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Abstract. The satellite-based cloud climate data record CLARA-A2 has been used to analyse regional average
time-series and regional maps of trends in the Baltic Sea region, 1982-2015. The investigated cloud parameters
were total fractional cloud cover and cloud top height. Cloud observations from the Tartu-Tdravere meteorolog-
ical station were used as reference data for the same period. Fractional cloud cover from CLARA-A2 was in a
good agreement with in situ data regarding the maxima and minima years and a downward trend in March over
the 1982-2015 period. In June the fractional cloud cover interannual variability was very high and no clear trend
was seen. For cloud top heights summer and spring regional averages showed opposite signs of the trend: for
June positive and for March negative. Winter and autumn seasons have been left out of analysis due to too large
uncertainties in cloud products over latitudes higher than 60°.

1 Introduction

For the Baltic Sea region, two climate change assessment re-
ports that draw on peer-reviewed scientific papers have been
compiled (The BACC Author Team, 2008; The BACC II Au-
thor Team, 2015). The general conclusion of ongoing warm-
ing that will continue throughout the 21st century has been
reached (The BACC Author Team, 2008). In the past cen-
tury, there has been an increase in temperature of more than
0.7 K in the region, which is larger than the global average
temperature increase of 0.5 K.

For other climate variables, the changes are not so univo-
cal: cloudiness and solar radiation at the surface have had
remarkable inter-annual and inter-decadal variations and no
clear tendencies over the Baltic Sea region. A decrease in
cloud cover and an increase in sunshine duration are ob-
served in the south while opposite trends are revealed in
the north (The BACC II Author Team, 2015). Similarly, to
average European tendencies in the 1990s, all these trends
switched signs in northern Europe (Russak, 2009; Stjern et
al., 2009; Parding et al., 2014). The reversing of the decreas-
ing trend in atmospheric transparency and direct radiation in
the 1990s is generally attributed to air quality improvement
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due to less aerosol emissions (e.g. Ohvril et al., 2009), but
Stjern et al. (2009) and Parding et al. (2014) stress the role of
clouds and the atmospheric circulation to surface solar radi-
ation. Pfeifroth et al. (2018a) also refer to the importance of
cloud parameters’ changes as a reason for increasing surface
solar radiation in Europe.

All aforementioned assessments of trends and variabil-
ity of cloud cover in the Baltic Sea region rely almost en-
tirely on total cloud cover as measured by eye-observations
at synoptic stations (The BACC Author Team, 2008; The
BACC II Author Team, 2015). The number of cloud observa-
tions in SYNOP stations is diminishing, meaning other data
sources are needed for climate studies. In recent years with
the increasing length of satellite data, a series of climate data
records (CDR) have been made available. Several of them
include data about cloud parameters, that are considered to
have quality permitting climate monitoring (Karlsson and
Devasthale, 2018). This enables analysis of the variability of
the regional distribution of solar radiation and cloud param-
eters in northern Europe, over the area what is often left out
from the papers about general trends in Europe. The last is
done due to limitations in the quality and availability of so-
lar radiation data over higher than 60° N latitudes (Pfeifroth
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et al., 2018a, 2018b). Nevertheless, Riiheld et al. (2015) has
carried out a validation of satellite-based data sets over Fin-
land and Sweden and found that satellite-based surface solar
radiation indicates the same positive overall trend as in situ
measurements between the 1980s and 2010s. We will go fur-
ther from radiation to cloud parameters.

‘We have selected March and June, the two months, when
strong trends in cloud amounts have been detected (Kee-
vallik and Russak, 2001; Russak, 2009; Stjern, 2009). In
these months the amount of low clouds showed clear up-
ward trends in 1955-2007 (Russak, 2009). We avoid com-
puting trends of seasonal averages as the value and sign of
trends vary strongly from month to month within a season
(Keevallik and Russak, 2001). The reliability of the satellite
cloud cover trends is assessed by comparing them with Tartu-
Toravere (Estonia) meteorological station’s monthly data.

The main aim of this paper is to give an overview of the
regional variability and trends in cloud cover and cloud top
height in March and June during the years 1982-2015 in the
Baltic Sea region/Northern Europe. The added value of the
study is framing the analysis of the territorial distributions
of cloudiness from satellites with earlier in situ studies over
northern Europe.

2 Data and methods

2.1 Region and site description

The area under investigation covers the Baltic Sea region
from 52 to 70°N and 5 to 32°E (Fig. 1). For compari-
son of satellite data to ground observations, Tdravere me-
teorological station in Estonia (58°16' N 26°28 E), belong-
ing to Baseline Surface Radiation Network (BSNR), is cho-
sen (Fig. 1). It is also a station where a study of long-term
changes in cloudiness (Russak, 2009) and atmospheric trans-
parency (Ohvril et al., 2009) have been carried out and is,
therefore, one of the influencers for the current work. It is
also one of the three northern stations included in the Euro-
pean analysis of solar radiation from satellites by Pfeifroth
(2018Db).

Ground observations in the Tdravere meteorological sta-
tion are made every 3 h. Total cloud cover is estimated in
tenths. For comparison with satellite data daily and monthly
averages for March and June were calculated.

2.2 Satellite data

The data used in this study is from the European Organisation
for the Exploitation of Meteorological Satellites (EUMET-
SAT) Satellite Application Facility on Climate Monitoring
(CM SAF, http://www.cmsaf.eu, last access: 16 May 2020).
As the cloud products from geostationary satellites do not
cover a large portion of the selected region, the use of data
from polar-orbiting satellites is needed. The focus is on data
from CM SAF of CLoud, Albedo, and Radiation data record,
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edition 2 (CLARA-A2) (Karlsson et al., 2017a). CLARA-A2
covers a period of 34 years, from 1982 to 2015. Data from
Advanced Very High Resolution Radiometer (AVHRR) on-
board polar-orbiting NOAA and EUMETSAT MetOp satel-
lites have been used for creating the data record. Until 1992
only one satellite was measuring at a time, since then at least
two satellites have been available.

For studying changes in the cloud parameters, cloud frac-
tion cover (CFC), and cloud top height (CTH) products were
chosen. CFC is defined as the fraction of cloudy pixels per
grid square compared to the total number of analysed pixels
in the grid square (percentage points, which is simply %).
CTH is the altitude of cloud tops over ground topography in
meters (CM SAF, 2017).

CLARA-A2 cloud CDR quality was evaluated in depth
by Karlsson and Hakansson (2018) and intercompared with
the other three long-term satellite-derived cloud CDRs by
Karlsson and Devasthale (2018). The latter states that over
the northern mid-latitudes all four CDRs agree well in CFC
with the Cloud-Aerosol Lidar and Infrared Pathfinder Satel-
lite Observations (CALIPSO) reference dataset, for CTH the
results are more diverged. For CTH, the bias of —840m
has been shown by validation studies, but at the same time,
large underestimations have been found for thin clouds and
overestimation for boundary level clouds (CM SAF, 2017).
Nevertheless, trends in the cloud heights are similar to the
other data sets (Karlsson and Devasthale, 2018). Accord-
ing to the validation report, CLARA-A2 CFC is on aver-
age 3 % lower than CFC from surface synoptic observations
(SYNOP) and the Cloud-Aerosol LIDAR with Orthogonal
Polarization (CALIOP) and the precision of monthly CFC is
7 % compared to SYNOP (Bojanowski et al., 2018).

The area under study reaches up to 70° N, where from
November to February little or no surface solar radiation is
available, and surfaces may be covered by snow and ice for
most of the year. Sometimes, mainly over subpolar regions
in winter, the AVHRR channels used for collecting the data
are insufficient to distinguish between the albedo of bright
surfaces and clouds, as well as between the temperature of
snow-covered surfaces and clouds. This quality reduction af-
fects both parameters we use.

2.3 Methods

For the analysis, data was taken from CM SAF in a 0.25°
latitude-longitude grid and monthly CFC and CTH data for
March and June were used. For both selected products, av-
erages over the region for March and June were found for
each year from 1982 to 2015 along with standard deviation
(SD). Also, the temporal average and SD (1982-2015) for
each grid point for both months were calculated. Trends in
CFC and CTH were found from the anomalies of monthly
values of 1982 to 2015 based on a simple linear model using
CM SAF R Toolbox (Kothe et al., 2019). The significance
was determined at a 95 % confidence level.
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Figure 1. Monthly mean CFC 1982-2015 (a, b), standard deviation of CFC 1982-2015 (¢, d) and its significant trends from 1982 to 2015
(e, f) for March (a, ¢, ) and June (b, d, f). Based on CLARA-A2 climate data record. The location of Toravere station is marked with a red

star.

3 Results

3.1 CFC general statistics

Average CFC for the selected region was 72.6 % (SD 4.8 %)
in March and 64.2 % (SD 8.6 %) in June, 1982-2015. In the
majority of years (30 out of 34), the regional average was
higher in March compared to June, on average by 8.4 %
(Fig. 2). In 1992, the CFC was estimated extremely low in
June — 44.7 %. For single grid points in March, the maximal
average CFC over the period was 91.5 % and the minimal —
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64.0 %. Higher averages occurred over the Norwegian Sea
and North-East of the region, lower values were found over
and around the Baltic Sea (Fig. 1). For June, the maximal
average was 90.8 % and the minimal — 46.6 %. In June, the
regional CFC distribution was very similar to March: higher
over the Norwegian Sea and the mountain ranges in Norway
and lower over the Baltic Sea. But this time a strong contrast
in cloudiness between the sea and coasts was pronounced
(Fig. 1). For both months, the highest interannual variabil-
ity was in the middle of the region over the coastal areas of
Sweden and Finland, in March also the area of Bothnian Bay
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Figure 2. Monthly average CFC over the entire region 1982 to 2015
for March (black) and June (magenta) from CLARA-A2 with SDs.

stood out. These were mostly the areas where lower average
CFC values were found (Fig. 1).

3.2 Changesin CFC

Regionally averaged monthly CFC values had a general de-
cline in March, while there was no clear trend in June
(Fig. 2). In March, there has been a significant decrease in
fractional cloud cover in most of the Baltic Sea region since
1982 (Fig. 1). An increase was present only over the Norwe-
gian Sea (not significant and therefore not seen from the fig-
ure). In June, a slight increase in cloud cover has been found
over the Bothnian Sea, the Gulf of Finland as well as over the
Norwegian Sea, but all these trends were insignificant. Only
over some southern parts of the region, significant positive
trends have been detected in June.

3.3 Comparison of satellite and in situ CFC data in
March

To proceed with the earlier study of Russak (2009), we com-
pared the observations from Tdravere station with cloud frac-
tion data from CLARA-A2, but also CM SAF CLoud prop-
erty dAtAset using SEVIRI — Edition 2 (CLAAS-2), and
ClIOud Fractional Cover dataset from METeosat First and
Second Generation (COMET) (Fig. 3). The last two sets are
based on geostationary METEOSAT satellites. We used the
grid point from the satellite dataset in which the station was
located. All four data sets showed similar years of maxima
and minima, but the SYNOP data showed somewhat higher
CFC values compared to CLARA-2. The average values for
the period were 73 % and 70 %, respectively. It is the same
3 % deviation as in the CLARA-A?2 validation report (CM
SAF, 2017). The trend of decreasing cloudiness for CLARA-
A2 was stronger (—3 % per decade) than from ground ob-
servations (—1 % per decade). Both trends were insignificant
and there was a very high inter-annual variability. The actual
value of the trend strongly depends on the endpoints of the
period analysed. Our results from satellite data confirmed the
results by Russak (2009), that around 1990 the CFC values
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Figure 3. Comparison of monthly cloud fractions from Tora-
vere SYNOP station with satellite CFC of CLARA-A2, CLAAS-2,
COMET in March 1982-2015 (or for the period available).

started to decrease in Estonia, and the trend has lasted until
the end of the study period.

3.4 CTH

The same statistics as for CFC were calculated for cloud
top heights. The monthly average CTH over the region was
higher in June than in March for most of the years, as ex-
pected due to higher temperatures in summer (Fig. 4). Excep-
tions were found in 1990, 1992, 2014, and 2015. The average
CTH over the region and period was 3812 m in March and
4343 m in June. But the inter-annual variability in CTH was
higher for March (SD 461 m) compared to June (SD 288 m).
Overall, in both months, the clouds over the sea were higher
than over the coastal areas (Fig. 5). In summer the differ-
ence in cloud heights between northern and southern parts
was also seen. Over the Scandinavian mountains, the clouds
tended to be closer to the surface than over other regions. The
inter-annual variability of CTH presented by the SD plots
showed high values over the northern Baltic Sea in March, in
June the highest variability was over the southeastern part of
the area. The trend analysis gave almost no significant trends
in the region; therefore, this figure was not included in the
paper. Interestingly, for the shorter period of 2004-2015, the
trend was positive in March and negative in June.

4 Conclusions and discussion

The availability of climate data records by EUMETSAT,
ESA, and NASA enables the study of regional trends in Eu-
ropean cloud parameters. From the global or European view,
there is a decreasing trend in annual cloud cover from 1982
to 2015. The strength of the calculated trend varies, depend-
ing on the CDR used (Karlsson and Devasthale, 2018). Most
of this decrease emanates from mid-latitude regions to where
our study area also mostly belongs. We found that northern
Europe was one of the areas where mostly a strong decrease
in cloud cover had taken place in 1982-2015. This has been
found also in earlier studies, but only partly, as the very gen-
eral European studies from satellite data avoid higher lati-
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Figure 4. Monthly average CTH over the entire region 1982 to
2015 for March (black) and June (magenta) from CLARA-A2 with
SDs.

tudes than 60° N (Pfeifroth et al., 2018a, b) or rely just on in
situ observations (Russak, 2009; Chiacchio and Wild, 2010;
Stjern et al., 2014; Parding et al., 2014). Including higher lat-
itudes constrains studying of the cloud products in autumn
and winter as in the northern parts of the region the quality
is considered low then and needs improvements in further
versions of CDR (Karlsson and Hakansson, 2018). Earlier
studies (Pfeifroth et al., 2018b) have also left out the years
up to 1992, as only one satellite was measuring then. We de-
cided to take the entire available period for CLARA-A2 as
the latter limitation influences mostly southern areas.

We found that in 1982-2015 over a very large part of the
Baltic Sea region cloud fraction had decreased in March.
Lower monthly cloud amounts may come from either fewer
clouds on average in each day or more days are clear or
nearly clear. We know from Russak (2009) that in March the
amount of low clouds is determined by large-scale drivers
whereas the in situ cloud amounts in Estonian stations are
highly correlated then. This kind of large-scale driver may
be associated with large scale atmospheric circulation. Chi-
acchio and Wild (2010) have found several significant cor-
relations between the cloud amount of some types (Cu, Cb,
and S7) in stations and the North Atlantic Oscillation (NAO)
index. Nevertheless, our first simple calculations for correlat-
ing March CFC with the monthly NAO index did not result
in significant correlations. As the cloudiness decrease could
be associated with more frequent clear weather, then the pa-
rameter that shows directly anticyclonic circulation would be
preferred. The hypothesis is that due to the earlier beginning
of springs, atmospheric circulation is shifted towards more
anticyclonic patterns already during March.

Only a few studies are available about changes in cloud
heights either from in situ (Parding et al., 2014) or satellite
observations (Karlsson and Devasthale, 2018). The global
annual trend is lowering in heights, but the European has a
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rather slight increase (Karlsson and Devasthale, 2018). Par-
ding et al. (2014) find also an increase in annual cloud base
height for Bergen in Norway during the atmospheric bright-
ening period. For the whole study region, we got opposite
short-term tendencies in spring and summer: CTH increased
in March and decreased in June. At the same time, the time
series was highly variable in March. Whether the regional
average values for some years, when the clouds were higher
in March than in June (1990, 1992, 2014, and 2015) are re-
alistic, is difficult to decide while no comparison data are
available. It is reasonable to compare the satellite CTH-s with
cloud heights from some reanalysis, to get a better under-
standing of interannual variability. While June is the month
when the local conditions play the largest role in low cloud
generation (Russak, 2009), then analysing the time series of
some convection index might help to explain the interannual
variability in this month.

As CTH product highly depends on the numerical model
from where the atmospheric profiles are received, then the
uncertainty here is remarkably higher than for CFC. Satellite
data miss some high semitransparent clouds; therefore, the
CTH-s is probably lower than in reality in months when there
is more often Cirrus.

The most prominent feature from June’s plots was the
strong contrasts in CTH as well as in CFC along the coast-
lines of the Baltic Sea. There were fewer clouds and they
were higher over the sea compared to the land surfaces.
Fewer clouds over the sea could be explained with the oro-
graphic rise of air over the land that initiates more clouds.
This effect often occurs in early summer, when the bound-
ary layer is thicker over the land compared to the sea. But to
explain why the clouds are higher over the sea compared to
land is difficult. To study whether this difference in level is
real, radiation data measured over the sea are needed. Riiheld
et al. (2015) find the same jump in surface solar radiation in
CLARA-A1 and claim this to be a real phenomenon. Never-
theless, this issue needs further research.

In conclusion, we may say that our results give a detailed
overview of the regional and seasonal trends in cloud cover
and cloud top height in the Baltic Sea area. To our knowl-
edge, this study offers the first detailed insight into the cloud
top height distributions in this region. With further improve-
ments in the cloud products from satellites also in the polar
winter regions, the regional distributions may be calculated
for autumn and winter months. With this study, we have ad-
dressed follow-up studies about the reasons for high interan-
nual variability in cloud amounts and heights, possible con-
nections to atmospheric circulation, and the underlying sur-
face.

Data availability. All analysed EUMETSAT CM SAF cli-
mate data records are freely accessible through the CM
SAF Web User Interface (https://wui.cmsaf.eu, last ac-
cess: 16 May 2020) and DOI reference: CLARA-A2
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Figure 5. Monthly mean CTH 1982-2015 (a, b) and standard deviation of CTH 1982-2015 (¢, d) for March (a, ¢) and June (b, d). Based

on CLARA-A?2 climate data record.

data: doi:10.5676/EUM_SAF_CM/CLARA_AVHRR/V002
(Karlsson et al., 2017b), CLAAS-2 data
doi:10.5676/EUM_SAF_CM/CLAAS/V002

(Finkensieper et al., 2016), COMET data

10.5676/EUM_SAF_CM/CFC_METEOSAT/V001 (Stockli et al.,
2017). Observational data can be accessed through a request from
Estonian Weather Service (http://www.ilmateenistus.ee/?lang=en,
last access: 16 May 2020).
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