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[1] Here we investigate whether the large variations in anthropogenic aerosol concentrations
over the last decades have had a notable effect on precipitation in Europe. Our main
focus is on the heavily industrialized region formerly known as the Black Triangle (BT),
where pollution levels increased until the late 1980s and then decreased substantially.
Precipitation changes in this area are compared to changes in a clean coastal region in western
Europe with minor pollution trends but with potentially higher aerosol‐precipitation
susceptibility. We find that pollution reductions caused a substantial increase in horizontal
visibility of 15 km from 1983 to 2008 in the BT, contrasting a 2.5 km increase in the clean
region. Over the same period total precipitation trends show no sign of aerosol influence,
neither in years of emission increases nor emission reductions, and a circulation‐based
precipitation estimate indicates that the observed trends may be entirely explained by
atmospheric circulation changes. The annual frequency of light precipitation events, however,
increased significantly in the clean region, and in the BT we find significant changes in
both total and light precipitation frequency for wind directions at which sulphate trends were
largest. The trends were most pronounced in the summer season. Altogether, we find no
verification that changes in pollution have caused measurable changes in total precipitation in
Europe, but changes in light precipitation types bear a potential aerosol signal.

Citation: Stjern, C. W., A. Stohl, and J. E. Kristjánsson (2011), Have aerosols affected trends in visibility and precipitation in
Europe?, J. Geophys. Res., 116, D02212, doi:10.1029/2010JD014603.

1. Introduction

[2] The ability of sulphate particles (created by gas‐to‐
particle conversion from sulphur dioxide) to influence clouds
was known as early as the 19th century, when Scottish
scientist John Aitken recommended restrictions on sulphur
emissions to reduce the frequency of the disturbing London
fogs [Aitken, 1880]. Since then, research has brought com-
pelling evidence that an increase in aerosol concentrations is
conducive to increased cloud droplet numbers and decreased
cloud droplet radii [Twomey, 1977]. While this clearly
influences the radiative properties of clouds, the magnitude
and even the sign of the aerosol effect on precipitation for-
mation is less clear [Stephens and Feingold, 2009; Khain,
2009; Levin and Cotton, 2008].
[3] Khain [2009] argued that the net effect of aerosols on

precipitation depends on the relationship between conden-
sate generation (droplet condensation and ice deposition) and
condensate loss (evaporation and sublimation). He found that
the main factors affecting this relationship are cloud type,
air humidity, and wind shear. The fact that the aerosol effect
on precipitation depends on meteorological conditions is
reflected in the large spread in results from observations and

model studies: In warm clouds, reduced cloud droplet sizes
tend to lower the collision‐coalescence efficiency between
the droplets, thus slowing down precipitation‐generating
mechanisms [Albrecht, 1989; Gunn and Phillips, 1957].
Some studies [e.g., Rosenfeld, 2000; Qian et al., 2009],
although debated [Alpert et al., 2008; Ayers, 2005; Ayers and
Levin, 2009], indicate that in shallow clouds, this effect has a
potential to shut off precipitation altogether. For instance,
Givati and Rosenfeld [2004] found that orographic preci-
pitation suppression near industrialized areas can amount to
15–25% of the annual precipitation sums. Less clear is the
effect of delayed precipitation onset in deep convective clouds,
where transport of cloud water by updrafts to supercooled
regions may release additional latent heat of freezing and result
in more vigorous precipitation events [Andreae et al., 2004].
However, precipitation invigoration in convective clouds
mainly seems to occur when cloud bases are sufficiently warm
[Rosenfeld et al., 2008; Bell et al., 2008], and studies of cooler
convective clouds show suppression also here [e.g., Teller
and Levin, 2006; Khain et al., 2001]. Khain [2009] noted
that the aerosol‐precipitation effect in deep convective clouds
is highly dependent on the relative humidity of the sur-
roundings, arguing that precipitation enhancement will only
occur in moist maritime environments, where evaporation
is relatively inefficient. Similarly, Fan et al. [2009] found
through model studies a strong dependence on wind shear,
and observed convective precipitation enhancement by aero-
sols only in cases with weak vertical wind shear, as strong
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wind shears were associated with more detrainment and thus
more evaporation.
[4] Other aerosol types such as giant cloud condensation

nuclei (CCN), of which for instance sea salt is a major source,
have been shown to enhance precipitation [Johnson, 1982].
In a model study by Teller and Levin [2006], however, this
enhancement only partially offset the precipitation suppres-
sion of cool convective clouds by regular‐sized CCN. The
same work found reduced precipitation from cool‐base con-
vective clouds under addition of more ice nuclei, while in
shallow supercooled clouds this would tend to enhance pre-
cipitation due to glaciation and the Bergeron‐Findeisen effect
[e.g., Wallace and Hobbs, 1977]. Cloud chamber studies
[Gorbunov et al., 2001] have shown a potential, particularly
at low temperatures, for ice crystals to form on soot parti-
cles, which are emitted in abundance particularly from low‐
technology coal‐fired power plants [Wehner et al., 1999]. This
tendency of aerosols to affect precipitation processes differ-
ently in different types of clouds and environments illustrates
the nonlinearity and complexity of aerosol‐cloud‐precipitation
interactions; after more than a hundred years of research in
cloud physics, the indirect effects of aerosols on precipita-
tion are still poorly understood.
[5] In addition to the indirect aerosol effects, urban areas

may also influence clouds by other pathways. Decreasing
aerosol concentrations cause increased surface absorption as
well as a vertical redistribution of heat, which may affect the
atmospheric stability and hence cloud formation [Rosenfeld
et al., 2008]. Moreover, changes in surface properties by
growing cities or changes in land use may affect convection
and precipitation through a variety of mechanisms, as sum-
marized by Shepherd [2005]. For instance, van den Heever
and Cotton [2007] found that urban‐forced convection
downwind of an urban area, rather than the presence of
aerosols, influenced whether convective systems developed
or not. Finally, it should be noted that while aerosols affect
precipitation through direct and indirect effects, precipita-
tion will also affect aerosol concentrations by wet deposi-
tion removal.
[6] In the present paper, we examine whether a large

change in the emission of anthropogenic aerosols and their
precursors can modify cloud microphysical properties in
such a way as to cause measurable variations in precipita-
tion. Europe provides a natural background for this analysis,
with periods of large emission changes coinciding with the
availability of long precipitation time series in a relatively
dense station network. The detection of aerosol signals in
precipitation time series has been much debated, and while
some find a strong aerosol‐precipitation link [e.g., Givati
and Rosenfeld, 2004; Jirak and Cotton, 2006; Rosenfeld,
2000], others find weak or even no effects [e.g., Alpert
et al., 2008; Ayers, 2005; Ayers and Levin, 2009; Halfon
et al., 2009; Schultz et al., 2007]. Searching for a poten-
tially small aerosol signal in precipitation measurements
presents a challenge, as natural variability in precipitation is
large, and as aerosol effects may vary even in sign depending
on the conditions, as accounted for above. To increase our
chances of detecting a potential signal, we therefore focus on
a region in central Europe formerly known as the Black
Triangle (BT), where variations in aerosol concentrations
have been particularly large and abrupt. Here, pollution levels
increased up until the late 1980s and decreased dramatically

thereafter. For this area, Krüger and Graßl [2002] found a
pronounced decrease in cloud albedo in periods of decreasing
aerosol concentrations, indicating an aerosol effect on cloud
droplet sizes according to the theory of Twomey [1977]. As a
comparison, motivated by earlier findings [e.g.,Andreae et al.,
2004; van den Heever and Cotton, 2007] that regions with
lower background concentrations may be more susceptible to
aerosol‐precipitation interactions, we also study precipitation
changes in a clean region at the west coast of Europe, where
trends in pollution have been minor. To account for opposing
aerosol effects depending on meteorological conditions, we
stratify the data according to precipitation type, season, cloud
type, wind direction, and weather type.

2. Data and Methods

[7] A summary of all the data sets used in the present paper
is given in Table 1. To study precipitation in Europe we used
synoptic weather observations (abbreviated SYNOP) for
0000, 0600, 1200 and 1800 UTC from the European Centre
for Medium‐Range Weather Forecasts’ (ECMWF) Meteo-
rological Archive and Retrieval System, for which data were
available for the period 1983–2008. The SYNOP stations
are marked as red dots in Figure 1. Only data from stations
with complete time series for the 1983–2008 period were
included, which gave us a total of 30 stations from the BT
area and 18 stations from a less polluted area on the west
coast of Europe, which will henceforth be referred to as “the
clean region”. A study by Goswami et al. [2006] showed the
need for studying large areas to be able to discern precipi-
tation trends reliably, as opposed to studying single stations
which will be more prone to large variability and sampling
issues. The trends in the present analysis are therefore cal-
culated from areal mean precipitation based on the above
mentioned stations.
[8] While the SYNOP station data have the advantage of

daily temporal resolution and a large number of meteoro-
logical variables, gridded data allow for analyses of spatial
variations in trends. We therefore use gridded precipitation
data sets from the Climate Research Unit (CRU) of the
University of East Anglia and from the Global Precipitation
Climatology Project (GPCP) as a supplement to our anal-
yses. Additional advantages are that these data go further
back in time, and have undergone corrections and homo-
genizations that the raw SYNOP data from our source have not.
[9] The CRU TS 3.0 data set contains monthly precipita-

tion sums between 1901 and 2006 on a 0.5° global grid, and
is based on interpolated surface observations which are
homogenized [New et al., 2000]. For the CRU data set, the
BT region comprises 50 grid cells. Meanwhile, the GPCP
Version 2.1 Combined Precipitation Data Set contains
monthly means of daily precipitation sums based on a com-
bination of satellite and gauge measurements in a 2.5° global
grid [Adler et al., 2003]. The gauge measurements are
homogenized as well as corrected for systematic errors (using
bulk correction factors for monthly climatological conditions
as accounted for in Adler et al. [2003]) such as precipitation
under catch due to aerodynamic effects, which is a particu-
larly large problem at high‐altitude sites. The BT area com-
prises only two GPCP grid cells due to the larger grid sizes.
The area extracted from the gridded data sets is marked as
a red square in Figure 1.
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[10] Measurement data of sulphate in aerosols from the
European Monitoring and Evaluation Program (EMEP) were
used to get an indication of the spatial and temporal varia-
tions of sulphate concentrations in Europe. We used both
daily data values, sorted into country averages to present
regional differences in the trends in Europe, as well as
monthly means from a selection of 12 stations with partic-
ularly long and consistent time series and high data credi-
bility (W. Aas, personal communication, 2008). Most of the
12 stations were located in central Europe; see green dots
in Figure 1.
[11] Finally, a comparison of horizontal visibility changes

in different regions of Europe was performed using synoptic
station data from the Global Surface Summary of the Day
(abbreviated GSOD), which includes daily mean surface
observations from the Global Station Network. Data were
downloaded from the NOAA National Data Center Climate
Data Online (http://www7.ncdc.noaa.gov/CDO/cdo). We
selected stations from the BT and clean region, as well as
from two other relatively polluted and two relatively clean
regions, respectively.

[12] To extract trends from the data, we use the non-
parametric Mann‐Kendall test, in which no assumption for
normality is required [Yue et al., 2002]. When indicating
that trends or correlations are statistically significant at the
5% or 1% level, we refer to p values lower than 0.05 or
0.01, respectively. When no information of significance
level is given, the trend or correlation in question is not
statistically significant at any of the above levels. Unless
otherwise stated, percentage trends are calculated relative to
the mean of the period in question.

3. Study Area

[13] The heavily industrialized Black Triangle is an area
named from the triangle of the meeting borders of Germany,
Poland, and the Czech Republic (see the rightmost cluster of
stations in Figure 1). This area, home to Europe’s largest
basin of lignite coal, hosted numerous coal‐fired power
plants with high levels of sulphur emissions [Blas et al.,
2008]. Suffering excessive concentrations of sulphur diox-
ide, the BT experienced severe forest dieback in the 1970s
and 1980s: based on satellite observations, Ardo et al.
[1997] found that 50% of the coniferous forest in this area
disappeared between 1972 and 1989. Following the political
and economical changes in 1989, emissions declined
markedly, fulfilling our need for large and abrupt aerosol
concentration trends. While changes in aerosol concentra-
tions do not necessarily imply changes in CCN concentra-
tions of similar magnitudes, direct measurements of CCN
concentrations were not available to us. However, based on
the knowledge that sulphate aerosols generally are efficient
CCN [Aitken, 1880] and that strong correlations are observed
between aerosol optical thickness and CCN concentrations
[Andreae, 2009], we assume that the dramatic emission
reductions have at least lead to a substantial reduction in
CCN concentration.
[14] Topographic barriers in the BT area are the Sudeten

mountain range in the east (on the border between Poland
and the Czech Republic) and the Ore Mountains in the west
(on the border between Germany and the Czech Republic).
The annual mean precipitation in the area is 530 mm, and
monthly precipitation sums peak during summer and are
lower during winter. The annual precipitation sum varies
between the 30 BT stations, with a standard deviation of
97 mm. For summer (defined as June through August) the
regional monthly mean is 62 mm with a 17 mm standard

Figure 1. Red dots mark the position of the meteorological
stations from which precipitation data are used in the anal-
ysis. The Black Triangle (BT) region is the rightmost region
on the map. The area on the west coast of France is referred
to as the “clean region”. Green dots mark the position of the
EMEP stations from which sulphate data are used, and the
red square marks the BT area for which gridded precipita-
tion data were extracted.

Table 1. Overview of the Data Sets Used

Data Set Period Source
Spatial

Resolution
Temporal
Resolution

Stations or
Grid Cells Area

SYNOP, BT Area 1983–2008 Surface stations – Daily 30 49.50°N to 52.00°N
12.00°E to 18.00°E

SYNOP, Clean Region 1983–2008 Surface stations – Daily 18 44.50°N to 49.50°N
−5.00°E to −0.50°E

CRU, BT Area 1901–2006 Surface stations 0.5° × 0.5° Monthly 50 50.00°N to 52.50°N
12.50°E to 17.50°E

GPCP, BT Area 1983–2008 Surface stations
and satellites

2.5° × 2.5° Monthly 2 50.00°N to 52.50°N
12.50°E to 17.50°E

EMEP emissions 1980, 1985,
1990–2007

Country emissions as
used in EMEP models

– Annual – –

EMEP measurements 1983–2008 Surface stations – Daily and monthly 12 –
GSOD 1973–2008 Surface stations – Monthly 56 –
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deviation between the stations, whereas for winter (defined
as December through February) the monthly mean is 37 mm
and the standard deviation is 14 mm. While summers are
dominated by convective clouds and convective precipita-
tion, here identified by observed rain showers and heavy
precipitation events, winters have more observations of light
precipitation and drizzle as well as stratiform clouds. We
define light precipitation as events with less than 0.5 mm
in 12 hours and heavy precipitation by more than 10 mm in
12 hours. The highest precipitation amounts occur in sum-
mer, but the number of days with precipitation is approxi-
mately the same in summer and winter, which can be
attributed to the fact that the summer precipitation events
typically are more intense. The governing wind direction
over the area is westerly.
[15] We also study a relatively clean region on the west

coast of Europe, more specifically France (see leftmost
cluster of stations in Figure 1). Here, lower levels of indus-
trial activity as well as a governing westerly wind carrying
maritime air to the region have caused the initial pollution
loads and consequently pollution trends to be small. From a
field experiment in central Germany, Dusek et al. [2006]
reported mean 6‐hourly CCN concentrations of around
3000 cm−3 for air coming from the Ruhr region, which like
the BT is characterized by numerous coal‐fired power plants,
and concentrations around only 1000 cm−3 for air coming
from the west and hence over the clean region.
[16] Climatological differences preclude direct compari-

son between the two regions. Whereas monthly precipitation
sums are highest during summer in the BT, the highest
precipitation amounts in the clean region come in the win-
tertime. Also, the frequency of light precipitation events is
fairly equal in the BT and the clean region, but the clean
region is marked by twice the annual number of heavy
precipitation events as the BT. Similarly, there may be
important dissimilarities in the characteristics of the aerosols
in the two regions; for instance, the clean region is likely to
contain a higher number of giant CCN such as sea salt,
which do not affect cloud microphysics in the same way
as sulfate. Even so, due to different precipitation suscept-
ibilities, it is of interest to see how precipitation changes
have differed between the two regions.

4. Sulphate Trends

[17] At the commencement of the 20th century, European
industrialization initiated increasing atmospheric concentra-
tions of sulphur dioxide. Abatement measures motivated by
degraded urban air quality as early as in the late 1800s were
at the time met with skepticism as the sulphuric fogs were
believed to have disinfecting capacities, supposedly lower-
ing death rates [Thorsheim, 2006]. Emissions kept increasing
and culminated in the 1970s, when dying forests and dam-
aged water systems due to acid rain sparked a continental
effort to reduce pollution. This contributed strongly to reduce
European sulphur dioxide emissions, which were cut by 73%
between 1980 and 2004 [Vestreng et al., 2007].
[18] While mean emission levels in Europe were decreas-

ing in this period, there were distinct geographical variations
in the timing. Reductions in western Europe started in the
1980s, whereas emissions in eastern Europe (defined in the
present article as the area around the BT) were strongly

reduced only after the political and economic breakdown in
the region in the late 1980s [Vestreng et al., 2007]. Figure 2a
shows SOx emissions for eastern European countries corre-
sponding to the BT (Poland and the Czech Republic) and
for western European countries corresponding to the clean
region (Ireland, France, and Spain), based on EMEP emis-
sion data up to 2007. Figure 2b shows measurements of
sulphate in aerosols for the same countries. Figure 2 confirms
that concentrations in the eastern countries have a later andmore
dramatic decrease than in the western countries; compared to
the beginning of the time series, emission levels (concentra-
tions) decreased by 72% (59%) for western countries and by
90% (82%) for eastern countries for the period shown.
[19] Other chemicals may also act as CCN precursors, for

instance nitrates (at least when compared to circumstances
where no condensable vapors other than water were present
[Kulmala et al., 1993]) and ammonia [e.g., Ishizaka and
Adhikari, 2003]. The European emissions of nitrates and
ammonia did also increase over the course of the 20th
century [van Aardenne et al., 2001], but emission reductions
over the past three decades were not as dramatic for these
pollutants as for sulphur, and even less so in western than in
eastern Europe. Summing the emissions of SOx, NOx, and
NH3 for the same countries as in Figure 2, we find that in
eastern Europe the largest contribution to the “total” emission
comes from SOx, while for western Europe the largest con-
tributor is NOx. For the total emission of these CCN precursor
gases, we therefore find an even larger difference between east
and west; compared to the beginning of the time series,
emission levels decreased by 44% for western countries and
by 82% for eastern countries for the period shown.

5. Visibility Trends

[20] The overall emission reductions since the 1980s and
the consequential recovering atmospheric transparency can
be recognized in measurements of clear‐sky solar radiation
in Europe. After decreasing substantially since the 1950s,
these measurements show strong increases after the 1980s; a
phenomenon commonly referred to as global brightening
[Alpert et al., 2005; Wild, 2009]. Such a recovery should be
noticeable in measurements of horizontal visibility. There-
fore, lacking a dense aerosol measurement network in our
areas of interest, we investigate whether there have been any
changes in mean visibility that could demonstrate the nature
of the aerosol variations in these specific regions.
[21] Figure 3 shows horizontal visibility measurements

from selected stations in eastern and western Europe, based
on GSOD data. In concordance with the geographic differ-
ence in the sulphate trend shown in Figure 2, eastern areas
have had a much larger visibility improvement than western
areas, and here the change also comes later. Supporting
these findings, Vautard et al. [2009] showed that the fre-
quency of low‐visibility events in Europe has decreased by
more than 50% over the past 30 years, and that there is a
significant correlation between SO2 emission reductions and
the decrease in the number of low‐visibility events.
[22] To illustrate this close connection between sulphate

concentrations and horizontal visibility for the BT area
specifically, we compare the mean sulphate concentration
from a selection of EMEP stations (mainly in central Europe,
green dots in Figure 1) to the mean horizontal visibility for
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the 30 SYNOP stations in the BT for which we have pre-
cipitation data. To avoid variations in fog frequency affecting
the visibility trend we excluded days with observations of
fog from the visibility analyses. Figure 4 shows that while
mean concentrations of sulphate from our chosen EMEP
stations were two and a half times higher in 1983 than in
2008 (corresponding to a 72% decrease from 1983 values),
the mean horizontal visibility in the BT for the same period
increased by about 15 km or 134% compared to 1983 values.
Both trends were significant at the 1% level, and the Pear-
son’s correlation coefficient between the two variables is r =
−0.94 (also significant at the 1% level). Figure 4 demon-
strates not only opposite trends, but also coherence in
interannual variations: The cold winter of 1996 with stagnant
air probably caused peak sulphate concentrations, and this
is recognized as degraded visibility in Figure 4. A some-
what earlier decrease in sulphate than in visibility can be
explained by the fact that the EMEP stations (see green dots
in Figure 1) are located mostly outside the BT area where
mitigation efforts were taken earlier (as shown in Figure 2).
Ultimately, we regard the large visibility trend in the BT area
as an indication that the aerosol trend in this region was at

least as strong as in the larger area from which the sulphate
data shown in Figure 4 were obtained.

6. Variations in Precipitation

6.1. Total Precipitation

[23] As a first approach we want to see whether there have
been any distinct trends in precipitation amounts in the per-
iods of large sulphate variations. We need to study typically
warm and typically cold conditions separately since the
aerosol effect on precipitation may vary in both magnitude
and sign depending on the conditions, as explained in section
1. In addition to annual precipitation sums, we therefore
analyze winter and summer precipitation separately.
[24] Between 1983 and 2008 annual precipitation in the

BT had a statistically insignificant (p value 0.2) increase of
13% with respect to mean annual precipitation (see Figure 5
and Table 2). The exact trend varied between the individual
stations; 20 of the 30 stations experienced a precipitation
increase of more than 10%, but at only 3 of the stations was
the increase statistically significant. The clean region had a
decrease of 17% (p value 0.2) in the annual precipitation

Figure 3. Horizontal visibility from 1973 to 2008 for a selection of stations from GSOD. The stations
are divided into different regions, and the annual mean visibility of the stations represented by a specific
color of dots in Figure 3a is displayed in Figure 3b.

Figure 2. (a) Country mean SOx emissions for the years 1980, 1985, and 1990–2007, and (b) mean mea-
surements of sulphate in aerosols for 1978–2007 from selected countries in western Europe (France,
Spain, and Ireland) and eastern Europe (Poland and the Czech Republic), based on EMEP emission
and measurement data, respectively.
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sum. As can be seen in Table 2, precipitation increased in
both seasons in the BT, but decreased in winter and
increased in summer in the clean region. Interestingly, the
annual number of days with precipitation (see “Precipitation
days” in Table 2) showed a significant increase in the clean
region, in spite of a decrease in precipitation amounts. The
BT saw an insignificant increase also in this parameter.
[25] As Figure 4 showed, the 1983–2008 period can be

divided into a period of strong reduction in sulphate con-
centration (1983–1995) and a subsequent period of com-
paratively little change (1996–2008). In the BT, the largest
precipitation increase (+17%) occurred in the period of
pollution reduction, followed by a mere 2% decrease in the
period of small pollution changes. The clean region, on the
other hand, saw a 4% decrease in the first period and a 10%
decrease in the second period. It should be noted that while
there does not seem to be a systematic tendency of trends
being largest in the pollution reduction period, these trends
are highly statistically insignificant.

[26] To ensure that the change in the SYNOP data is
representative of the period and region in question, we
compare the SYNOP precipitation trend for the BT area to
trends based on data from CRU and GPCP, using the 1983–
2006 period for which data are available from all three
sources. For the clean region, the distribution of the 18
stations did not match the large GPCP grid cells well, so
only a comparison between SYNOP and CRU data was
performed and showed very similar precipitation amounts
(not shown). A comparison between the three datasets for
the BT region can be seen in Figure 6. Discrepancies are not
unexpected as the SYNOP data are based on data from 30
surface stations, CRU data are created by interpolating
between all available surface stations in the region, and
GPCP data are a combination of satellite and gridded sur-
face measurements. Meteorological station networks tend to
have an over representation of low‐elevation sites as shown
by Briggs and Cogley [1996], and since high‐elevation sites
are often characterized by orographic precipitation
enhancement [Johansson and Chen, 2003], station averages
may underestimate the actual precipitation in the area. We
therefore expect gridded data sets of precipitation to have
slightly higher values than the SYNOP station averages.
Moreover, systematic rain gauge undercatchment due to
aerodynamical effects is a well known problem [e.g., Morris
et al., 1995], and the correction for such effects in the GPCP
data would heighten GPCP precipitation levels further. This
manifests itself in the different absolute values in Figure 6,
where SYNOP data have consistently the lowest precipita-
tion values while GPCP data have the highest. However, our
main aim is not to determine the area‐mean precipitation
accurately but to investigate the precipitation trends, for
which individual station biases against the area mean (e.g.,
due to topography) are less critical. Between 1983 and 2006,
SYNOP data for the BT area showed a 13% increase, GPCP
values increased by 10%, and CRU data increased by 5%.
The variation in the magnitude of the trends depending on
the data set used underlines the statistical insignificance of
the precipitation change. We conclude that precipitation
levels have increased in the BT region, but that the change is
probably even less pronounced than indicated from the
uncorrected SYNOP data.

Figure 5. Annual mean precipitation from (a) the Black Triangle area and (b) the clean region, based
on SYNOP data. Linear trends for period 1 (1983–1995), period 2 (1995–2008), and the total period
(1983–2008) are shown.

Figure 4. Annual mean values of sulphate in aerosols for
central Europe (see locations of the EMEP stations in
Figure 1) and mean horizontal visibility (excluding days
with fog) for SYNOP data from the BT area; note the
reversed visibility axis. The period with the largest decrease
in sulphate concentrations (1983–1995) and the subsequent
period with a small sulphate trend (1996–2008) are marked
with different background colors.
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[27] If the small precipitation increase observed emanates
from a causal relationship between pollution levels and
precipitation, we would expect to see a precipitation decrease
in periods when pollution levels increased. According to
Vestreng et al. [2007] there was a general increase in sul-
phur dioxide emissions in Europe from 1945 to around 1980.
We therefore compare CRU precipitation trends in the
“reduction period” 1983–2006 to a period representative
of increasing pollution loads. For this purpose, the years
1947–1970 are chosen to give a period which is of equal
length as the reduction period and which ends before the
major emission reductions in Europe started. Figure 7 gives
annual precipitation sums as well as 5 year running averages
between 1901 and 2006 for the BT. While precipitation
had a statistically insignificant increase of 5% between 1983
and 2006, precipitation values in the emission increase
period increased insignificantly by 12%, contrary to the
decrease expected if aerosol changes had a dominating effect
on the precipitation changes. However, the large year‐to‐
year variability of the time series implies a high sensitivity of
the trend to the exact period chosen, and emission increase
periods can be found for which the trend is much weaker
or even decreasing. More important than the magnitude of
the trend, however, is the general impression that total pre-

cipitation does not seem to bear an aerosol signal, with for
instance precipitation suppression during the period of highest
pollution levels (1970s and 1980s) compared to periods before
and after.

6.2. Geographic Variations in Total
Precipitation Trends

[28] The above results indicate that total precipitation
rates are not notably affected by sulphate concentrations, but
to get a more general picture we now look at the spatial
distribution of the precipitation trends for all of Europe
using the CRU data set. If sulphate concentrations have a
strong effect on the precipitation trends, we should see
larger precipitation trends in heavily industrialized regions
than in clean regions. In Figure 8 we present precipitation
trends for the same two periods as above. Figure 8b showing
the 1983–2006 period confirms the results already found
in the SYNOP data (see Figure 5); a weak decrease in pre-
cipitation in the clean regions and an increase in the BT.
There is a tendency for the precipitation increase to be
strongest in eastern Europe, where emission reductions have
been largest, but no opposite tendency can be seen in the
1947–1970 period, when both the coastal clean region and
the BT region display precipitation increases (Figure 8a).

Table 2. Trends in Precipitation Variables for the Two Regionsa

Annual Winter Summer

BT Clean Region BT Clean Region BT Clean Region

Precipitation amount (mm) +13% −17% +10% −6% +11% +8%
(+70.8) (−92.7) (+11.5) (−10.0) (+19.1) (+6.3)

Heavy precipitation days +24% +5% +48% +15% +31% +14%
(+1.9) (+0.5%) (+0.4) (+0.3) (+1.0) (+0.2)

Light precipitation days +13% +56%b +6% +57%b +22%c +74%b

(+8.6) (+34.9) (+1.0) (+8.6) (+2.8) (+10.0)
Cumulus cloud days +11%c +0% −2% +4% +2% +3%

(+20.1) (+0.1) (−0.3) (+0.8) (+1.6) (+1.3)
Stratus cloud days +3% −6% +0% +4% −7% −3%

(+7.2) (−13.3) (+0.3) (+2.2) (−3.8) (−1.5)
Rain shower days +23%b −16% +12% −14% +26%c +3%

(+23.7) (−11.3) (+1.9) (−2.6) (+8.4) (+0.4)
Drizzle days −17% −5% +13% +2% −35% +15%

(−5.7) (−2.3) (+1.8) (+0.3) (−1.9) (+1.4)
Precipitation days +5% +13%c −1% +8% +8% +37%c

(+7.7) (+20.6) (−0.3) (+1.6) (+3.0) (+11.2)
Precipitation days, N +37%c +4% −0% +38% −4% +1%

(+33.0) (+2.3) (−0.0) (+6.0) (−1.1) (+0.1)
Precipitation days, S +10% −52%c −44% −79% +34% −15%

(+2.7) (−20.6) (−1.2) (−5.1) (+3.3) (−1.1)
Precipitation days, E +27% −16% +1% +5% +36% −44%

(+18.9) (−7.7) (+0.1) (+0.4) (+10.1) (−3.3)
Precipitation days, W +2% −16% +12% −7% +3% +37%

(+6.7) (−65.0) (+11.1) (−9.4) (+2.9) (+22.3)
Light precipitation days, N +31%c +47%c +49% +26% −6% +97%c

(+2.6) (+3.2) (+1.4) (+0.4) (−0.1) (+1.2)
Light precipitation. days, S +10% +73%b −53% +44% +45% +96%c

(+0.4) (+4.8) (−0.3) (+0.5) (+0.3) (+1.3)
Light precipitation. days, E +24% +89%b +3% +68% +59% +87%

(+1.8) (+6.9) (+0.1) (+1.2) (+0.7) (+1.0)
Light precipitation days, W +5% +44%b +5% +48%c +19% +66%b

(+2.4) (+18.3) (+0.8) (+5.1) (+1.8) (+6.5)

aAnnual, winter (December through February) and summer (June through August) trends (in percent; trends in absolute values are given in parenthesis)
in various SYNOP parameters for the Black Triangle (BT) and clean region (C). Trend for total precipitation is based on annual precipitation sums (mm),
while all other variables are based on annual number of events. Postfixes N, S, E and W indicate events occurring during northerly, southerly, easterly and
westerly winds, respectively. Values are rounded up to nearest integer.

b1% significance.
c5% significance.
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6.3. Trends in Different Precipitation Types

[29] As discussed in section 1, the sign and magnitude
of aerosol‐precipitation effects may vary depending on the
conditions. Goswami et al. [2006] studied precipitation
trends in India and pointed out that the lack of a significant
trend in precipitation amounts most likely was caused by
significant but opposite trends in heavy and moderate pre-
cipitation, respectively, underlining the need to study these
precipitation types separately.
[30] The annual number of days with heavy and light

precipitation for both the BT and clean areas is shown in
Figures 9a and 9b and trends are given in Table 2. Table 2
shows a large annual trend in the frequency of heavy pre-
cipitation events in the BT. Note, however, that annual
trends for both the BT and the clean region are statistically
insignificant (p values 0.07 and 0.81, respectively) as well
as very small in absolute values; for example, an increase of

less than 2 heavy precipitation days from 1983 to 2008
in the BT. A significant increase of 23% (p value 0.002) in
frequency of rain showers and of 11% (p value 0.017) in
observations of cumulus cloud types over the same period
(Table 2) may instead indicate that the increase in heavy
precipitation in the BT is driven by factors other than
aerosol‐cloud interactions. For instance, absorbing aerosols
(e.g., soot) have been shown to enhance atmospheric sta-
bility, thereby suppressing shallow cloud formation over
land [Koren et al., 2008]. In our case, a decrease in aerosol
concentrations may have caused increased surface heat-
ing, enhancing summertime convection and potentially the
occurrence of rain showers. However, such an effect would
be largest in the period of largest emission reduction, while
the number of summertime rain showers only increased in
the 1995–2008 period (not shown). Alternatively, changes
in land use and urban growth (likely to have been largest
after the recovery of the economic breakdown in the area in
the late 1980s) have also been shown to affect convective
precipitation [van den Heever and Cotton, 2007] and may
have contributed to the observed trends. Heavy precipitation
in the clean region showed only weak changes.
[31] As for light precipitation, Figure 9b reveals that the

number of days with light precipitation has increased in both
regions. The BT and clean region have increases in the
annual number of light precipitation events of 13% (statis-
tically insignificant with p value 0.09) and 56% (significant
at the 1% level), respectively (see Table 2). To test the
sensitivity of these trends to the light precipitation threshold
applied, we calculated trends also for events with less than
1, 2, or 3 mm over 12 hours. For both regions the trends
weakened when increasing the threshold (see Table 3),
possibly indicating a transition from an aerosol‐influenced
regime for very light precipitation events to a regime of little
aerosol influence for more intense precipitation. The light
precipitation increases occurred predominantly in the 1983–
1995 period (BT, +12%; clean region, +11%) for which
sulphur concentrations decreased the most. However, a
decrease in light precipitation events of similar magnitude
characterized the 1996–2008 period for the BT (−9%) while
a small (+2%) increase occurred in the clean region. In both
regions, the light precipitation trends are by far the largest
in the summertime, but for the clean region the increase is
significant also in wintertime.

Figure 7. Annual (dotted) and 5 year running averages (solid) of precipitation in the Black Triangle area
in the 20th century, based on CRU data.

Figure 6. Comparison of 1983–2006 precipitation in the
BT area based on SYNOP, CRU, and GPCP data. Linear
trends are also shown.
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[32] In concordance with these trends we also find for the
BT statistically insignificant increases in the frequency of
observed drizzle and stratus cloud types between 1983 and
1995 and highly significant decreases in the 1996–2008
period (not shown). An increase in light precipitation in the
1983–1995 period might be a sign of lessened precipitation
suppression caused by diminishing aerosol concentrations,
but no such explanation can be offered to the stronger trends
of the second period. So far, we have shown trends in total
precipitation and in particular precipitation forms, and will
now look at changes in these variables during specific wind
directions and weather types. Such stratifications should
help to remove the contributions from other factors, thus
facilitating the detection of a potential aerosol effect.

6.4. Dependence on Wind Direction

[33] We hypothesize that along the west coast of Europe,
westerly winds are associated with low aerosol concentra-
tions while continental winds from the east contain higher

levels of pollutants. In the BT, westerly winds should
likewise be associated with cleaner air, whereas easterly and
northerly winds have passed over industrialized areas and
carry polluted air to the region. To underpin this assumption
we show, in Table 4, SO2 concentrations for different wind
directions for one EMEP station in the BT and one EMEP
station in the clean region. Wind stratifications were per-
formed using ECMWF reanalysis data (ERA‐40 and ERA‐
Interim). Vector winds from two points (one in the BT area
and one in the France area) were extracted for the 850 hPa
level to avoid wind directions affected by local topography.
[34] For both stations the concentrations are lowest for

westerly winds, but relative variations for various wind
directions are larger for the coastal station than for the BT
station. The 1983–2008 SO2 changes (not shown) for the
coastal station are largest (a decrease from 9.4 to 1.5 mg/m3)
for easterly winds while at the BT station the trend is largest
(from 17.9 to 1.7 mg/m3) for northerly winds; both trends are
significant at the 1% level. Smaller variability in the BT than

Figure 9. SYNOP data showing the annual number of (a) heavy and (b) light precipitation days between
1983 and 2008; see Table 2 for the magnitudes of the trends.

Figure 8. Spatial distribution of trends (% of mean) in monthly precipitation for Europe, based on CRU
data, for (a) a period with a mean sulphur emission increase in Europe and (b) a period with a mean emis-
sion decrease.
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in the clean region is also found when studying trends in
horizontal visibility stratified by wind direction: while the
1983–2008 visibility trend in the BT area for the different
wind directions varies only between 14.0 and 14.8 km, the
change in the clean region over the same period is +1.7 km
for westerly winds and +4.3 km for easterly winds.
[35] To study precipitation trends for different wind direc-

tions we have stratified daily precipitation according to the
governing wind direction of each day and calculated trends
in the number of days with precipitation for each wind
direction (see Table 2). Based on the above considerations, the
probability of detecting an aerosol signal in precipitation in
the clean area should be highest (lowest) for easterly (west-
erly) winds. However, Table 2 shows a significant trend in the
annual number of days with precipitation only for southerly
winds in the clean region. In the BT, on the other hand, we
find a significant increase of 37% in the annual number of
days with precipitation during northerly winds, for which SO2

concentrations and trends were largest. This increase occurs
in the pollution reduction period 1983–1995, while the 1996–
2008 period has a weak decrease in precipitation frequency.
[36] As shown in Table 2, a significant 1983–2008 trend

in light precipitation frequency appears in the BT also for
northerly winds. Recall that no significant change in this
parameter was found when considering all wind directions
(see Figure 9). Interestingly, the clean region reveals sig-
nificant increases in light precipitation for all wind direc-
tions, but the relative increase is largest for easterly winds
for which SO2 concentrations have declined the most. While
the absolute values of these changes are minor, they may
bear the signal of an aerosol effect. The 89% increase for
easterly winds in the clean region means that for an average
station in this area the annual number of light precipitation
events during easterly winds increased from 4 to 11 days
from 1983 to 2008. However, the increase was larger in the
1996–2008 period than in the 1983–1995 period, for which
we would expect the largest aerosol influence on the trend.

6.5. Dependence on Circulation and Weather Type

[37] While we could not find any sign of aerosol influence
on total precipitation in the above analysis, changes in
atmospheric circulation patterns may constitute an important
nonaerosol contribution to variations in surface precipitation
amounts. Therefore, a study of changes in the North Atlantic
Oscillation (NAO) over the last decades was performed,
as the various phases of the NAO may be associated with
above‐normal or below‐normal precipitation levels in dif-
ferent regions of Europe [Hurrell, 1995]. The wintertime

NAO index shows a decreasing trend between 1983 and 2008,
which could possibly induce a trend in precipitation. How-
ever, we fail to find any correlation between the NAO index
and precipitation sums in the BT area. Indeed, Niedźwiedź
et al. [2009] found that the NAO index only accounts for
4% of annual precipitation variability in this area, but that
other circulation indices (the C index) were largely respon-
sible for the observed increase and current decline in the
late twentieth century–early twenty‐first century precipitation
totals in east central Europe, which can be recognized also for
the BT in Figure 5a.
[38] As an alternative to the NAO index we use the sub-

jective Hess and Brezowsky weather pattern classification
[Gerstengarbe andWerner, 2005], which is based on the mean
air pressure distribution (sea level and 500 hPa level) over the
North Atlantic Ocean and Europe, and which is believed to be
particularly representative for eastern and central Europe and
thus for the BT. The classification identifies three groups of
circulation types (zonal, mixed, and meridional), which are
divided into 29 subtypes (“Grosswetterlagen”, henceforth
abbreviated GWL). Table 5 shows the 29 GWL, their defini-
tions and associated precipitation trends. We apply these
weather types to our data to investigate to what extent the
observed precipitation trends can be associated with corre-
sponding trends in the frequency of the different GWL. To do
this, we first calculate the 1983–2008 mean daily precipita-
tion for winter, spring, summer, and autumn for each of the
29 GWL (referred to later as the “expected” daily precipitation
amount). For each GWL we then multiply the given GWL
frequency for a given season with that season’s expected daily
precipitation amount, and the results are then summed for all
GWL creating a circulation‐based time series from 1983 to
2008 of seasonal precipitation sums. The seasonal expected
precipitation sums are then summed to create annual time
series of precipitation amounts. Year‐to‐year variations and
trends in this estimated precipitation time series would then
only be induced by circulation changes in terms of the varying
frequencies of the different weather types. Since we have
used mean precipitation amounts for the various GWL types,
aerosols would not have an influence on this trend estimate. In
contrast, the original precipitation data also reflect the influ-
ence of aerosols, so that any aerosol signal should appear as a
residual of the two trend estimates. In summary, the GWL
classification is an effective way to reduce the strong influence
of synoptic variability on the trend estimates, thus allowing a
secondary influence by aerosols, if present, to stand out more
clearly in the residuals.

Table 4. Mean 1983–2008 Concentration of SO2 in the Air at
Two EMEP Stations and Station SO2Concentration at Different
Wind Directions

Mean
(mg/m3)

N
(mg/m3)

S
(mg/m3)

E
(mg/m3)

W
(mg/m3)

Coastal stationa

(La Hague, France)
2.4 2.6 2.6 4.2 1.7

Black Triangle stationb

(Svratouch, Czech Republic)
5.3 7.3 5.1 5.4 4.9

aCoastal station La Hague, France can be seen as a green dot near the “F”
in Figure 1.

bBT station Svratouch, Czech Republic can be seen as a green dot in the
BT square in Figure 1.

Table 3. Trends in the Annual Number of Light Precipitation
Events in the Black Triangle and Clean Region at Different Light
Precipitation Thresholds for the 1983–2008 Perioda

Precipitation
Threshold

Black
Triangle (%)

Clean
Region (%)

<0.5 mm 13 56
<1.0 mm 10 36
<2.0 mm 7 27
<3.0 mm 6 20
>0 mm 5 13

aOriginally defined as <0.5 mm over 12 hours.
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[39] Observed (dotted line) andGWL‐estimated (solid line)
annual precipitation sums are shown for the SYNOP data in
Figure 10a. While the observed precipitation between 1983
and 2008 increased by 13%, the GWL‐estimated precipita-
tion increased by 11% over the same period, indicating that
variations in weather types and thus atmospheric circulation
patterns may be connected to the majority of the trend in total
precipitation. It is important to note here that the changing
GWL frequencywould have lead to an increase in visibility of
0.9 km over the 1983–2008 period, whereas the observed
increase over this period was 15 km (not shown). Thus, vis-
ibility trends were almost entirely driven by the strong
reduction of aerosol loads and cannot be explained by changes
in the meteorological conditions, in contrast to the precipi-
tation changes. Also shown in Figure 10b is the residual
between the observed and the GWL‐estimated precipitation,
which should bear the signatures of all other effects than the
changing frequencies of GWL.While year‐to‐year variations,
presumably caused by factors other than aerosol changes,
remain in the residual plot, there is no visible trend corre-
sponding to the large changes in aerosol concentrations. Similar
results were found for GPCP and CRU data (not shown).
[40] Both average aerosol loadings and precipitation for-

mation mechanisms (and thus precipitation types) depend on
the synoptic conditions and will vary between different GWL
classes. Therefore, another approach to investigate potential
aerosol effects is to study precipitation trends for specific GWL
classes, for which these characteristics are more homogeneous

than for the total data set. For instance, a potential precipitation
signal from emission reductions over the past decades may be
particularly clear if we focus on precipitation that fell during
weather types associated with large trends in aerosol con-
centrations. Using daily SO2 values from the EMEP station
Svratouch in Czech Republic and stratifying by GWL type, we
find among the five most frequent GWL the largest relative
SO2 trend of −112% (from 1983 to 2008, compared to 1983
values) for the weather type “anticyclonic westerly” (WA).
This weather type is associated with stagnant conditions and
does not often yield precipitation, but when it does it is likely
to be strongly affected by the local aerosol concentration. But
while a large effect from decreased precipitation suppression
by the diminishing aerosol concentrations would induce an
increase in daily precipitation amounts associated with theWA
weather type, we find a statistically insignificant decrease of
0.27 mm in the daily mean precipitation between 1983 and
2008 (see Table 5). Only one GWL class was associated with
a significant change in daily precipitation, but this weather
type did not display a particularly large decrease in SO2 con-
centrations (see GWL type 20 in Table 5). We do not find any
specific GWL for which a clear aerosol signal can be identified
in trends of daily mean precipitation amounts.

7. Discussion

[41] We find that mean sulphate concentrations at 12
EMEP stations in central Europe were 72% lower in 2008

Table 5. Overview of the 29 Hess and Brezowsky Weather Subtypesa (GWL)

Name Definition
Mean Frequency

(d/yr)
R Deviation

(mm)
SO2 Deviation

(mg/m3)
GWL
Trend

R Trend
(mm)

SO2 Trend
(mg/m3)

1 WA Anticyclonic Westerly 20 −0.54 1.45 −16.70 −0.27 −12.46
2 WZ Cyclonic Westerly 62 0.50 −1.34 −4.50 −0.28 −8.64
3 WS South‐shifted Westerly 6 0.56 −2.33 −6.20 0.95 −3.74
4 WW Maritime Westerly (block eastern Europe) 6 0.34 0.40 0.00 0.22 −10.80
5 SWA Anticyclonic South‐Westerly 14 −0.86 −0.52 −8.30 0.01 −8.79
6 SWZ Cyclonic South‐Westerly 16 0.22 −2.71 15.60 0.03 −4.00
7 NWA Anticyclonic North‐Westerly 11 −0.27 1.72 −8.30 0.90 −11.81
8 NWZ Cyclonic North‐Westerly 20 1.22 −1.65 7.10 0.07 −8.57
9 HM High over central Europe 19 −1.18 3.42 −5.70 −0.07 −11.75
10 BM Zonal ridge across central Europe 45 −0.67 1.61 11.10 0.28 −12.77
11 TM Low (cut‐off) over central Europe 8 1.58 1.91 −5.80 1.35 −11.65
12 NA Anticyclonic Northerly 2 0.41 1.83 0.00 −0.33 −14.70
13 NZ Cyclonic Northerly 7 0.91 2.09 0.00 0.19 −14.34
14 HNA Iceland high, ridge central Europe 7 −0.78 −0.25 0.00 −0.03 −9.29
15 HNZ Iceland high, through central Europe 6 0.57 −0.85 −8.30 −1.11 −4.16
16 HB High over the British Isles 13 −0.65 2.58 −7.10 −0.40 −15.68
17 TRM Through over central Europe 24 1.04 −1.68 16.20 0.46 −8.93
18 NEA Anticyclonic North‐Easterly 3 −0.17 1.12 0.00 0.43 −3.38
19 NEZ Cyclonic North‐Easterly 3 1.99 −1.05 0.00 −2.82 −4.20
20 HFA Scandinavian high, ridge central Europe 9 −0.99 1.00 0.00 0.73 −9.38
21 HFZ Scandinavian high, through central Europe 4 −0.41 3.73 0.00 −0.51 −9.92
22 HNFA High Scandinavia‐Iceland, ridge central Europe 6 −1.10 −1.09 0.00 −0.15 −6.06
23 HNFZ High Scandinavia‐Iceland, through central Europe 5 −0.21 −0.03 3.10 0.36 −4.06
24 SEA Anticyclonic South‐Easterly 8 −1.22 2.20 5.00 0.05 −9.14
25 SEZ Cyclonic South‐Easterly 3 −0.10 −1.10 1.50 0.19 −4.95
26 SA Cyclonic Southerly 5 −1.28 2.07 0.00 −0.03 −12.95
27 SZ Anticyclonic Southerly 1 −0.71 −0.97 0.00 0.23 −4.42
28 TB Low over the British Isles 7 0.20 −2.14 −5.00 −0.11 −5.71
29 TRW Through over western Europe 20 0.38 −1.57 4.50 0.36 −7.14

aColumns show for each GWL the frequency of occurrence (in days per year), the daily precipitation deviation based on SYNOP BT data (mean daily
precipitation for days with the given GWL only minus mean daily precipitation based on all days, which will give a positive number for GWLs associated
with above‐normal daily precipitation amounts), a similar deviation for SO2 concentration at Svratouch in the Czech Republic, 1983–2008 linear trend in
the annual frequency of the given GWL, 1983–2008 linear trend in the daily precipitation amounts for days with the given GWL only, and a similar linear
trend for SO2 concentration.
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than in 1983. The BT was chosen as our area of focus, being
the most polluted region of Europe in the 1980s. Horizontal
visibility measurements during nonfoggy days in the BT show
for the same period an increase in visibility from 11 to 27 km,
confirming the presence of a substantial decrease in aerosol
concentrations in this specific area, and indicating that the
strong emission changes had a large impact on the radiation
budget. However, an impact on precipitation is less clear.

7.1. Total Precipitation

[42] In the above analyses, we find no aerosol signal in
trends of total precipitation in the period of emission reduc-
tions in Europe. Specifically, changes in total precipitation
between 1983 and 2008 were not statistically significant for
either the BT (+13%) or the clean region (−17%). Moreover,
precipitation for a period of increasing pollution, namely
1947–1970, showed a statistically insignificant increase of
12% for the BT. Whereas levels and trends in aerosol con-
centrations have been vastly different between polluted and
clean areas of Europe, spatial trend maps based on gridded
precipitation data showed no consistent difference in pre-
cipitation trends between such areas. For a similar period
(1971–2005), Bokwa [2009] compared total precipitation
from rural and urban stations in Poland but found no signal
from decreasing pollution levels in the precipitation time
series, consistent with our findings.
[43] Precipitation from cold shallow clouds (such as the

stratiform clouds typically observed in wintertime in both the
BT and clean region) may be subject to invigoration during
high ice nuclei concentrations [Wallace and Hobbs, 1977]. As
soot particles have shown a potential to function as ice nuclei
[Gorbunov et al., 2001], and as it is reasonable to assume that
decreasing pollution in general and modernization of power
plants will have lead to decreased soot emissions [Wehner
et al., 1999], this will have contributed to lowering precipi-
tation amounts from cold shallow clouds. However, we find
no clear wintertime trends in total precipitation: while the
clean region saw a weak decrease in wintertime precipitation
levels, the BT area saw a similar increase.

7.2. Convective Precipitation

[44] We searched for signs of aerosol invigoration of
precipitation from convective clouds with warm cloud bases

by studying summertime trends in heavy precipitation
events as well as events with rain showers. If this effect is
important in Europe, the theoretical basis, as summarized
in section 1, implies decreased trends in the above para-
meters during the past 30 years of emission reductions.
However, the BT had a significant (and the clean region a
small but insignificant) increase in summertime rain showers
and both areas had insignificant increases in heavy precipi-
tation events. Cloud bases even in summertime may not have
been sufficiently warm (∼15°C [Rosenfeld et al., 2008]) to
support the invigoration effect, and studies have found pre-
cipitation suppression in cooler convective clouds [e.g.,
Khain et al., 2001] which may instead have induce the in-
creases observed. Alternatively, low relative humidities in
this continental region may have caused efficient evapora-
tion, which could also lead to convective precipitation sup-
pression [Khain, 2009]. However, a closer look at the
summertime BT rain showers showed that the significant
increase took place in the 1995–2008 period, which had only
minor pollution reductions. Consequently, we do not believe
that aerosols have had a large effect on heavy precipitation
in these areas.

7.3. Light Precipitation

[45] In the 1983–2008 period of strong emission reduc-
tions, the clean region saw a significant increase in light
precipitation of 56% while the BT experienced a smaller
and statistically insignificant increase of 13%. The significant
trend in the clean region is particularly interesting as the total
precipitation amount was observed to decrease over the
same period. Conceivably, higher susceptibility to aerosol
changes in this area of lower background concentrations [see,
e.g., Andreae et al., 2004; van den Heever and Cotton, 2007]
may have allowed an aerosol‐precipitation signal to appear
more clearly here. As light precipitation in wintertime is
likely to be associated with cold shallow clouds that may be
subject to opposite aerosol effects, we looked at summer
trends separately and found even stronger increases (signif-
icant trends of 22% and 74% for the BT and clean region,
respectively). Moreover, increasing the threshold for our
definition of light precipitation weakened the trends, pos-
sibly indication a transition from an aerosol‐influenced
regime for the lightest precipitation types to a regime of lower

Figure 10. (a) Observed (dotted) and GWL‐estimated (solid) annual precipitation for the BT and
(b) anomaly (estimated minus observed) precipitation, based on the 29 weather types and the SYNOP
precipitation data.
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precipitation susceptibility for the more intense precipita-
tion types.
[46] A similar relationship between total and light precipi-

tation trends was found by Qian et al. [2009] for Eastern
China, where sulphur emissions increased by about 25 Tg/yr
in the period 1956–2005 [see, also, Liu et al., 2010]. The same
period was marked by increase/decrease in total precipitation
depending on area, but light precipitation decreased in their
whole study region, presumably as a result of precipitation
suppression by aerosols. By comparison, Europe experienced
a 40 Tg/yr decrease in sulphur dioxide emissions over the past
three decades [Vestreng et al., 2007], and while we found
that total precipitation increased (decreased) in the BT (clean
region), light precipitation increased in both regions.
[47] For the BT area, trends in both the annual number of

days with precipitation and the frequency of light precipitation
events were larger (and statistically significant) for northerly
winds, for which trends in SO2 were observed to be largest,
than for all other wind directions. For the clean region, light
precipitation during both continental easterly and maritime
westerly winds was associated with significantly increased
light precipitation frequency. The increase was largest for
easterly winds, but it should be noted that the change was
larger in the 1996–2008 period than in the 1983–1995 period,
for which most of the pollution reductions occurred.
[48] From the above, we see that the increase in light

precipitation is compatible with a decreasing aerosol effect
on precipitation during the last decades.

7.4. Alternative Causes of the Observed
Precipitation Trends

[49] An investigation of aerosol effects on precipitation
must be accompanied by an account of the influence of
other factors on precipitation variations. Global warming
increases the atmosphere’s saturation vapor pressure and
may therefore intensify the hydrological cycle and thus
precipitation [Ramanathan et al., 2001]. Hulme et al. [1998]
found a global precipitation sensitivity of 1.5–2.5% per
degree global warming for the 1900–1996 period, with exact
sensitivities varying from region to region. This means that
the observed precipitation trends may in part have been
induced by warming effects, but are not likely to have been
caused by atmospheric warming alone. Changes in atmo-
spheric circulation patterns, on the other hand, are a major
contributor to precipitation variations, and we therefore
studied the variability in Hess and Brezowsky weather types
to elucidate underlying aerosol trends. A strong coherence
between variations in weather types and precipitation was
revealed. We created an estimated precipitation time series
for the BT based on changing frequency of weather types,
and found that this circulation‐induced precipitation trend
was of similar magnitude (+11%) as the observed precipi-
tation trend (+13%), presumably because the frequency of
weather types associated with above‐normal precipitation
has increased. Similarly, no aerosol signal could be found
when studying precipitation variations separately within
GWL types, for which other sources of variability would be
filtered out. This means that the observed changes in pre-
cipitation can mostly be explained by changes in the fre-
quency of particular weather situations, without invoking a
mechanism requiring the presence of aerosols.

[50] A note of caution is in place, as we cannot rule
out that precipitation was influenced indirectly by aerosols
via changing the frequency of particular weather types.
Ménégoz et al. [2010] studied the connection between win-
tertime aerosol loads and weather regimes in Europe, and
found for instance that aerosol patterns induced by a positive
NAO episode could destabilize and reduce the persistence
of a subsequent negative NAO episode. However, this would
not modify precipitation mechanisms via microphysical
cloud properties as studied in this paper.

8. Conclusions

[51] In the present article we investigate the effect of
aerosols on precipitation in the Black Triangle. After 1989,
economic effects following the political changes in the
region, as well as subsequent pollution mitigation measures,
induced dramatic improvements of air quality in the area.
If aerosols have had an effect on precipitation trends in
Europe, such a signal may be most pronounced the BT
region. The nonlinearity of aerosol‐precipitation interactions
combined with large natural variability in precipitation time
series complicates the detection of very small signals.
Therefore, our ambition has not been to provide conclusive
evidence on any particular precipitation modification mech-
anism, but rather to explore whether a potential aerosol
influence is so large that it is possible to find an aerosol signal
in multidecadal precipitation data.
[52] The analyses presented above showed the following:
[53] 1. SO2 emissions decreased by 90% in central Europe,

measured sulfate concentrations decreased by 72%, and
mean horizontal visibility in the BT improved from 11 to
27 km between 1983 and 2008.
[54] 2. Total precipitation showed no sign of an aerosol

signal, and a circulation‐based precipitation estimate could
explain 11% of the 13% increase in precipitation amounts
between 1983 and 2008 in the BT.
[55] 3. No aerosol signal was found in heavy precipitation.
[56] 4. A possible aerosol signal was visible in light pre-

cipitation, which increased in both the BT and clean region,
particularly for wind directions associated with the largest
reductions in pollution levels. Trends were largest for the
smallest light precipitation thresholds, and largest in sum-
mertime; possibly due to cancelling effects of ice nuclei in
shallow winter clouds.

[57] Acknowledgments. The authors thank Wenche Aas for advice
concerning EMEP measurement data, as well as Ann‐Christine Engvall
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