2005; Engelhart and Douglas,
2005). Many of the cited publications have concluded that neither of these factors alone
is likely to be the unique explanation of the observed changes in DTR (Easterling et
al., 1997). We argue that shortwave radiation directly or via feedbacks is a major factor
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for the changes in DTR since only the shortwave radiation – modulated by the atmo-
spheric aerosol burden – could exert a strong and sufficiently homogeneous effect to
change DTR on a global scale (Liu et al., 2004; Wild et al., 2007).

Decrease of the solar flux and its relative cooling effect can been seen as a blocking
action against the increase of temperature caused by the greenhouse effect. Conse-5

quently the diurnal maximum temperature remains constant while the diurnal minimum
is forced to increase (Fig. 1b). Recovery of surface solar radiation results in a removal
of the blocking on diurnal temperature development thus leading to an increase of DTR
and daily maximum respectively, thereby revealing the full extent of global warming
(Wild et al., 2007) (Fig. 1c).10

In the presented study a detailed investigation of this issue is conducted focusing on
the European area where the best coverage with observational data can be found.

2 Data and methods

We chose the data products of the European Climate Assessment and Dataset Project
(ECA&D-P) for an internally consistent investigation of the DTR evolution during the15

recent decades. It contains freely available data for more than 600 stations with mini-
mum and maximum temperature measurements in daily resolution for different periods
between about 1800 and today (Klein Tank et al., 2002).

Because the change of incoming radiative flux at the surface is considered very im-
portant to DTR development and is measured since the 1950s, the complete second20

half of the last century is investigated in this study. From the ECA&D-P dataset, all
stations with data for the period 1951 up to 2003 (or up to 2005 where available) were
selected and national means were calculated. The time series of a station was dis-
missed if it had more than five years with data gaps or if two or more consecutive years
were affected by these gaps. In addition, each time series was checked for jumps in the25

DTR. If jumps of more than half degree were caused by filled data (from neighboring
stations, performed during ECA&D-P), then the value was replaced by an interpolated
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value, on monthly basis, if the measurement from the original site was available in the
previous and following year. In total less than 0.5% of the monthly values used in this
study were interpolated due to missing data. Systematic errors probably due to data
submission were found in all stations in Iceland, Denmark and Romania. For Iceland
all data after 1998, for Denmark all data after 2002 and for Romania all data had to5

be discarded and these were replaced by data which we obtained directly from the
respective national meteorological service. For the region of the former Republic of
Yugoslavia (FRY) all data prior to 1956 had to be dismissed due to quality issues. For
Poland, data is available only since 1966. The temporal coverage was still considered
sufficient to investigate decadal changes in DTR.10

To obtain a sufficient number of stations for the calculation of regional annual means
(Fig. 2), station measurements were grouped either nationally or by averaging over
several small nations. Netherlands, Luxembourg and Belgium were drawn together as
BeNeLux, likewise the states of the FRY; Estonia, Lithuania and Latvia were grouped
as Baltic States, Slovakia and the Czech Republic to former Czechoslovakia (FCZS).15

Conversely, Germany was divided into an eastern and a western part according to
the boarder line from the pre-1989 period. This is to take account of the different de-
velopment of atmospheric aerosol burden in the two countries, which depends mainly
on the industrial emissions within the range of some tens to hundreds of kilometers
upstream. The overall resulting data coverage is indicated by the small blue crosses20

shown in Fig. 3, identifying 189 (168 with coverage 1956–2003) out of the original 604
ECA&D-P stations satisfying the criteria described above.

Subsequently these national annual mean time series were fitted by polynomials up
to fourth order, to facilitate the characterization and quantification of the DTR trend
(Fig. 2). The rational for fitting polynomial trend models was investigated by applying25

multiple regression analysis and control of lagged autocorrelation within the residu-
als to assure stationary white noise. The regression analysis, followed by calculation
of statistical significance level (1–P-values; given in %) based on a standard T-test
was performed for every coefficient for fits between first order (linear) and fourth or-
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der polynomials as summarized in Table 1 (for further details see reading example,
Appendix A1).

For most regions R2 increased together with the statistical significance of the fitted
model, hence making it easy to decide which of the investigated models performs best.
If the comparison of R2 and p-values (significance levels) showed an ambiguous result5

(see e.g. Table 1, line 5, Denmark), the residuals were checked in more detail and the
model with the lowest autocorrelations in the residuals was selected (not shown). Note
that only models with no significant autocorrelations were accepted. The annual mean
time series together with the fitted trend curve and the seven year running mean trend
for all investigated regions as well as the European mean are shown in Fig. 2.10

Further information for each time series was obtained by estimating the year of re-
versal from decreasing to increasing DTR (applies not to regions with linear trends).
The estimation was performed by calculating the minimum in the seven year running
mean (Fig. 2) for the period 1965 to 1995. For the example of Finland (Fig. 2c), the
running mean given as gray bold line shows a clear local minimum in 1989 (compare15

year given in Fig. 3 and diamond at the row “Finland” in Fig. 4). The particular period
1965 to 1995 was chosen since it embraces the whole era of reversal from dimming
to brightening (Wild et al., 2005). The results are presented in Fig. 3 and Fig. 4. The
numbers displayed in Fig. 3 give the year of the minimum of DTR. If they are printed in
brackets no significant trend could be estimated (compare Table 1).20

Additional to the minimum DTR value between 1965 and 1995, all values within the
lowest 10% of the difference between maximum and minimum (7 yr running mean)
value within that period have been calculated to give additional information on the dis-
tinctness of the reversal. In Fig. 4 the years below and equal to the 10th-percentile are
marked with dashes, diamonds show the minimum (for further details on the method25

see detailed example, Appendix A2).
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3 Results

In the following section we discuss annual means of the DTR records, starting with
the regional averages as described above, followed by a description of the European
mean. The data records and polynomial fits determined in this analysis are compiled
in Fig. 2.5

By the use of regional averages we aim to underline the hypothesis that DTR is
affected by changes in regional emissions influencing shortwave radiation reaching the
ground. Detailed information for each country or region can be found in Table 1 and
Figs. 2–4. A complete descriptions of all regions (except the European mean, see
below) shown in figure mean is provided in Appendix B.10

For most of Western Europe a distinct reversal from decreasing to increasing DTR
is visible. The fitted polynomial trends are significant in the Great Britain, Germany,
Poland, Finland, France, Italy and Switzerland/Austria. For Spain and the Benelux an
alike development of decrease and increase in DTR can be seen from the running
mean but the fitted polynomial trends miss the 90% significance level.15

Circumjacent countries, as Portugal, FYR, FCZS and Norway show trends significant
at the fourth order polynomial with pronounced periods of increasing DTR in recent
decades. In North-Eastern Europe a region covering Sweden, the Baltic States and
the Ukraine, with a continued decrease in DTR can be identified. All decreasing linear
trends are significant at the 99% level.20

The countries located farther away from central Europe, namely Russia, Belarus,
Turkey, Algeria and Iceland show trends which are best described by a third order
polynomial. All coefficients for all trends are significant at the 95% level except for the
first (not significant) and second coefficient (90% level) of Turkey. In addition to the
presently increasing DTR a prominent feature in the annual mean time series of the25

above mentioned countries is a second, earlier increase in DTR between 1950 and
1960 which is addressed in more detail in the discussion section.

Overall, the farther away the country is located from central Europe the more recent
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is the time of reversal from decrease to increase of DTR. The earliest can be found
in the UK (1967) and Germany (1967), the latest in Iceland (1987), Turkey (1990) and
Russia (1992). From Fig. 4 extended periods of reversal can be seen in Romania,
Norway and Denmark. For Romania, which is an outlier compared to the surrounding
nations, the early appearing of the lowest value in the 7 yr running mean is put more5

into perspective by the “error bars” in Fig. 4, equally true for the late reversal in Norway
and the early one in Denmark.

For the European geographical mean between 1956 and 2003, 168 stations were
used. To avoid biases, series shorter than this period have been excluded. The Euro-
pean trend is best described by a second order polynomial (Fig. 2x). Both coefficients10

are significant at the 95% level. The reversal from decrease to increase takes place
in the early 1980s. This overall character of the averaged European DTR is even
strengthened if shorter data series such as those from Romania and Poland were in-
cluded (alternative mean not shown).

4 Discussion15

For the different types of DTR development as well for the time shift in the reversal, we
consider changing surface solar radiation as a major cause. Because solar radiation
incident at the top of atmosphere has not changed substantially during the investigated
period (Beer et al., 2000), two different candidates are likely to have influenced down-
ward shortwave radiation, namely clouds and aerosols (first and secondary effect).20

Norris and Wild (2007) showed that by removing the cloud cover influence from sur-
face solar radiation data, the reversal from dimming to brightening becomes even more
pronounced for most of Europe. Consequently cloud coverage acted as a disguise
rather than a cause.

A much more likely candidate for the varying surface solar radiation and DTR trend25

types and their time shifted reversals are different patterns of emissions, leading to
regionally differentiated backscattering of solar radiation by aerosols. A reduction of
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incoming radiation has been reported by Liepert and Kukla (1997), Gilgen et al. (1998)
and Abakumova et al. (1996). Wild et al. (2005) reported a reversal from Global Dim-
ming to Brightening in mid to late 1980s at widespread locations throughout the world.
From Abakumova et al. (1996), a reduction in incoming shortwave radiation until at least
1990 is evident for the specific region of Russia. These results indicate that changes5

in surface solar radiation were found in many regions though they do not have to be
necessarily simultaneous. The global background signal and forcing from aerosol as
presented by Mishchenko et al. (2007), showing a general decrease during the 1990s,
can be dominated by local influence as described by Alpert et al. (2005). Publications
from Stern (2006) and Lefohn et al. (1996) assume that a reversal from increase to de-10

crease of Eastern European emissions (dominated by Russia) takes place in the late
1980s or early 1990s. In contrast, Western European emissions are peaking already
during the early 1970s according to Smith et al. (2004), Streets et al. (2006) and Stern
(2006). This is confirmed in Mylona (1996) and Vestreng et al. (2007) who have shown
that the maximum in SO2 emissions from fossil fuel for early industrialized countries,15

such as the UK or the former Federal Republic of Germany, can be as early as the
second half of the 1960s.

4.1 DTR, radiation and emissions – the biggest European emitters

In the following section we discuss the qualitative connection between trends in SO2
emissions, radiation and DTR in several examples. SO2 emissions at land level are20

available from Mylona (1996) and Vestreng et al. (2007). Valuable information on trans-
boundary fluxes and trend development of SO2 since 1980 can be obtained from Klein
and Benedictow (2006). Data from long-term surface solar radiation measurement can
be found in Ohmura (2006). A recently submitted paper from Gilgen et al. (2008)1 pro-
vides additional information on reversal years and overall trends from gridded data of25

1 Gilgen, H., Roesch, A., Wild, M., and Ohmura, A.: Decadel changes in shortwave irradi-
ance at the surface estimated from Global Energy Balance Archive data, submitted, 2008.
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the Global Energy Balance Archive.
According to Berge et al. (1999) the 10 biggest emitters (in total t/a) in Europe are:

Bulgaria, France, Germany, Italy, Poland, Spain, Great Britain, Ukraine, Russia and
the Czech Republic (or FCZS). Except for Bulgaria all countries above were analyzed
with respect to their DTR trends and will be discussed subsequently in more detail5

beginning with the Eastern European countries, from south to north.
The best fitting trend for the Ukrainian DTR time series is a linear trend with a slope

of −0.014◦C/a, emphasizing a continuous decrease (Fig. 2l). A more detailed inspec-
tion of the running mean in Fig. 2l reveals, however, a tendency towards an increase
around 1978 which is reverses to a continued decrease from 1987 onward. Data for10

emissions are available from 1980, showing a distinct decrease since 1990 which is
not reflected in the DTR data. Surface solar radiation measurements for Odessa show
a decrease from 1960 until 1987 (end of data). The described short increase in DTR
is mirrored as well in the radiation time series plot (Abakumova et al., 1996; Fig. 4),
most evident between 1977 and 1983. To summarize, the continued decrease in DTR15

since 1980 cannot be explained by a continued increase of national emissions. How-
ever, the findings are not contradictory with respect to the connection between DTR
and radiation (further details on linear decreasing trends see Sect. 4.3).

For the FCZS, data of emissions are available for the whole period from Vestreng et
al. (2007). The highest values occur around 1980 in line with the reversal of DTR from20

decrease to increase which is calculated around 1977 (Fig. 4). In Gilgen et al. (2008)1

the reversal of surface solar radiation from dimming to brightening is estimated between
1978 and 1983.

Daily maximum and minimum temperature for Poland is available since 1966. The
reversal from decrease to increase is calculated at 1977 in the seven year running25

mean. The running mean of the Polish time series (Fig. 2g) shows a short increasing
and subsequently decreasing period between 1975 and 1986. The reversal of the
second order polynomial fit to DTR which omits the described hump is between 1980
and 1985, which this is close to the peaking of emissions in 1985. Consequently, both
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reversals are consistent with the reversal in incoming shortwave radiation in 1980.
Russian emissions peak at 1975 according to Vestreng et al. (2007). Other emission

estimates as e.g. from Stern (2006) and Lefohn et al. (1996) suggest that the decrease
of emissions started much later namely in the late 1980s with the breakdown of the
former Soviet Union. However, the significant decrease of emissions after the collapse5

of the Eastern Bloc is reflected in all cited emission estimates. The DTR decrease for
Russia lasts until 1990 consistent with the decrease in surface solar radiation (Abaku-
mova et al., 1996) measured at Moscow. Likewise, the observed increase of surface
solar radiation at Moscow (Wild et al., 2005) is mirrored in an increasing DTR. Both
are potentially caused by the strong decrease of SO2 emissions reported from various10

estimates.
In Western Europe the biggest emitters during 1985 and 1995 are France, (West)

Germany, Great Britain and Spain (Berge et al., 1999). The DTR for all four regions is
best described with a second order polynomial trend, significant above 95% except for
Spain with p-values of 0.35, (1st coefficient) and 0.21 (2nd coefficient) (not shown).15

For Great Britain a reversal in DTR is apparent around 1965 simultaneously to the
emissions of SO2 which are peaking in 1965. The annual sunshine duration, which
can be used as a proxy for surface solar radiation (Stanhill and Cohen, 2005), shows
for the southern area of the UK a reversal from decrease to increase in the late 1960s
(Sanchez-Lorenzo et al., 2008).20

In the former Federal Republic of Germany, the DTR reversal is calculated at 1967
by the 7-yr-running mean. Reversal of SO2 emissions is in 1965 according to Vestreng
et al. (2007). The most dominant increase of DTR and decrease of SO2, respectively,
however begins during the 1980s which is in line with the end of the decrease in surface
solar radiation in Germany (Liepert and Kukla, 1997; Fig. 2). Notably the horizontal25

visibility increased already since the second half of the 1960s in most of the Western
German stations investigated by Liepert and Kukla (1997). These results point to a
decrease of turbidity and thus a reduction of aerosol burden of the troposphere.

In France the DTR reversal is calculated at 1980 while SO2 emissions start to de-
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crease from 1975. The reversal in shortwave incoming radiation is between 1980 and
1986 (Gilgen et al., 2008)1. The lag of about one decade between radiation and SO2
emission reversals is potentially due to the method how the year of reversal was de-
termined. Gilgen et al. (2008)1 used a second order polynomial fit to define the period
of reversal. The reversal in the DTR retrieved from the fitted second order polynomial5

would be similar, namely around 1980 to 1982 (Fig. 2s).
Spain as the most southern representative of the largest emitters in Europe has

reduced its emissions remarkably since 1980 (Vestreng et al., 2007). The reversal
of DTR derived from the 7 yr-running mean is at 1977 (Figs. 2r and 4). According to
Sanchez-Lorenzo et al. (2007) the reversal for sunshine duration for the whole Iberia10

Peninsula is in 1982 most evident during spring and summer, with mostly clear sky
situations. The period where all three independently investigated measures (namely
emissions, DTR and sunshine duration) show a reversal in their long-term behavior lies
consequently within 5 yr.

Summarizing we would like to point out that, for the area of the biggest emitters,15

if still there are few exceptions, in general the shown trends of DTR are qualitatively
closely correlated to the trend patterns of SO2 emissions, surface solar radiation and
sunshine duration.

4.2 Long range effects on DTR and radiation

According to the previous section a further feature which has to be discussed is the20

inconsistency in the DTR reversal compared to the reversal in emissions in a number
of regions such as Finland. The running-mean curve for the DTR in Finland (Fig. 2c)
shows a reversal in the early 1990s, in line with the surface solar radiation measure-
ments, taken in Sodankyla in the north of Finland (Ohmura, 2006; Fig. 9). According
to Gilgen et al. (2008)1 1990 is the year of reversal from dimming to brightening, for25

the mean of seven stations in southern Finland. Emissions, however, peaked around
1975 (Vestreng et al., 2007). It can be seen from the EMEP (Co-operative program
for monitoring and evaluation of the long-range transmission of air pollutants in Eu-
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rope) Report 1/06 (Klein and Benedictow, 2006) for Finland that for 2004 about 80%
of the oxidized sulphur deposition originates from outside Finland. Biggest contributor
is Russia with as much as 23% for overall Finland. This implies that the influence on
DTR especially for stations in the North and East of Finland is likely to be dominated
by Russian emissions, thus giving a possible explanation for the reversal in DTR and5

surface solar radiation as late as 1989 (Fig. 4).
Similar to Finland, other countries in Northern Europe, such as Sweden, Norway,

Iceland, Latvia, Lithonia and Denmark contribute no more than 10% to their total of
oxidized sulphur deposition, leaving these regions as dependent on neighboring coun-
tries such as Great Britain, Germany, Poland, Estonia, Ukraine and Russia and their10

patterns in matters of emissions.

4.3 Linear downward trends of DTR

Another interesting feature is the linear downward trend of the DTR in Sweden, the
Baltic States and Ukraine. It is noteworthy that they seem to build a north-west, south-
east orientated zone between Eastern and Western Europe (Fig. 3). The linear de-15

creasing DTR trend is not explainable by the national emission trends of the corre-
sponding regions, since the emissions for all above mentioned countries have declined
at least since 1990. Surface solar radiation for southern Sweden and the Baltic States
started to increase in the late 1980s (Ohmura, 2006; Gilgen et al., 20081), subse-
quently DTR in both regions levels-off or increases slightly as well. However, during20

the 1990s DTR stopped increasing which resulted in a significant decreasing linear
trend for the whole period. The continuous decrease of DTR in Ukraine cannot be
explained by a continued increase of emissions. Also, no radiation data is available
for further interpretation. Support for the findings on an overall decreasing DTR can
be found from soil moisture measurements. Robock and Li (2006) have shown that25

between 1958 until the mid 1990s soil moisture increased significantly for the Ukraine.
They state that precipitation and temperature alone could not have caused this devel-
opment. Using a land surface model they show that a reduction in downward shortwave
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radiation could have caused the observed increase in soil moisture, which is in line with
the DTR decrease noted above.

4.4 Early increase in DTR and radiation

The final feature we want to discuss in detail is the early increase of DTR during the
1950s and 1960s, visible in different regions all over Europe but mainly in the northern,5

eastern and the periphery regions, namely Norway, Russia, the Baltic States, FCZS,
FRY as well as Iceland, Algeria and Turkey. The early increase visible from the different
DTR time series might be due to an “earlier brightening” during this period. The hypoth-
esis of an earlier brightening in Eastern Europe during the 1950s and 1960s is again
supported by soil moisture measurement. Figure 3 of Robock and Li (2006) suggests10

that soil moisture in Russia decreased slightly between 1958 and 1970, indicating an
increase in radiation.

No radiation data is available from the above mentioned regions prior to 1960. Still
we can assume a similar technological development for Eastern Europe as for Western
Europe but with a time shift of one to two decades as indicated by a later reversal in15

emissions and radiation during the period since 1960.
By investigating radiation and radiation related measurements for Western Europe

prior to 1950 we can consequently find potential explanations for the observed early
increase of the DTR. Evidence for an early brightening period (increase of incoming
shortwave radiation) in Western Europe is presented in Ohmura (2006). The surface20

solar radiation data in Fig. 1 of Ohmura (2006) for Wageningen, Stockholm, Davos and
Potsdam increases until the 1950s. For Wageningen this is supported from De Bruin
et al. (1995). In Sanchez-Lorenzo et al. (2008) sunshine duration for Western Europe
increases from 1938 (earliest value of plot) until 1950.
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5 Conclusions

We investigated annual mean DTR for the period 1950 until 2005 for 23 different coun-
tries and regions in and around Europe as well as Europe as a whole. A total of 16 out
of these 23 regions as well as the European mean show a statistically significant pe-
riod of decrease and a subsequent increase in DTR. Two additional regions (BeNeLux,5

Spain) show an increase, which however is not statistically significant in the multiple
regression analysis. Of the remaining five regions, two (East Germany, Portugal) show
no specific trend and three (Sweden, Baltic States, Ukraine) regions show a continua-
tion of the decreasing trend.

The connection between DTR, shortwave radiation and SO2 emissions has been10

qualitatively discussed with respect to a common trend reversal. The period of reversal
of DTR from decrease to increase is in most cases in line with social and economic
development as indicated by SO2-emissions or deposition, respectively. All reversals
of DTR were shown to take place between 1965 and 1990. This is consistent with
the change from decrease to increase of incoming shortwave radiation (“Global Dim-15

ming” to “Global Brightening”). Consequently, we conclude that the long-term trends in
DTR are dominated by changes in incoming shortwave radiation, presumably largely
influenced by direct and indirect effects of aerosol from sulphurous emissions.

This may suggest that in more regions around the globe DTR will increase if the
surface solar radiation continues to increase on a widespread basis.20

Appendix A

A1 Reading example Table 1

The example of Denmark, (Table 1, line 5) reads as follows: the first column contains
the name of the region. The second column contains the R2 between the time series
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and the best fitted trend of the form:

f (x) = f1 ∗ x + fO (A1)

Following the R2 a small “O” indicates that the linear coefficient is statistically significant
above the 90% level or in more common words: it is 90% likely that the linear coefficient
cannot be zero if the time series should be represented by the given equation. Column5

three contains again the value for the R2. However, now the comparison is performed
between the time series of annual mean DTR of Denmark and the best fit of the type:

f (x) = f2 ∗ x2 + f1 ∗ x + fO (A2)

Following this R2 two lines of coding symbols contain the information that the linear
coefficient (f1) is now 99% significant (two “x”) and the quadratic trend is different from10

zero at the 95% significance level (one “x”). For the third order polynomial, shown
in the fourth column, the R2 increases again to now 0.3. The three lines of symbols
following the R2 indicate that the cubic coefficient is now significant at the 99% level,
the quadratic at the 95% level but the linear coefficient misses the 90% level and is
marked consequently with a small “–”. In the 5th column the R2 increases to 0.33 thus15

explaining already 33% of the given annual mean time series. However the polynomial
of the form,

f (x) = f4 ∗ x4 + f3 ∗ x3 + f2 ∗ x2 + f1 ∗ x + fO (A3)

overestimates for the given time period.

A2 Explanatory example Fig. 420

The method underlying Fig. 4 can be illustrated comparing Fig. 2f (Denmark) and o
(Former Yugoslavia – FYU). The highest value for the seven year running mean during
the given period for FYU appears in 1991 with 9.8◦C, the lowest is 8.98◦C in 1977. The
absolute difference is 0.82◦C; 10% of 0.82◦C is 0.082◦C. Consequently, all years with

7066



a seven year running mean value of the time series of FYU within the range of 8.98◦C
and 9.06◦C have been marked with a dash in Fig. 4, line 6 (1975, 1976, 1978). These
dashes consequently give a sort of error bar for the calculated year of reversal. For the
reversal in the annual mean time series of Denmark, a much bigger uncertainty range
is given, namely between 1981 and 1987. The highest value in the period 1965 to 19955

of the seven year running mean of the annual means from Denmark is 5.75◦C (1970)
the lowest is 5.21◦C (1981). So the difference between the two extremes is 0.54◦C
which is only two thirds of FYU difference. This fact gives credit to the different overall
variability of the investigated time series. After adding 10% of 0.54◦C to the minimum
of 5.21◦C all years within the range of 5.21◦C to 5.26◦C (1982–1987) are marked with10

a dash (Fig. 4, line 14).

Appendix B

Addititonal, detailed information on the regional annual means

B1 Western Europe15

Norway

The mean DTR, predominantly governed by stations around 60◦ N, shows an increase
during the 1950s followed by a significant decrease until the late 1980s. Starting in
1987 DTR increases, but is then interrupted by a dip around 2000 (Fig. 2a). This dip
reduces the significance of the fitted polynomial, still the third and forth order polyno-20

mials are significant above 90%.

Sweden

The averaged time series for Sweden shows a highly significant negative linear trend
(Fig. 2b). The selected stations are all located south of 64◦ N, representing southern
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Sweden (Fig. 3). The DTR appears to level off since the late 1980s. However, when
reducing the Swedish data to cover only stations for the period until 2005, a tendency
to an increase became apparent, this trend was not significant in any model. Also the
selection would have given even more weight to the most southern part of Sweden.

Finland5

The data for Finland consists of three stations, evenly divided from north to south,
namely Helsinki, Jyvaskyla and Sodankyla. The national trend is best represented by
a second order polynomial trend significant above the 99% level (Fig. 2c).

Denmark

Though one of the smaller countries, Denmark contributes 5 equally distributed stations10

to the dataset (Fig. 3). The best fitting trend model is the third order polynomial (Fig. 2f).
The second and third order coefficients are significant at 95% level, whereas the linear
term shows only p-value of 0.18 corresponding to approximately 80% confidence level.

Great Britain

Only three stations met the demanded quality requirements of temporal coverage up15

to 2003, namely Oxford, Wick and Waddington. The former two are located in the
industrialized southern area of the UK and show a distinct DTR reversal from decrease
to increase. Wick is situated at the northern tip of the British mainland showing a
general decrease. Despite this the fitted second order polynomial is significant at the
95% level, indicating a trend from decrease to increase (Fig. 2e). An early reversal20

around 1965 is visible from the 7-yr running-mean.
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BeNeLux

Belgium and Luxembourg each contribute only one station to the selected dataset,
hence they were analyzed together with the seven stations from the Netherlands. The
analysis of the BeNeLux region showed no significant trend. The best fit however is a
second order polynomial with p-values around 0.23 (Fig. 2m). The seven year running5

mean trend shows an overall increase since 1980.

East Germany

No significant trend is apparent. Best fit is the second order polynomial (Fig. 2j). P-
values are in general above 0.7 (confidence level, below 30%) in all models and coef-
ficients.10

West Germany

For the mean of the 13 stations a distinct reversal from decrease to increase is visible
in the national mean time series. Consequently the second order polynomial trend is
significant at the 95% level in both coefficients (Fig. 2i).

France15

The 25 selected stations are distributed equally over France (Fig. 3). Similar to West
Germany the second order polynomial is significant at the 95% level emphasizing the
DTR development form decrease to increase with the reversal period between 1965
and 1985.

Alpine Region20

There are only two stations, one from Austria and one from Switzerland. Most Swiss
stations had to be rejected due to homogeneity issues. Problems were caused by
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change of location and instrumentation. The only Swiss station that met the quality
requirements is Basel-Binningen. For Austria only one station (Kremsmuenster) with
complete data coverage from 1950 to 2005 is provided in ECA&D-P. The mean trend
derived from the two stations is best described by a polynomial of the second order
(Fig. 2n). The main contribution to this shape is given by the Basel-Binningen station5

which shows a distinct decrease and increase.

Italy

The mean trend for Italy is calculated from four stations. The best fitting polynomial is
second order (Fig. 2t). Overall a strong decrease and subsequent increase is visible.

Spain10

For Spain a slight decrease in the seven year running mean up to 1977 is visible.
Thereafter an equally slightly visible increase in DTR can be seen (Fig. 2r). However,
the statistical analysis shows no significant trend on the 90% confidence level. The
p-values for Spain are, 0.36 for the linear and 0.22 for the cubic coefficient.

Portugal15

A total of three stations are sufficient according to the demanded quality requirements.
Braganca shows an overall increase for the whole period while Lisboa (Lisbon) and
Porto show a continuous decrease in DTR (Fig. 2q).

B2 Eastern Europe

Former Republic of Yugoslavia20

The reliable period for the FRY region is from 1956 to 2004. The best fitting trend
model for that time series is a fourth order polynomial trend with p-values below 0.05
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for all coefficients. Consequently the development shows more than a single period of
decrease and increase. From 1956 to about 1965 the DTR increases this is followed
by a distinct decrease up to around 1980. From 1980 until 1990 a second and more
emphasized increase is dominant with a subsequent phase of more or less constant
development until 2004 (Fig. 2o). However, the most pronounced feature in this period5

is the decrease and then subsequent increase in DTR from 1965 to 1991.

Romania

The best fit is a third order polynomial with p-values of about 0.03 for the first and
second coefficient, the p-value for the third coefficient is slightly higher with 0.051 and
therefore misses the 95% confidence boundary. From the seven year running mean a10

period with a distinct decrease from 1961 to 1971 is visible, followed by a longer period
of increasing DTR lasting until 1990, subsequently the running mean shows a constant
development (Fig. 2p).

Czechoslovakia

As for the area of the FRY, the former Czechoslovakian states are best fitted by a15

fourth order polynomial (Fig. 2k). All tested coefficient of the fourth order polynomial
are above the 95% significance level (p-values<0.05). The decreasing period lasts
until 1977 according to the seven year running mean, then the DTR increases until it
stops around 1992. This is followed by a stable to slightly decreasing period until 2004.

Poland20

Only two stations with data from 1966 to 2005 are available, Leba and Siedlce these
both show very similar long-term trends. The best fit is a second order polynomial.
p-values for the coefficients are 0.083 and 0.046. For Poland a decreasing period is
visible from 1966 to 1980 and an increasing period from 1986 to 2005 (Fig. 2g).
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Baltic Region

A strong increase is visible in the seven year running mean up to 1966, followed by a
decrease, leveling off in 1991. A short increase starting in 1990 come to an end by
1996 and then becomes a continued decrease (Fig. 2h). The result of this is an overall
linear decrease in the fitted trend model significant at 95% level.5

Ukraine

The nearly monotonic drop of the Ukrainian mean DTR lasts over the whole period from
1951 to 2005 (Fig. 2l). The linear trend is significant above 99%. The two most westerly
located stations, L’Vov (Lwiw/Lemberg) and Uzhgorod show a dominant increase since
the middle of the 1970s. For the two biggest cities of Ukraine, Khrakov and Kyiv (Kiev)10

a decrease in DTR until the mid-1990s is dominant follow by a leveling off or increase
thereafter.

Russia

The largest region of the so called Eastern-European section is the European part of
Russia with Brest (Brestzonalnaya) as only representative station for Belarus included.15

The mean DTR development for the overall 36 stations is best described by a third
order polynomial. p-values are around 0.001 the R2 is 0.22. Assuming that none of the
high frequency is caught by the polynomial this is a quite high value. The seven year
running mean describes an increase until 1966 followed by a continuous decrease until
1992 and thereafter an equally uninterrupted increase until 2003 (Fig. 2d).20
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B3 Surrounding regions

Iceland

The best fit for the DTR time series is the third order polynomial (Fig. 2u). All coeffi-
cients are above 95% significant. Equal to Denmark and Finland, Iceland is considered
to be a mixture of the Western and Eastern European trend type.5

Turkey

The shape of the mean data series of the three stations is best described by a third
order polynomial. The seven year running mean describes a distinct increase from
1950 until 1963, then a subsequent decrease is disturbed by a short period of in-
crease between 1974 and 1984, thereafter the long-term decrease is continued until10

1990. Finally an increase until 2004 is visible from the smoothed 7 yr running-mean
curve. The described interruption causes a reduction in the significance of the trend
model, p-values are 0.150(1st), 0.053(2nd) and 0.027(3rd). When smoothing the de-
scribed period the p-values are: 0.03(2nd) and 0.009(3rd). The linear coefficient never
becomes statistically significant since there is no overall decrease or increase in the15

series.

Algeria

Three stations are available which are distributed roughly evenly along a north south
transect (Fig. 3). All stations, namely Alger-Dar el Beida, El Golea and Tamanrasset,
present a similar trend best described with a third order polynomial. The significance20

of coefficient is above the 99% level. The seven year running mean is dominated by
an increase from 1950 to 1963, followed by a decrease lasting until 1986. Finally, an
increase can be noted up to 2004. The peek in 2001 is a prominent feature of the mean
and can be equally found in each of the contributing stations.
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Mileta, M., Pashiardis, S., Hejkrlik, L., Kern-Hansen, C., Heino, R., Bessemoulin, P., Müller-
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Table 1. Data for each investigated region, including overall Europe and each trend type.
Order: Western Europe N–S; Eastern N–S, surrounding regions, Europe; Columns from left
to right: (1) Name of the region, (2) R2 and significance codes for each coefficient (–<90%, o
90%–95%, x 95%–99%, xx 99%–99.999%, xxx>99.999%), columns (3) to (5) equal to column
(2) but for higher order polynomial fits, (6) number of stations for the mean calculations, and (7)
data period (for more details see example in Appendix A1). R2’s in bold denote the best suitable
model according to R2, significance and residuals (not shown), which was subsequently used
in Fig. 2.

1st 2nd 3rd 4th No. Period

Norway 0.15 xx 0.17 – 0.26 o 0.32 x 4 51–05
– x x

x x
o

Sweden 0.15 xx 0.15 – 0.16 – 0.20 – 5 51–03
– – –

– –
–

Finland 0.01 – 0.25 xxx 0.27 – 0.28 – 3 51-05
xxx – –

– –
–

Great Britain <0.01 – 0.14 xx 0.14 – 0.14 – 3 50–05
xx – –

– –
–

Denmark 0.06 o 0.18 xx 0.30 – 0.33 – 5 50–03
x – –

xx –
–

East Germany (DDR) <0.01 – <0.01 – <0.01 – <0.01 – 12 50–05
– – –

– –
–

West Germany (BRD) <0.01 – 0.12 x 0.12 – 0.12 – 13 51–05
x – –

– –
–

BeNeLux <0.01 – 0.02 – 0.04 – 0.06 – 9 51–05
– – –

– –
–

Alpine 0.01 – 0.24 xxx 0.25 – 0.25 – 2 50–05
xxx – –

– –
–

France 0.02 – 0.11 x 0.11 – 0.11 – 25 50–05
x – –

– –
–

Italy 0.03 – 0.42 xxx 0.52 xxx 0.59 – 4 51–03
xxx xxx –

xxx x
xx
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Table. 1. Continued.

1st 2nd 3rd 4th No. Period

Spain 0.02 – 0.05 – 0.05 – 0.08 – 9 51–05
– – –

x –
–

Portugal 0.05 o 0.05 – 0.06 – 0.12 – 3 50–05
– x o

x o
o

Russia & Belarus 0.02 – 0.02 – 0.22 xx 0.22 – 36 50–03
– xxx –

xxx –
–

Baltic States 0.13 xx 0.15 – 0.16 – 0.17 – 9 50–04
– – –

– –
–

Poland 0.07 o 0.17 o 0.17 0.17 – 2 66–05
x – –

– –
–

FCZS 0.02 – 0.03 – 0.04 – 0.16 x 3 51–04
– – xx

– xx
x

Ukraine 0.37 xxx 0.37 – 0.37 – 0.37 – 9 51–05
– – –

– –
–

FYR 0.08 x 0.11 – 0.13 – 0.26 x 4 56–04
– – xx

– xx
x

Romania 0.01 – 0.05 – 0.13 x 0.16 – 19 61–05
– x –

o –
–

Iceland 0.07 o 0.07 – 0.18 x 0.22 – 4 51–05
– x –

x –
–

Algeria 0.17 xx 0.19 – 0.37 xx 0.37 o 3 50–05
– xxx –

xx –
–

Turkey <0.01 – 0.04 – 0.13 – 0.13 – 3 50–04
– o –

x –
–

Europe 0.01 – 0.14 x 0.21 – 0.21 – 168 56–03
x –

o

FCZS – Former Czechoslovakia,

FYU – Former Yugoslavia.
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(a) (c) (b) 

Fig. 1. Sketch of mean diurnal temperature (T ) cycle under (a) weak anthropogenic radia-
tive influence, (b) enhanced shortwave radiative cooling – “global dimming” (represented by
the black arrows) and long-wave radiative warming (represented by the grey arrows), and (c)
weakening shortwave radiative cooling – “global brightening” (thinner black arrows) and contin-
ued long-wave radiative warming. (DTR: diurnal temperature range; T -MAX/-MIN: daily mean
maximum/minimum; T -MEAN: daily mean temperature, SW: shortwave, LW: longwave, ∆T1/3:
overall amount of warming from state (a) to (c) or e.g. 1950 to 1990, respectively).
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Fig. 2. Time series of annual mean DTR for each investigated region. All y-axes are scaled
to 3 degrees for a better comparability. Graphs from row 1–5 are geographically arranged –
except: surrounding regions of Europe as well as European mean are in the last row. The order
of the best suitable polynomial trend model according to Table 1 is indicated in brackets next to
the name of the region and the investigated period. Thick, grey, solid line presents 7 yr running
mean. The thick, black, dashed line shows the fitted trend model, if no black line is plotted none
of the models was significant above the 90% level.
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Fig. 2. Continued.
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Fig. 3. Distribution of statistical significant, fitted DTR trend models. Blue – linear (all trends
are negative), red – second order (all trends show first a decrease, then an increase), green
– third order (all trends show first an increase, then a decrease, then an increase) orange –
forth order polynomial. Numbers are the year of reversal from decrease to increase in the 7 yr
running mean, derived from the annual mean DTR of region/country where denoted. The trend
model is not significant (>90%) if the numbers are in brackets, consequently the investigated
region is also not color-coded (Spain, East Germany, Benelux). Blue crosses represent stations
investigated.
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Fig. 4. Reversal of 7 yr running mean DTR trends. Diamonds represent the year of reversal
of DTR as calculated from 7 yr running mean trend. Dashed lines show additionally the period
covered by values within the lowest 10% of the amplitude of maximum DTR minus minimum
DTR (of 7 yr running mean values) for the period 1965–1995. For more details see example in
Appendix A2.
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