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Abstract. It has been widely accepted that diurnal temper-1 Introduction

ature range (DTR) decreased on a global scale during the

second half of the twentieth century. Here we show howeverSatellite and ground based measurements for Europe show
that the long-term trend of annual DTR has reversed fromthat the mean surface air temperature has increased overall
a decrease to an increase during the 1970s in Western Euwturing the second half of the last century (Trenberth et al.,
rope and during the 1980s in Eastern Europe. The analysig007). For the 1950s and 1960s, a characteristic phase of
is based on the high-quality dataset of the European Climatgoughly no increase or even decrease is apparent. Since the
Assessment and Dataset Project, from which we selected apate 1970s an accelerated increase in the mean temperature
proximately 200 stations covering the area bordered by Icewas observed. The slow increase of the mean temperature
land, Algeria, Turkey and Russia for the period 1950 to 2005 followed by a rapid increase is especially evident during the
We investigate national and regional annual means as wekbummer months (Trenberth et al., 2007) where the incoming
as the pan-European mean with respect to trends and reveshortwave radiation is one of the most dominant factors for
sal periods. 17 of the 24 investigated regions including thethe daily temperature development. This leads to the hypoth-
pan-European mean show a statistical significant increase adsis that changes in the incoming solar flux at the surface had
DTR since 1990 at the latest. Of the remaining 7 regions, twaa discernible influence on the mean temperature development
show a non-significant increase, three a significant decreasgetween 1950 and 2000 (Wild et al., 2007). Measurements of
and two no significant trend. Changes in DTR are affected byshortwave radiation at the surface, from stations around the
both surface shortwave and longwave radiation, the former ogjlobe, have shown that the incoming flux has significantly
which has undergone a change from dimming to brighteningdecreased and subsequently increased in many of the inves-
in the period considered. Consequently, we discuss the cortigated stations within the last 4 to 5 decades (Ohmura and
nections between DTR, shortwave radiation and sulfur emis{ ang 1989, Gilgen et al., 1998, Liepert and Kukla, 1997;
sions which are thought to be amongst the most importanStanhill and Cohen, 2001; Roderick and Farquhar, 2002;
factors influencing the incoming solar radiation through the Pinker et al., 2005; Wild et al., 2005).

primary and secondary aerosol effect. We find reasonable The diurnal temperature range (DTR) is considered a suit-
agreement between trends in S@missions, radiation and  aple measure to investigate the counteracting effects of long-
DTR in areas affected by high pollution. Consequently, weyaye and shortwave radiative forcing, because the diurnal
conclude that the trends in DTR could be mostly determinedminimum is closely related to the longwave radiative flux,
by changes in emissions and the associated changes in iRghile the diurnal maximum is predominantly determined by
coming solar radiation. 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 the diurnal minimum (Karl et al.,
1984, 1993; Kukla and Karl, 1993). Comparison of GCM
simulations with observations have shown that the DTR de-
crease has been underestimated due to a strong increase in
the modeled maximum temperature (Braganza et al., 2004).
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Fig. 1. Sketch of mean diurnal temperaturg)(cycle under(a) weak anthropogenic radiative influence, dominant radiative processes are
denoted by arrowgb) enhanced shortwave radiative cooling — “global dimming” (represented by the black arrows) and long-wave radiative
warming (represented by the grey arrows), &)dveakening shortwave radiative cooling — “global brightening” (thinner black arrows) and
continued long-wave radiative warming. (DTR: diurnal temperature range; T-MAX/-MIN: daily mean maximum/minimum; T-MEAN: daily
mean temperature, SW: shortwave, LW: longwavé 3: overall amount of warming from state (a) to (c) or e.g. 1950 to 1990 respectively).

change in irrigation and surface albedo or water vapor feed- Because the change of incoming radiative flux at the sur-
back (Stenchikov and Robock, 1995; Easterling et al., 1997face is considered very important to DTR development and
Dai et al., 1997, 1999; Stone and Weaver, 2002; Vose et al.is measured since the 1950s, the complete second half of the
2005; Engelhart and Douglas, 2005). Many of the cited pubast century is investigated in this study. From the ECA&D-
lications have concluded that neither of these factors alone i® dataset, all stations with data for the period 1951 up to
likely to be the unique explanation of the observed changes ir2003 (or up to 2005 where available) were selected and na-
DTR (Easterling et al., 1997). We argue that shortwave radiational means were calculated. The time series of a station
tion directly or via feedbacks is a major factor for the changeswas dismissed if it had more than five years with data gaps
in DTR since only the shortwave radiation — modulated by or if two or more consecutive years were affected by these
the atmospheric aerosol burden — could exert a strong andaps. In addition, each time series was checked for jumps
sufficiently homogeneous effect to change DTR on a globalin the DTR. If jumps of more than half degree were caused
scale (Liu et al., 2004; Wild et al., 2007). by filled data (from neighboring stations, performed during
The decrease of the solar flux and its relative cooling ef-ECA&D-P), then the value was replaced by an interpolated
fect can been seen as a blocking action against the increase @lue, on monthly basis, if the measurement from the original
temperature caused by the greenhouse effect. Consequentjte was available in the previous and following year. In total
the diurnal maximum temperature remains constant while thdess than 0.5% of the monthly values used in this study were
diurnal minimum is forced to increase (Fig. 1b). The re- interpolated due to missing data. Systematic errors probably
covery of surface solar radiation results in a removal of thedue to data submission were found in all stations in Iceland,
blocking on diurnal temperature development thus leading tddenmark and Romania. For Iceland all data after 1998, for
an increase of DTR and daily maximum respectively, therebyDenmark all data after 2002 and for Romania all data had to
revealing the full extent of global warming (Wild et al., 2007) be discarded and these were replaced by data which we ob-
(Fig. 1c). tained directly from the respective national meteorological
In the present study a detailed investigation of this issueservice. For the region of the former Republic of Yugoslavia
is conducted focusing on the European area where the be$§ERY) all data prior to 1956 had to be dismissed due to qual-
coverage with observational data can be found. ity issues. For Poland, data are available only since 1966.
The temporal coverage was still considered sufficient to in-
vestigate decadal changes in DTR.
2 Data and methods To obtain a sufficient number of stations for the calculation
of regional annual means (Fig. 2), station measurements were
We chose the data products of the European Climate Assesgrouped either nationally or by averaging over several small
ment and Dataset Project (ECA&D-P) for an internally con- nations. Netherlands, Luxembourg and Belgium were drawn
sistent investigation of the DTR evolution during the recenttogether as BeNeLux, likewise the states of the FRY; Estonia,
decades. It contains freely available data for more than 60Q.ithuania and Latvia were grouped as Baltic States, Slovakia
stations with minimum and maximum temperature measureand the Czech Republic to former Czechoslovakia (FCZS).
ments in daily resolution for different periods between about Conversely, Germany was divided into an eastern and a
1800 and today (Klein Tank et al., 2002). western part according to the border line from the pre-1989
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Fig. 2. Time series of annual mean DTR for each investigated region. All y-axes are scaled to 3 degrees Celsius for a better comparability.
Graphs are geographically arranged — except: surrounding regions of Europe as well as European mean are in the last row. The order of th
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 year 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.FCZS — former Czechoslovakia, FRY — Former Republic of Yugoslavia.
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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 year running mean, derived from the annual
mean DTR of region/country where denoted. The uncertainty of the actual year of reversal can be inferred from Fig. 4. The trend model is
not significant &90%) if the numbers are in brackets, consequently the investigated region is also not color-coded (Spain, Eastern-Germany,
Benelux). Blue crosses represent stations investigated.

period. This is to take account of the different developmentrelations were accepted. The annual mean time series to-
of atmospheric aerosol burden in the two countries, whichgether with the fitted trend curve and the seven year running
depends mainly on the industrial emissions within the rangemean trend for all investigated regions as well as the Euro-

of some tens to hundreds of kilometers upstream. The overalpean mean are shown in Fig. 2.

resulting data coverage is indicated by the small blue crosses

shown in Fig. 3, identifying 189 (168 with coverage 1956— Further information for each time series was obtained by

2003) out of the original 604 ECA&D-P stations satisfying estimating the year of reversal from decreasing to increasing
the criteria described above. DTR (applies not to regions with linear trends). The estima-

Subsequently these national annual mean time series wettéon was performed by calculating the minimum in the seven
fitted by polynomials up to fourth order, to facilitate the char- year running mean (Fig. 2) for the period 1965 to 1995. For
acterization and quantification of the DTR trend (Fig. 2). the example of Finland (Fig. 2c), the running mean given as
The rational for fitting polynomial trend models was investi- gray bold line shows a clear local minimum in 1989 (com-
gated by applying multiple regression analysis and control ofpare year given in Fig. 3 and diamond at the row “Finland”
lagged autocorrelation within the residuals to assure stationin Fig. 4). The particular period 1965 to 1995 was chosen
ary white noise. The regression analysis, followed by calcu-since it embraces the whole era of reversal from dimming to
lation of statistical significance level (1 — P-values; given in brightening (Wild et al., 2005). The results are presented in
%) based on a standard T-test was performed for every coFig. 3 and Fig. 4. The numbers displayed in Fig. 3 give the
efficient for fits between first order (linear) and fourth order year of the minimum of DTR. If they are printed in brackets
polynomials as summarized in Table 1 (for further details seeno significant trend could be estimated (compare Table 1).
reading example, Appendix Al).

For most regiongk? increased together with the statistical  In addition to the minimum DTR value between 1965 and
significance of the fitted model, hence making it easy to de-1995, all values within the lowest 10% of the difference be-
cide which of the investigated models performs best. If thetween maximum and minimum (7 year running mean) value
comparison ofR2 and p-values (significance levels) showed within that period have been calculated to give additional in-
an ambiguous result (see e.g. Table 1, line 5, Denmark), théormation on the distinctness of the reversal. In Fig. 4 the
residuals were checked in more detail and the model withyears below and equal to the 10th-percentile are marked with
the lowest autocorrelations in the residuals was selected (natashes, diamonds show the minimum (for further details on
shown). Note that only models with no significant autocor- the method see detailed example, Appendix A2).
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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 regiorR,Z(a)]d significance codes for each coefficient£90%,

0: 90%-95%, x: 95%-99%, xx: 99%—99.999%, xxx99.999%), 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 Appemﬁ}smlbmld denote

the best suitable model accordingR&, significance and residuals (not shown), which was subsequently used in Fig. 2. FCZS - former
Czechoslovakia, FRY — Former Republic of Yugoslavia.

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 <001 - 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 X -
XX -
East Germany (DDR) < 0.01 - <001 - 001 - <001 - 12 50-05
West Germany (BRD) < 0.01 - 0.12 x 0.12 - 0.12 - 13 51-05
X p— p—
BeNeLux <001 - 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 011 - 011 - 25 50-05
X p— p—
Italy 0.03 - 0.42  xxx 0.52  xxx 0.59 4 51-03
XXX XXX -
XX X
XX
Spain 0.02 - 0.05 - 0.05 - 0.08 - 9 51-05
Portugal 0.05 o 0.05 - 0.06 - 012 - 3 50-05
- - o]
- o]
o]

www.atmos-chem-phys.net/8/6483/2008/
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Table 1. Continued.

1st 2nd 3rd 4th No. Period

Russia & Belarus 0.02 - 0.02 - 0.22  xx 022 - 36 50-03
- XXX -
XXX -

Baltic States 0.13  xx 015 - 0.16 - 0.17 - 9 50-04

Poland 0.07 o 017 o 017 - 017 - 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

FRY 0.08 x 011 - 0.13 - 0.26 X 4 56-04
- - X
- XX
XX

Romania 0.01 - 0.05 - 0.13 x 0.16 - 19 61-05
- X -
0 —

Iceland 0.07 o 0.07 - 0.18 x 022 - 4 51-05
p— X —
X —

Algeria 0.17 xx 0.19 - 0.37 xx 037 o 3 50-05

- XXX

XXX -

Turkey <001 - 0.04 - 0.13 - 0.13 - 3 50-04
- O —
X -

Europe 0.01 - 0.14 x 021 - 021 - 168 56-03
X - -
0 —

3 Results By the use of regional averages we aim to underline the

hypothesis that DTR is affected by changes in regional emis-
In the following section we discuss annual means of thesjons influencing shortwave radiation reaching the ground.
DTR records, starting with the regional averages as describegetailed information for each country or region can be found
above, followed by a description of the European mean. Then Table 1 and Figs. 2-4. A complete description of all re-
data records and polynomial fits determined in this ana'ySngionS (except the European mean, see be|ow) shown in F|g 2
are compiled in Fig. 2. is provided in Appendix B.
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For most of Western Europe a distinct reversal from de- —g—=

1 1 1 Great Britain
creasing to increasing DTR is visible. The fitted polynomial | o | | | | East Germany
trends are significant in the Great Britain, Germany, Poland,| —=¢ === @ == § Romania
Finland, France, Italy and Switzerland/Austria. For Spain “"'_’ —————————— e :fz::n ‘
and the Benelux an alike development of decrease and in-| | —— § FRY
crease in DTR can be seen from the running mean but the § | —e— | Alpine

fitted polynomial trends miss the 90% significance level. Fezs

West Germany

Circumjacent countries, as Portugal, FRY, FCZS and Nor- | Spain
way show trends significant at the fourth order polyno- | gfa"nec';’x
mial with pronounced periods of increasing DTR in recent | Norway
decades. In North-Eastern Europe a region covering Sweden| ; ; ; : Denmark
the Baltic States and the Ukraine, with a continued decrease| | | | g Algeria
in DTR can be identified. All decreasing linear trends are | | | | IR .
significant at the 99% level. [ pTTTTTT T ””””” o— = | Finnland

The countries located farther away from central Europe, | | | | | *- gzz:*aga'
namely Russia, Belarus, Turkey, Algeria and Iceland show { ! e | —*= Europe
trends which are best described by a third order polynomial. ‘E 2 P P P

All coefficients for all trends are significant at the 95% level

except for the first (not significant) and second coefficientrig 4. Reversal of 7 year running mean DTR trends. Diamonds
(90% level) of Turkey. In addition to the presently increasing represent the year of reversal of DTR as calculated from 7 year run-
DTR a prominent feature in the annual mean time series ohing mean trend. Dashed lines show additionally the period covered
the above mentioned countries is a second, earlier increadey values within the lowest 10% of the amplitude of maximum DTR
in DTR between 1950 and 1960 which is addressed in moreninus minimum DTR (of seven year running mean values) for the
detail in the discussion section. period 1965-1995. For more details see example in Appendix A2.

Overall, the farther away the country is located from cen-FCZS — former Czechoslovakia, FRY — Former Republic of Yu-
tral Europe the more recent is the time of reversal from de-g°S|aV'a'
crease to increase of DTR. The earliest can be found in the
UK (1967) and Germany (1967), the latest in Iceland (1987)’Iongwave and shortwave downwelling fluxes. A continued
Turkey (1990) and Russia (1992). From Fig. 4 extended pejncrease in water vapor due to anthropogenic influence would
riods of reversal can be seen in Romania, Norway and Denlead to a slightly reduced downwelling shortwave and in-
mark. For Romania, which is an outlier compared to the sur-creased downwelling longwave radiation at the surface. This
rounding nations, the early appearing of the lowest value inwould consequently lead to a continued reduction of DTR
the 7 year running mean is put more into perspective by thevhich, however, we did not observe in the investigated area,
“error bars” in Fig. 4, equally true for the late reversal in and therefore do not consider water vapor as a major factor
Norway and the early one in Denmark. influencing DTR in Europe.

For the European geographical mean between 1956 and Soil moisture plays animportant role by damping the DTR
2003, 168 stations were used. To avoid biases, series short@f €nergy is consumed by evaporation during the daytime and
than this period have been excluded. The European trenéeleased by condensation during the nighttime. However, ac-
is best described by a second order polynomial (Fig. 2x).cording to Robock and Li (2006), long-term changes in soil
Both coefficients are significant at the 95% level. The rever-moisture are coupled to changes in solar radiation and tro-
sal from decrease to increase takes place in the early 1980B0spheric air pollution respectively at least on regional scale
This overall character of the averaged European DTR is evef? Russia and the Ukraine, where long-term records of soil
strengthened if shorter data series such as those from Rom#20isture data are available.

nia and Poland were included (alternative mean not shown). For the inter-annual variability of DTR the total amount of
cloud cover as well as the cloud optical properties play an im-

portant role again by altering longwave and shortwave down-
4 Discussion welling fluxes (Karl et al., 1993). Clouds alter DTR mostly

by damping the daytime maximum via a strong reduction of
The extent of the DTR is determined by many different fac- surface solar radiation, while the influence on the nighttime
tors, such as surface solar radiation or sunshine durationminimum seems to be rather small (Dai et al., 1999). Apart
cloud cover connected with changes in large scale circulafrom local convection, long-term changes in cloud cover can
tion or aerosols, soil moisture and water vapor content of thebe connected to large scale circulation patterns and aerosols.
atmosphere. However, the correlation between DTR and cloud cover in

Change in water vapor for example leads to an asymmeEurope for the period 1910 to 1990 is only 0.35 according to

try in the DTR (Stenchikov and Robock, 1995) by changing Dai et al. (1997).
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For the long-term influence of changes in large scale cir-4.1 DTR, radiation and emissions — the biggest European
culation Sanchez-Lorenzo et al. (2008) show that in Western emitters
Europe on a seasonal scale, circulation may have an influence
on the long-term development of sunshine duration, whichin the following section we discuss the qualitative connection
can be used as proxy for surface solar radiation (Stanhill andetween trends in SOemissions, sunshine duration, radia-
Cohen, 2005). Still for the overall annual mean long-termtion and DTR in several examples. We included the annual
trend in sunshine duration, they identified changes in sursunshine duration in this section as a proxy for surface solar
face solar radiation from anthropogenic aerosol emissions agadiation (Stanhill and Cohen, 2005), which is only available
a more likely explanation. for a sufficient number of sites since the 1960s. Sanchez-

Lorenzo et al. (2007 and 2008) provide data for sunshine

To sum up, factors influencing surface solar radiation andyyration in Western Europe between 1938 and 2004, SO
factors that are influenced by surface solar radiation seemngmissions at land level are available from Mylona (1996) and
to account for the most of the changes in DTR in Europe.\/estreng et al. (2007). Vestreng et al. (2007) is partially a
Consequently, we consider changing surface solar radiatio‘%ucceeding work of Mylona (1996) and both provide,SO
as amajor cause for the different types of DTR developmentemission estimates for every fifth year. Therefore, we com-

Since solar radiation incident at the top of atmosphereb'ned the estimates to one time series if they cover the same

: . ; ; ; ion. Data from Mylona (1996) are available be-
has not changed substantially during the investigated perlof:i’Ource region .
(Beer et al., 2000), two different candidates are likely to havetWeen 1880 and 1990, Vestreng et al. (2007) provide data be-
influenced surface shortwave radiation, namely clouds an

aerosols (first and secondary effect). Norris and Wild (2007)

showed that by removing the cloud cover influence from . .
W y ving , ver mnr can be derived from Lefohn et al. (1996). They provide an-

surface solar radiation data, the reversal from dimming to ! .
brightening becomes even more pronounced for most of gyhual estimates of sulfur emissions between 1850 and 1990.
)bviously not all sulfurous emissions will be in the form of

rope. Consequently cloud coverage changes acted as a di . . .
b 9 y 9 g O but still we converted all sulfur into Sor the gain of

uise rather than a cause for the variations in surface sola X . X
?adiation a much simpler comparison against the Mylona (1996) and

Vestreng et al. (2007) data. Valuable information on trans-
A much more likely candidate for the varying surface so- boundary fluxes and trend development of;Stihce 1980

lar radiation and DTR trend types and their time shifted can be obtained from Klein and Benedictow (2006). Data
reversals are different patterns of emissions, leading to refrom long-term surface solar radiation measurement can be
gionally differentiated backscattering of solar radiation by found in Ohmura (2006). A recently submitted paper from
aerosols. A reduction of incoming radiation has been re-Gilgen et al. (2008) provides additional information on rever-
ported by Liepert and Kukla (1997), Gilgen et al. (1998) sal years and overall trends from gridded data of the Global
and Abakumova et al. (1996). Wild et al. (2005) reported Energy Balance Archive. To make the characteristics of the
a reversal from global dimming to brightening in mid to late DTR time series more easily comparable against the rather
1980s at widespread locations throughout the world. Fronslow changes of emissions and the low pass filter data of sun-
Abakumova et al. (1996), a reduction in incoming shortwaveshine duration, we calculated the eleven year running mean
radiation until at least 1990 is evident for the specific regionof the annual DTR time series. The miss weighting at the
of Russia. These results indicate that changes in surface s@dges was indicated by using dashed lines (Figs. 5 and 6).
lar radiation were found in many regions though they do notThe emissions of SPwere plotted upside down to indicate
have to be necessarily simultaneous. The global backgrounthe potential sulfate aerosol forcing on DTR.
signal and forcing from aerosol as presented by Mishchenko According to Berge et al. (1999) the 10 biggest emitters
et al. (2007), showing a general decrease during the 1990<in total t/a) in Europe are: Bulgaria, France, Germany, Italy,
can be dominated by local influence as described by AlperfPoland, Spain, Great Britain, Ukraine, Russia and the Czech
et al. (2005). Publications from Stern (2006) and Lefohn etRepublic (or FCZS). Except for Bulgaria and Italy all coun-
al. (1996) assume that a reversal from increase to decreagdes above were analyzed with respect to their DTR trends
of Eastern European emissions (dominated by Russia) takesnd will be discussed subsequently in more detail beginning
place in the late 1980s or early 1990s. In contrast, Westwith the Eastern European countries, from south to north.
ern European emissions are peaking already during the early The best fitting trend for the Ukrainian DTR time series
1970s according to Smith et al. (2004), Streets et al. (2006)s a linear trend with a slope 6£0.014C/a, emphasizing a
and Stern (2006). This is confirmed in Mylona (1996) and continuous decrease (Fig. 2I). A more detailed inspection of
Vestreng et al. (2007) who have shown that the maximum inthe running mean in Fig. 2| and Fig. 5a reveals, however, a
SO, emissions from fossil fuel for early industrialized coun- tendency towards an increase around 1978 which is reverses
tries, such as the UK or the former Federal Republic of Ger-to a continued decrease from 1987 onward. Data for emis-
many, can be as early as the second half of the 1960s. sions are available from 1980 (Mylona 1996 and Lefohn et

ween 1980 and 2004. For the overlapping period between
980 and 1990 the data from Vestreng et al. (2007) were
favored for the following analysis. Further S@stimates
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Fig. 5. Time series of annual mean DTR and-S&nissions. Eleven-year running means of DTR, expressed as relative (rel.) deviations from

the 1971-2000 mean, are plotted as solid black line. Differently weighted first and last five years of the time series are denoted as dashec
black lines. S@ emissions from Mylona (1996) (2) and Vestreng et al. (2007) (2) were plotted up side down, to indicate the presumed
forcing. Estimated sulfur emissions from Lefohn et al. (1996) (3) were converted to SO2 equivalent and also plotted upside down. All SO
estimates are expressed in megatons per year.

al., 1996 estimated their values for the Union of Soviet So-reversal of surface solar radiation from dimming to brighten-
cialist Republics — USSR), showing a distinct decrease sincéng is estimated between 1978 and 1983.

1999 Whllcr:jls nc')[; rzflerc]:ted.m the DTRddZta' However, the_ Daily maximum and minimum temperature for Poland is
prewousy escribed short |.ncrease. an e_creasg of DTR I?wailable since 1966. The reversal from decrease to increase
refl_ect'ed in a short decreasmg gnd increasing period of SOis calculated at 1977 in the seven year running mean. The
emissions. Surface solar radiation measurements for Odes

?Bnning mean of the Polish time series (Fig. 2g and Fig 5c¢)

show a decrease from 1960 until 1987 (end of data). Th.eshows a short increasing and subsequently decreasing period

described short increase in DTR between 1978 and 1987 IBetween 1975 and 1986. The reversal of the second order
mirrored as well in the radiation time series plot (Abaku- olynomial fit to DTR which omits the described hump is
mova et al., 1996 (Fig. 4), most evident between 1977 an(getween 1980 and 1985, this is close to the peaking of emis-

iggg To SL:rSmanzlg thg gontmue;d degrease n DIR ?mc ions in 1985. Consequently, both reversals are consistent
Y cannot be explained by a continued increase ot Nationggy, e yeversal in incoming shortwave radiation in 1980.
emissions. However, the findings are not contradictory with

respect to the connection between DTR and radiation (for Russian emissions peak at 1975 according to Vestreng
further details on the Ukraine, as an example for linear de-et al. (2007). Other emission estimates as e.g. from Stern
creasing trends, see Sect. 4.3). (2006) and Lefohn et al. (1996) suggest that the decrease
of emissions started much later namely in the late 1980s

For the FCZS, data of emissions are available for the(Fig. 5d) with the breakdown of the former Soviet Union.
whole period from Mylona (1996) and Vestreng et al. (2007). However, the significant decrease of emissions after the col-

The highest values occur around 1980 in line with the re-lapse of the Eastern Bloc is reflected in all cited emis-
versal of DTR from decrease to increase which is calculatedsion estimates. The DTR decrease for Russia lasts until
around 1977 (Fig. 4 and Fig. 5b). In Gilgen et al. (2008) the 1990 consistent with the decrease in surface solar radiation
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Fig. 6. As Fig. 5. In addition, sunshine duration series from Sanchez-Lorenzo et al. (2008) (4) and Sanchez-Lorenzo et al. (2007) (5) are
plotted as solid grey line. Plotted data are low-pass filtered values (11-year window @ @earssian low-pass filter) expresses as relative
deviations from the 1961-1990 mean.

(Abakumova et al., 1996) measured at Moscow. Likewise, For Great Britain a reversal in DTR is apparent around
the observed increase of surface solar radiation at Moscovt 965 simultaneously to the emissions from Mylona (1996)
(Wild et al., 2005) is mirrored in an increasing DTR. Both of SO, which are peaking in 1965, according to Lefohn et
are potentially caused by the strong decrease of &@is- al. (1996) emissions reach their maximum already around
sions reported from various estimates. 1960. The annual sunshine duration from Sanchez-Lorenzo
In Western Europe the biggest emitters during 1985 ancet al. (2008), which covers the central to south-eastern part of
1995 are France, (West) Germany, Great Britain and Spairthe UK, shows a reversal from decrease to increase in the late
(Berge et al., 1999). The DTR for all four regions is best 1960s. Subsequently, sunshine duration increases along with
described with a second order polynomial trend, significantDTR and the decreasing emissions until the present (Fig. 6a).
above 95% except for Spain with p-values of 0.35, 1st coef- In the former Federal Republic of Germany, the DTR re-
ficient) and 0.21 (2nd coefficient) (not shown). For the com-versal is calculated at 1967 by the 7-year-running mean.
parison of DTR against SOemissions and sunshine dura- Reversal of S@ emissions is in 1965 according to My-
tion we used in addition the low-pass filter time-series from|ona (1996). The most dominant increase of DTR and de-
Sanchez-Lorenzo et al. (2007) for Iberia to compare it to ourcrease of S@respectively, however begins during the 1980s
DTR data of Spain. In Sanchez-Lorenzo et al. (2008) thewhich is in line with the end of the decrease in surface solar
same authors provided annual means of sunshine duration feadiation in Germany (Liepert and Kukla, 1997 (Fig. 2) and
most of Western Europe, split into six regions. Here we alsoa strong increase in sunshine duration (Fig. 6b). Notably the
used the low pass filtered data of sunshine duration for thénorizontal visibility increased already since the second half
regions NC (north central), CW (central west) and CE (cen-of the 1960s in most of the Western German stations investi-
tral east). We compared NC to Great Britain, CW to Francegated by Liepert and Kukla (1997). These results point to a
and CE to West Germany according to their spatial coveragelecrease of turbidity and thus a reduction of aerosol burden
given in Fig. 1 of Sanchez-Lorenzo et al. (2008). of the troposphere.
In France the DTR reversal is calculated at 1980 while SO
emissions estimated by Mylona (1996) start to decrease from
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1975, Lefohn et al. (1996) in contrast determine the highestange transmission of air pollutants in Europe) Report 1/06
value of emissions not until 1980 (Fig. 6¢). The reversal in (Klein and Benedictow, 2006) for Finland that for 2004 about
shortwave incoming radiation is between 1980 and 1986 ac80% of the oxidized sulphur deposition originates from out-
cording to Gilgen et al. (2008). Sunshine duration reverseside Finland. Biggest contributor is Russia with as much as
between 1980 and 1985. The maximum lag of about one23% for overall Finland. This implies that the influence on
decade between radiation and Sémission (form Mylona DTR especially for stations in the North and East of Finland
1996) reversals can be explained by the method used to das likely to be dominated by Russian emissions, thus giving
termine the year of reversal. Gilgen et al. (2008) used a seca possible explanation for the reversal in DTR and surface
ond order polynomial fit to define the period of reversal. The solar radiation as late as 1989 (Fig. 4).
reversal in the DTR retrieved from the fitted second order Similar to Finland, other countries in Northern Europe,
polynomial would be similar, namely around 1980 to 1982 such as Sweden, Norway, Iceland, Latvia, Lithonia and Den-
(Fig. 2s). mark contribute no more than 10% to their total of oxi-
Spain as the most southern representative of the largestized sulphur deposition, leaving these regions as dependent
emitters in Europe has reduced its emissions remarkablyn neighboring countries such as Great Britain, Germany,
since 1980 (Mylona, 1996). The reversal of DTR derived Poland, Estonia, Ukraine and Russia and their patterns in
from the 7 year-running mean is at 1977 (Fig. 2r and Fig. 4).matters of emissions (Klein and Benedictow, 2006).
According to Sanchez-Lorenzo et al. (2007) the reversal for
sunshine duration for the whole Iberia Peninsula is in 19824.3 Linear downward trends of DTR
most evident during spring and summer, with mostly clear
sky situations. The period where all three independently in-Another interesting feature is the linear downward trend of
vestigated measures (hamely emissions, DTR and sunshirtte DTR in Sweden, the Baltic States and Ukraine. It is note-
duration) show a reversal in their long-term behavior liesworthy that they seem to build a north-west, south-east ori-
consequently within 5 years (Fig. 6d). entated zone between Eastern and Western Europe (Fig. 3).
To summarize on the section with the biggest emitters inThe linear decreasing DTR trend is not explainable by the na-
Europe we would like to point to the good qualitative agree-tional emission trends of the corresponding regions, since the
ment between the low frequency trends in DTR and, SO emissions for all above mentioned countries have declined at
emission estimates in six (four in Western, two in Easternleast since 1990. Surface solar radiation for southern Swe-
Europe) of the eight regions analyzed. den and the Baltic States started to increase in the late 1980s
The long-term evolution of sunshine duration from (Ohmura, 2006; Gilgen et al., 2008), subsequently DTR in
Sanchez-Lorenzo et al. (2007 and 2008) supports our conRoth regions levels-off or increases slightly as well. How-
clusions for Western Europe. The biggest disagreement beever, during the 1990s DTR stopped increasing which re-
tween DTR and S@emissions can be found for Eastern Eu- sulted in a significant decreasing linear trend for the whole
rope, namely in Russia and the Ukraine. However, trendgoeriod. The continuous decrease of DTR in Ukraine cannot
in surface solar radiation from Abakumova et al. (1996) for be explained by a continued increase of emissions. Also, no
these regions support our results for long-term DTR devel-radiation data is available for further interpretation. Support
opment. To conclude that though we found good agreemenfor the findings on an overall decreasing DTR can be found
more work involving chemistry climate models with an ap- from soil moisture measurements. Robock and Li (2006)
propriate input and transport of pollutants is required in orderhave shown that between 1958 until the mid 1990s soil mois-
to improve our understanding of the relation between DTRture increased significantly for the Ukraine. They state that

and air pollution in the future. precipitation and temperature alone could not have caused
this development. Using a land surface model they show
4.2 Long range effects on DTR and radiation that a reduction in downward shortwave radiation could have

caused the observed increase in soil moisture, which is in line
According to the previous section a further feature which haswith the DTR decrease noted above.
to be discussed is the inconsistency in the DTR reversal com-
pared to the reversal in emissions in a number of regions such.4 Early increase in DTR and radiation
as Finland. The running-mean curve for the DTR in Finland
(Fig. 2c) shows a reversal in the early 1990s, in line with The final feature we want to discuss in detail is the early in-
the surface solar radiation measurements, taken in Sodankylerease of DTR during the 1950s and 1960s, visible in dif-
in the north of Finland (Ohmura, 2006, Fig. 9). Accord- ferent regions all over Europe but mainly in the northern,
ing to Gilgen et al. (2008) 1990 is the year of reversal from eastern and the periphery regions, namely Norway, Russia,
dimming to brightening, for the mean of seven stations inthe Baltic States, FCZS, FRY as well as Iceland, Algeria
southern Finland. Emissions, however, peaked around 1978nd Turkey. The early increase visible from the different
(Vestreng et al., 2007). It can be seen from the EMEP (Co-DTR time series might be due to an “earlier brightening”
operative program for monitoring and evaluation of the long-during this period. The hypothesis of an earlier brightening
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in Eastern Europe during the 1950s and 1960s is again sup- This may suggest that in more regions around the globe
ported by soil moisture measurement. Figure 3 of RobockDTR will increase if the surface solar radiation continues to
and Li (2006) suggests that soil moisture in Russia decreaseihicrease on a widespread basis.

slightly between 1958 and 1970, indicating an increase in ra-

diation.

No radiation data is available from the above mentioned
regions prior to 1960. Still we can assume a similar techno-a1 jjystrative example how to read Table 1
logical development for Eastern Europe as for Western Eu-
rope but with a time shift of one to two decades as indicatedThe example of Denmark, (Table 1, line 5) reads as follows:
by a later reversal in emissions and radiation during the pethe first column contains the name of the region. The second
riod since 1960. column contains th&? between the time series and the best

By investigating radiation and radiation related measure-fitted trend of the form:
ments for Western Europe prior to 1950 we can consequently
find potential explanations for the observed early increase off(x) = fixx+ fo (A1)
the DTR. Evidence for an early brightening period (increaserollowing the R? a small “0” indicates that the linear coef-
of incoming shortwave radiation) in Western Europe is pre-ficient is statistically significant above the 90% level or in
sented in Ohmura (2006) The surface solar radiation data irﬁnore common words: it is 90% ||ke|y that the linear coeffi-
Fig. 1 of Ohmura (2006) for Wageningen, Stockholm, Davoscient cannot be zero if the time series should be represented
and Potsdam increases until the 1950s. For Wageningepy the given equation. Column three contains again the value
this is supported from De Bruin et al. (1995). In Sanchez-for the R2. However, now the comparison is performed be-

Lorenzo et al. (2008) sunshine duration for Western Europeween the time series of annual mean DTR of Denmark and
increases from 1938 (earliest value of plot) until 1950. the best fit of the type:

Appendix A

fx) = foxx’+ fixx+ fo (A2)

Following this R? two lines of coding symbols contain the
information that the linear coefficienif{) is now 99% sig-

) ) ) _nificant (two “x”) and the quadratic trend is different from
We investigated annual mean DTR for the period 1950 untilzerg at the 95% significance level (on€’). For the third or-

rope as well as Europe as a whole. A total of 16 out of theseygain to now 0.3. The three lines of symbols following the
23 regions as well as the European mean show a statistically2 jngjcate that the cubic coefficient is now significant at the
significant period of decrease and a subsequent increase o4 |evel, the quadratic at the 95% level but the linear co-
DTR. Two additional regions (BeNeLux, Spain) show an in- efficient misses the 90% level and is marked consequently
crease, which however is not statistically significant in the ith a small “~”. In the 5th column th&2 increases to 0.33
multiple regression analysis. Of the remaining five regions,thys explaining already 33% of the given annual mean time

two (East Germany, Portugal) show no specific trend andseries. However the polynomial of the form,
three (Sweden, Baltic States, Ukraine) regions show a con-

tinuation of the decreasing trend. The trend analysis is lim-f(x) = fa* x*+ fax x>+ foxx2+ fixx + fo  (A3)
ited by the lack of a standard homogeneity procedure and by
the limited number of available measurement sites and theif’

spatial distribution. A2 Explanatory example Fig. 4

The connection between DTR, shortwave radiation and
SO, emissions has been qualitatively discussed with respecthe method underlying Fig. 4 can be illustrated comparing
to a common trend reversal. The period of reversal of DTRFigs. 2f (Denmark) and 2o0. The highest value for the seven
from decrease to increase is in most cases in line with sociayear running mean during the given period for FRY appears
and economic development as indicated by-®@issions or  in 1991 with 9.8C, the lowest is 8.98in 1977. The absolute
deposition, respectively. All reversals of DTR were shown difference is 0.82 10% of 0.82 is 0.082. Consequently all
to take place between 1965 and 1990. This is consistenyears with a seven year running mean value of the time series
with the change from decrease to increase of incoming shortef FRY within the range of 8.98and 9.08 have been marked
wave radiation (“Global Dimming” to “Global Brighten- with a dash inFig. 4, line 6 (1975, 1976, 1978). These dashes
ing"). Consequently, we conclude that the long-term trendsconsequently give a sort of error bar for the calculated year
in DTR are strongly affected by changes in incoming short-of reversal. For the reversal in the annual mean time series of
wave radiation, presumably largely influenced by direct andDenmark, a much bigger uncertainty range is given, namely
indirect effects of aerosol from sulphurous emissions. between 1981 and 1987. The highest value in the period 1965

5 Conclusions

verestimates for the given time period.
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to 1995 of the seven year running mean of the annual meanshowing a general decrease. Despite this the fitted second
from Denmark is 5.75(1970) the lowest is 5.21(1981). So  order polynomial is significant at the 95% level, indicating a
the difference between the two extremes is 0.@4hich is  trend from decrease to increase (Fig. 2e). An early reversal
only two thirds of FRY difference. This fact gives credit to around 1965 is visible from the 7-year running-mean.

the different overall variability of the investigated time series.

After adding 10% of 0.54to the minimum of 5.21allyears ~ BeNeLux. Belgium and Luxembourg each contribute only
within the range of 5.21to 5.26 (1982-1987) are marked one station to the selected dataset, hence they were analyzed
with a dash (Fig. 4, line 14). 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
Appendix B p-values around 0.23 (Fig. 2m). The seven year running

mean trend shows an overall increase since 1980.
Addititonal, detailed information on the

regional annual means 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

Norway. The mean DTR, predominantly governed by models and coefficients.

stations around 6N, shows an increase during the 1950s _ -
followed by a significant decrease until the late 1980s. V€St Germany. For the mean of the 13 stations a distinct

Starting in 1987 DTR increases, but is then interrupted by areversal from decrease to increase is visible in the national

dip around 2000 (Fig. 2a). This dip reduces the significancé"€an time series. Consequently the second order polyno-
of the fitted polynomial, still the third and forth order mial trend is significant at the 95% level in both coefficients

polynomials are significant above 90%. (Fig. 2.

B1 Western Europe

Sweden. The averaged time series for Sweden showsFrance. The 25 selected stations are distributed equally
a highly significant negative linear trend (Fig. 2b). The Over France (Fig. 3). Similar to West Germany the second
selected stations are all located south of B4representing ~ Order polynomial is significant at the 95% level emphasizing
southern Sweden (Fig. 3). The DTR appears to level offthe DTR de_velopment form decrease to increase with the
since the late 1980s. However, when reducing the Swediskeversal period between 1965 and 1985.
data to cover only stations for the period until 2005, a
tendency to an increase became apparent, this trend wadlpine Region. There are only two stations, one from
not significant in any model. Also the selection would have Austria and one from Switzerland. Most Swiss stations had
given even more weight to the most southern part of Swedento be rejected due to homogeneity issues. Problems were
caused by change of location and instrumentation. The only
Finland. The data for Finland consists of three stations, Swiss station that met the quality requirements is Basel-
evenly divided from north to south, namely Helsinki, Binningen. For Austria only one station (Kremsmuenster)
Jyvaskyla and Sodankyla. The national trend is best reprewith complete data coverage from 1950 to 2005 is provided

sented by a second order polynomial trend significant abovd" ECA&D-P. The mean trend derived from the two stations
the 99% level (Fig. 2c). is best described by a polynomial of the second order

(Fig. 2n). The main contribution to this shape is given by
Denmark. Though one of the smaller countries, Denmark the Basel-Binningen station which shows a distinct decrease
contributes 5 equally distributed stations to the datasefnd increase.
(Fig. 3). The best fitting trend model is the third order
polynomial (Fig. 2f). The second and third order coefficients Italy. The mean trend for Italy is calculated from four sta-
are significant at 95% level, whereas the linear term showdions. The best fitting polynomial is second order (Fig. 2t).
only p-value of 0.18 corresponding to approximately 80% Overall a strong decrease and subsequent increase is visible.
confidence level.

Spain. For Spain a slight decrease in the seven year running
Great Britain. Only three stations met the demanded mean up to 1977 is visible. Thereafter an equally slightly
quality requirements of temporal coverage up to 2003,visible increase in DTR can be seen (Fig. 2r). However, the
namely Oxford, Wick and Waddington. The former two are statistical analysis shows no significant trend on the 90%
located in the industrialized southern area of the UK andconfidence level. The p-values for Spain are, 0.36 for the
show a distinct DTR reversal from decrease to increaselinear and 0.22 for the cubic coefficient.
Wick is situated at the northern tip of the British mainland
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Portugal. A total of three stations are sufficient according (Fig. 2I). The linear trend is significant above 99%. The
to the demanded quality requirements .Braganca shows atwo most westerly located stations, L'Vov (Lwiw/Lemberg)
overall increase for the whole period while Lisboa (Lis- and Uzhgorod show a dominant increase since the middle of
bon) and Porto show a continuous decrease in DTR (Fig. 2q)the 1970s. For the two biggest cities of Ukraine, Khrakov
and Kyiv (Kiev) a decrease in DTR until the mid-1990s is
dominant follow by a leveling off or increase thereafter.
B2 Eastern Europe
Russia.The largest region of the so called Eastern-European
Former Republic of Yugoslavia. The reliable period for  section is the European part of Russia with Brest (Brestzon-
the FRY region is from 1956 to 2004. The best fitting trend alnaya) as only representative station for Belarus included.
model for that time series is a fourth order polynomial trend The mean DTR development for the overall 36 stations is
with p—values below 0.05 for all coefficients. Consequently best described by a third order polynomial. p-values are
the development shows more than a single period of decreasgound 0.001 ther? is 0.22. Assuming that none of the
and increase. From 1956 to about 1965 the DTR increasefigh frequency is caught by the polynomial this is a quite
this is followed by a distinct decrease up to around 1980h|gh value. The seven year running mean describes an in-
From 1980 until 1990 a second and more emphasizeGrease until 1966 followed by a continuous decrease until
increase is dominant with a subsequent phase of more 01992 and thereafter an equally uninterrupted increase until
less constant development until 2004 (Fig. 20). However,2003 (Fig. 2d).
the most pronounced feature in this period is the decrease
and then subsequent increase in DTR from 1965 to 1991. B3 Surrounding regions

Romania. The best fit is a third order po|ynomia| with Iceland. The best fit for the DTR time series is the third

p-values of about 0.03 for the first and second coefficientorder polynomial (Fig. 2u). All coefficients are above
the p-value for the third coefficient is slightly higher with 95% significant. Equal to Denmark and Finland, Iceland
0.051 and therefore misses the 95% confidence boundarys considered to be a mixture of the Western and Eastern
From the seven year running mean a period with a distinctEuropean trend type.
decrease from 1961 to 1971 is visible, followed by a longer
period of increasing DTR lasting until 1990, subsequently Turkey. The shape of the mean data series of the three
the running mean shows a constant deve|opment (F|g 2p) stations is best described by a third order pOlynomial. The
seven year running mean describes a distinct increase from
Czechoslovakia. As for the area of the FRY, the former 1950 until 1963, then a Subsequent decrease is disturbed by
Czechoslovakian states are best fitted by a fourth ordef short period of increase between 1974 and 1984, thereafter
polynomial (Fig. 2k). All tested coefficient of the fourth the long-term decrease is continued until 1990. Finally
order polynomial are above the 95% significance level@n increase until 2004 is visible from the smoothed 7 year
(p-values< 0.05). The decreasing period lasts until 1977 running-mean curve. The described interruption causes a
according to the seven year running mean, then the DTReduction in the significance of the trend model, p-values are

increases until it stops around 1992. This is followed by a0-150 (1st), 0.053 (2nd) and 0.027 (3rd). When smoothing
stable to slightly decreasing period until 2004. the described period the p-values are: 0.03 (2nd) and 0.009
(3rd). The linear coefficient never becomes statistically

Poland. Only two stations with data from 1966 to 2005 are Significant since there is no overall decrease or increase in
available, Leba and Siedice these both show very similathe series.

long-term trends. The best fit is a second order polynomial.

p-values for the coefficients are 0.083 and 0.046. For Poland\lgeria. Three stations are available which are distributed
a decreasing period is visible from 1966 to 1980 and anfoughly evenly along a north south transect (Fig. 3). All sta-
increasing period from 1986 to 2005 (Fig. 2g). tions, namely Alger-Dar el Beida, El Golea and Tamanras-

set, present a similar trend best described with a third order
Baltic Region. A strong increase is visible in the seven year Polynomial. The significance of coefficient is above the 99%
running mean up to 1966, followed by a decrease, leveling€vel- The seven year running mean is dominated by an in-
offin 1991. A short increase starting in 1990 come to an end®"€ase from 1950 to 1963, followed by a decrease lasting

by 1996 and then becomes a continued decrease (Fig. 2h5|_ntil 1_986. Fir!ally, an in_crease can be noted up to 2004. The
The result of this is an overall linear decrease in the fittedP®€k in 2001 is a prominent feature of the mean and can be
trend model significant at 95% level. equally found in each of the contributing stations.

Ukraine. The nearly monotonic drop of the Ukrainian
mean DTR lasts over the whole period from 1951 to 2005
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