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The impacts of global climate change in response to increasing greenhouse gasses are spatio-temporally het-
erogeneous and are observed in a number of essential climate variables (ECVs). Among the ECVs that are highly
relevant for the agriculture and forestry applications are clouds, precipitation and the incoming surface solar
radiation (SIS). The past trends in these three agrometeorological ECVs and, more importantly, the co-variability

Climate change
Remote sensing

Precipitation . . . . . . .
Clouds among them can impact future agriculture and forestry policies and practices, their resilience and conservation.
Radiation Therefore, using 37-year long climate data records spanning from 1982 to 2018 from the satellite- and surface

based observing systems, we investigate the co-variability of trends in cloudiness, precipitation and SIS over
Seandinavia during the summer months (April through September).

The results reveal a complex nature of such co-variability among the trends in these three climate variables
over Scandinavia. We report that the total cloudiness has decreased over much of Scandinavia. The decrease is
most pronounced and statistically significant over southern Scandinavia in April, over the western coast in July
and over much of northern Scandinavia in August. These decreasing trends are mainly due to reductions in the
low and middle level clouds. The trends in all-sky incoming surface radiation are opposite in nature and broadly
follow the spatio-temporal patterns of the trends in total cloudiness. The precipitation trends are heterogeneous,
both spatially and temporally. The analysis of co-variability of trends reveals three distinct area-regimes that are

relevant for assessing the changes in the land use and land cover.

1. Introduction

Incoming solar radiation at the surface, precipitation and cloudiness
are among some of the most important essential climate variables
(ECVs) relevant for agriculture and forestry. From the climate perspec-
tive, changes in their amounts and spatial distribution have a huge
impact not only on the future agriculture and forestry policies and
practices (Skogsstyrelsen, 2019), their resilience and adaptation
(Keskitalo et al., 2016; Ambros and Granvik, 2020), but also on the
sustainable use of the natural resources and the conservation practices
(Skogsstyrelsen, 2019; Grusson et al., 2021b). These three ECVs not only
have a direct impact on the growth of biomass and crop yield at shorter
time scales, but they also interact and indirectly affect other variables
essential for agriculture and forestry management such as surface tem-
peratures, soil moisture, evapotranspiration etc (Guenni et al., 1990;
Chmielewski and Rétzer, 2001; Lagergren and Lindroth, 2002; Kanniah
et al., 2013; Watson and Challinor, 2013; Devasthale and Norin, 2014;
Schurgers et al., 2015; Jonsson and Lagergren, 2017; Sikma et al., 2018;
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Jin et al., 2019).

The co-variability among these three ECVs is also relevant to study in
the agrometeorological context. For example, although clouds are
directly responsible for precipitation, not all clouds are the source of
precipitation. Increased cloudiness doesn’t necessarily increase water
availability for the agricultural use. Clouds regulate incoming solar ra-
diation. The more the cloudiness, the lesser the radiation available for
the photosynthesis. However, the reality is often more complex. For
example, while the optically thicker clouds could block the solar radi-
ation and tend to reduce the agricultural and forestry yields, the thinner
or broken clouds could lead to more multiple scattering of radiation and
thus more diffuse radiation that could favor the growth of certain plants.
Therefore, understanding the simultaneous changes in these three ECVs
would provide a more complete picture of such interactions (Young and
Smith, 1983; Gu et al., 1999; Siill et al., 2009; Kanniah et al., 2013;
Cheng et al., 2016; Proctor, 2021).

The satellite-based datasets show a greening of our planet in
response to increased carbon dioxide emissions (Zhu et al., 2016). It is

Received 31 March 2021; Received in revised form 26 January 2022; Accepted 27 January 2022

Available online 3 February 2022

0168-1923/© 2022 Swedish Meteorological and Hydrological Institute. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-ne-nd/4.0/).



A. Devasthale et al.

however recently reported that this climate-scale COs fertilization may
have reached its limit (Wang et al., 2020). This implies that the changes
in agrometeorological or biometeorological variables would have a
larger bearing on greening in future, especially at the shorter time scales.
Both global and regional climate models provide a consensus that the
climate change will benefit the agricultural and forestry practices in
future in the European high latitude countries such as Sweden, mainly
via increased temperatures and precipitation (IPCC, 2014; Rutgersson
et al., 2015; Kjellstrom et al., 2018; Jia et al., 2019). It is however
difficult to forecast how the complex interactions among these three
ECVs would evolve in future and, more importantly, which regional
effects the changes in their properties would have in future. In this
context, the lessons could be learned from investigating the historical
datasets, not only to understand how the state of the climate relevant for
agrometeorology has been in the past, but also to evaluate if the climate
models can indeed simulate the complex co-variability of the agro-
meteorological variables.

In light of this, the present study investigates the trends in the three
ECVs mentioned above, i.e. all-sky surface incoming solar radiation
(S1S), precipitation and cloudiness, over Scandinavia with particular
focus on Sweden during the last nearly four decades. We use a combi-
nation of the state-of-the-art satellite-based climate data records of cloud
properties and SIS together with ground-based data records of precipi-
tation as well as SIS. We specifically aim to address the following sci-
entific questions.

e Are clouds changing over Scandinavia? Which regions and seasons
are sensitive to the changes in cloudiness?

e How are precipitation and SIS changing in relation to the changes in
cloudiness over those sensitive areas?

e Do the satellite-based and ground-based records of SIS agree with
one another?

The present study is novel in two aspects. (1) For the first time, we
investigate multi-decadal trends in cloudiness and incoming solar radi-
ation over the study area. Having this information on the regional trends
is critical for the agrometeorological applications at a climate scale. Also
unique is the use of satellite observations for this purpose. We also
investigate trends in precipitation. (2) We provide, also for the first time,
the regime driven maps that show the interplay of trends among these
variables. These maps will not only be valuable for the process oriented
investigations of climate models that have dynamic vegetation compo-
nent over the study area, but they also visually highlight regions that are
sensitive to changes relevant for the agricultural activities.

2. Data and methods

We use the climate data records of cloud properties and SIS from
CLARA-A2 and CLARA-A2.1 (Karlsson et al., 2017; hrttps://doi.
org/10.5676/EUM_SAF_CM/CLARA_AVHRR/V002_01). This second
edition of the EUMETSAT’s Satellite Application Facility on Climate
Monitoring (CM-SAF) cloud and radiation data record extends from
1982 to 2018 and is based on a series of Advanced Very High Resolution
Radiometer (AVHRR) sensors flown on the National Oceanic and At-
mospheric Administration (NOAA) and EUMETSAT’s MetOp satellites.
CLARA-A2 has a rich history of continuous development in the frame-
work of CM-SAF (https://www.cmsaf.eu/) since 1998 and has matured
considerably to climate quality in the last decades (Karlsson, 2003;
Dybbroe et al., 2005; Karlsson et al., 2013; Karlsson et al., 2017;
Karlsson and Devasthale, 2018). It has been rigorously studied and
evaluated globally, especially over the northern European domains,
which is highly relevant for the present study. The detailed documen-
tation on the cloud property and SIS retrieval algorithms, including their
evaluations and comparisons with other observations can be found in
Karlsson and Dybbroe (2010), Karlsson et al. (2017), Riiheld et al.
(2015), and Pfeifroth et al. (2018).
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The original footprint of the Global Area Coverage (GAC) data from
the AVHRR sensors is about 5 km. The cloud property retrievals are
performed at this original resolution and then gridded at 0.25 deg reg-
ular grid and the daily means are computed (referred to as Level 2 data).
This daily information is then used to compute the Level 3 monthly
means. Here, we used these Level 3 monthly mean products that are also
available at 0.25 by 0.25° regular grid from January 1982 to December
2018 covering the entire 37-year period. These products are suitable for
climate studies and investigating the climate variability and trends. The
CLARA-A2 dataset provides information on cloud amount and cloud
physical and microphysical properties such as cloud top temperature,
pressure, height, cloud liquid/ice water path, optical depth, and liquid
droplet/ice crystal effective radius. The dataset also provides the re-
trievals of SIS. Here, we have used cloud amount (also for low-, middle-
and high-level clouds), cloud liquid water path and SIS.

Following the Internal Satellite Cloud Climatology Project (ISCCP)
cloud typing conventions, we also investigated the trends in three main
cloud types, i.e., low, middle and high level clouds separately. Low
clouds represent clouds with cloud top pressures higher than 680 hPa
and typically contain stratus, stratocumulus and shallow cumulus
clouds. Middle levels clouds (CTP > 440 hPa) represent mainly altocu-
mulus and stratocumulus clouds over Scandinavia and high level clouds
(CTP < 440 hPa) represent mainly cirrus and cirrostratus clouds. It is to
be noted that, due to cloud type missclassifications depending on the
quality of reanalysis data that is used as one of the ancillary inputs in the
cloud property retrieval algorithm, some of low level clouds can end up
in the middle level category. However, the low- and middle-level clouds
when considered together should represent the vast majority of clouds
that are responsible for liquid precipitation.

We further use the data from the Global Precipitation Climatology
Center (GPCC) that provides quality-controlled reanalysis of precipita-
tion based on the global network of ground-based measurement stations
(Becker et al., 2013; Schneider et al., 2014). The data from the Scandi-
navian measurement stations operated by the respective national
weather services including SMHI are integrated into this reanalysis. We
specifically use the Full Data Monthly Product Version 2020 (obtained
from https://www.dwd.de/EN/ourservices/gpce/gpec.html) at the 0.25
by 0.25° grid for the 1982-2018 period, same as in the case of
CLARA-A2.

This GPCC dataset does not rely on satellite estimates and therefore
provides an objective, independent estimate of precipitation that is not
influenced by clouds as usually is the case for the satellite sensor derived
estimates of precipitation.

In addition, we use the ground-based measurements of SIS available
at the 17 surface stations. In Sweden, fully automated solar radiation
observations have been operated by SMHI since 1983. The first auto-
mated network ran more or less unchanged until 2007. A network up-
grade was carried out during 2006-2007 and the updated stations
became operational from 2008. In 2007 the old and new stations were
operated in parallel. The stations which have been used in this study are
both the twelve long-term stations which have been and still are in
operation since 1983 (Borldnge since 1987) as well as five newer sta-
tions with start dates 2007 or later. These are listed in Table 1 and their
locations are also shown in Fig. 6.

The Swedish measurements, both before and after 2008, are
described in more detail by Carlund (2011). In that report also results of
the comparison of the old and new measurements are presented. Over
the whole comparison period of about a year the ratio of accumulated
global irradiation from the old versus the new network was 0.997. The
value of 1.0 would indicate the newer and older networks ideally
measure exactly the same amount of radiation. Monthly global irradia-
tion values at individual stations differed normally 1% or less during the
summer half year. During November-January, the monthly values could
differ 5%, or even more, mostly with the old measurements being higher
than the new ones.

SMHI pyranometer calibrations are performed outdoors at the main
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Table 1
Locations of the SMHI SIS measurement stations used in this study. The spatial
locations of these stations are shown in Fig. 5.

ID Station Latitude Longitude Altitude Start year
°N °E m
1 Tarfala 67.911 18.607 1144 2007
2 Kiruna 67.842 20.410 424 1983
3 Luled 65.544 22.111 32 1983
4 Umed 63.811 20.240 23 1983
5 Storlien-VisjGvalen 63.302 12.124 646 2013
6 Ostersund 63.197 14.480 374 1983
7 Borlénge 60.488 15.430 164 1987
8 Svenska Hogarna 59.442 19.502 10 2007
9 Karlstad 59.359 13.472 46 1983
10 Stockholm 59.353 18.063 30 1983
11 Nordkoster 58.892 11.004 33 2010
12 Norrkoping 58.582 16.148 43 1983
13 Goteborg 57.688 11.980 30 1983
14 Visby 57.673 18.345 49 1983
15 Vixjo 56.927 14.731 182 1983
16 Hoburg 56.921 18.151 34 2013
17 Lund 55.714 13.212 20 1983

station in Norrkoping. The field instruments are compared to field
reference instruments, which are calibrated against SMHI’s secondary
standard pyrheliometers, which in turn are calibrated at the Interna-
tional Pyrheliometer Comparisons held every fifth year at the
Physikalisch-Meteorologisches Observatorium Davos/World Radiation
Center in Davos, Switzerland. In 2012, a reginal pyranometer compar-
ison was held in Norrkoping, showing that most participating in-
struments agreed within 1% for time integrated global radition over a
week (Carlund, 2013).

These surface measurements are used to evaluate the CLARA-A2
estimates of SIS over Sweden and also to perform a complementary
trend analysis.

We analyze climatological features and trends in these datasets for
each month separately. Since the focus is on agrometeorology, we
investigate all datasets for the summer half year from April to
September. In the case of cloudiness, precipitation and SIS datasets, at
each 0.25 x 0.25 deg grid, we used a simple linear regression to compute
the trends over the 37 monthly means (for each summer month). The
statistical significance is tested using the Mann-Kendall test (Mann,
1945; Kendall, 1975) and only those trends that are significant at 95%ile
are shown.

While doing comparisons with the SIS data at the Swedish mea-
surement stations, we chose the CLARA-A2 gridpoint that is geograph-
ically nearest to the station location. The mean bias, root mean squared
bias and Pearson’s correlation coefficient are calculated as follows.

‘ | o
MeaansfH Z:(CfS) (1)

(2)

Root Mean Square Bias =

27:1((: - Cm)(S B Sm)
VEL (€ G /S (s - 5,0
Where, n is the number of samples (37 in this case), C and S are the

CLARA-A2 and the measurement station incoming solar radiation data,
respectively, and Cm and Sm are the respective climatological means.

(3

4 . e
Pearson s correlation coefficient =

3. Results and discussions

The results are presented as follows. A climatological overview of
cloudiness, precipitation and SIS is first presented for each month from
April to September, followed by the discussion of trends therein. The
comparisons and evaluations of CLARA-A2 SIS with the surface
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measurements is presented in the next subsection and finally the regime
analysis providing the synthesis of trends in shown in the final
subsection.

3.1. Climatological overview and co-variability

All three climate variables investigated here, i.e. cloudiness, pre-
cipitation and SIS, have a discernible intraseasonal variability during the
summer half year over Scandinavia. This intraseasonality can be seen in
Fig. 1 that shows their climatological mean values for each month from
April to September, averaged over the entire 37-year study period (i.e.
1982-2018). While the cloudiness remains high between 80-95% over
the Norwegian Sea throughout summer, the Baltic Sea, on the other
hand, has a distinct intraseasonality, with lowest cloudiness observed in
May. The Scandinavian mountain range also shows high cloudiness
throughout summer, although the skies are slightly clearer during
August. The all-sky incoming surface radiation, modulated by clouds,
follows a noticeable intraseasonality, peaking during June over Scan-
dinavia as a whole. The uncertainties in the satellite sensor derived SIS
retrievals in the Scandinavian mountains are high when there is still
considerable snow blanketing these regions and therefore these regions
are masked out during April and May. The cloudiness in September is
higher than in April and the atmosphere is also more opaque due to
higher water vapor, therefore the SIS is lower over the northern
Scandinavia.

The strongest heterogeneity in the spatial distribution among all
variables is however observed for the precipitation. Note that the GPCC
reanalysis covers only the mainland regions and the neighboring islands
(which is relevant in the agrometeorological context here) and therefore
the data over the open seas are missing. The southwestern and western
coasts of Scandinavia experience high precipitation and the lowest
intraseasonality. These regions are strongly influenced by the dominant
southwesterly and westerly winds that bring warm and moist airmasses
from the Northeast Altantic and the continental Europe, precipitating
heavily along the Scandinavian coasts (Devasthale and Norin, 2014;
Norin et al., 2017). The central and southern Scandinavian inland areas
show a clear peak in precipitation in July, followed very closely in
August. The lowest precipitation is observed in April, especially in the
northern Lapland region.

We further investigated the co-variability among these three agro-
meteorological variables in detail using the detrended time-series of two
variables at a time at each grid point. The results are shown in Fig. 2.
These results show that cloudiness and surface radiation are, as ex-
pected, negatively correlated. However, there are spatial variations in
the correlation magnitudes. These variations are mainly driven by the
occurrence of different types of clouds over the study region and their
interaction with the radiation. For example, high thin clouds and lower
broken clouds, depending on their optical thickness, would still permit
some solar radiation to reach the surface leading to weaker correlations,
while the optically thicker clouds would block the radiation completely
leading to stronger negative correlations. Cloudiness and precipitation
are positively correlated. This is also expected since the presence of
clouds is necessary for precipitation. However, not all types of clouds
precipitate and the meteorological conditions are not favorable for
precipitation each time clouds are present. This introduces variability in
the magnitude of correlations between clouds and precipitation. The
correlations are weaker over northern parts since this disconnect be-
tween clouds and precipitation is larger over northern Sweden due to
very different meteorological conditions (temperature, humidity and
atmospheric dynamics) compared to southern Sweden. Cloud systems
are generally optically thicker during summer over the southern Sweden
due to the transport of heat and moisture from the southern latitudes.
The precipitation processes are more efficient and therefore a better
connection between clouds and precipitation is observed compared to
the northern regions. The correlation between precipitation and radia-
tion is more complex because it depends on the diurnal cycles of all three
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Fig. 1. Climatological distribution of total daytime cloud fraction (in %, left column), total precipitation (in mm, center) and SIS (in W/m?, right column) based on

37-year data (1982-2018).
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Fig. 2. Correlations between cloudiness (C), precipitation (P) and incoming solar radiation at the surface (R). All data from 1982 to 2018 and from April to

September are used for the analysis.

variables. It may precipitate during the darker hours of the day when the
incoming solar radiation is either absent or minimal. The stronger
negative correlations between precipitation and radiation along the
Scandinavian southern and westerns coasts are due to the presence of
large-scale frontal systems that bring precipitation and persistent
cloudiness as a result of warm and moist air mass transport from the
westerly or southwesterly regions.

It is evident from the climatological overview presented in Figs. 1

and 2 that these three variables have a strong spatio-temporal hetero-
geneity and that their co-variability is non-linear. This is important to
note not only in the agrometeorological context, but also to better
interpret their climate trends in relation to one another.

3.2. Trends in cloudiness, precipitation and SIS

Fig. 3 shows the decadal trends in cloudiness, precipitation and SIS.
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Fig. 3. Trends in total daytime cloud fraction (in %/decade, left), total precipitation (in mm/decade, center) and SIS (in W/m?/decade, right). Only the trends that

are statistically significant at 95% confidence are shown.

Cloudiness is decreased over the Scandinavian land areas in all summer
months, although the magnitude and regionality of cloudiness decrease
is very heterogenous. The trends in SIS broadly follow the opposite
patterns, as the all-sky solar radiation reaching the surface is strongly
regulated by clouds. In April, the southern parts of Scandinavia, espe-
cially the southern parts of Sweden, show a strong decreased cloudiness
with trends reaching to 4-6% decrease per decade. As a result of these
increased clear sky conditions, the SIS is increased at a rate of 5-7 W/
m2/decade over these regions in April. The cloudiness and SIS trends in
the northern Scandinavia are not statistically significant in April. The
cloudiness has also decreased over the nearby Baltic and North Sea
areas.

In May, a somewhat opposite regionality in trends is seen. For
example, the cloudiness shows no significant trends over Southern
Sweden, instead there is a weaker but statistically significant increasing
trend over the northern Lapland region, which co-varies with the SIS, in
that, there is a corresponding increasing trend in SIS. In June, only the
southeastern region of Sweden (parts of Skane, Sméaland and Blekinge)
show decreased cloudiness and a stronger increase in SIS. The north-
central parts of Sweden and Norway and the central western coast of
Norway show a pronounced decrease in cloudiness and increase in SIS
during July. In fact, the increasing trend in SIS in July is strongest along
central west Norwegian coast among all regions and months, with values
upwards of 10 W/m?/decade. While the majority of the Scandinavian
land regions show a decreasing trend in cloudiness in August, the cor-
responding increases in SIS are weaker. There are no statistically

significant trends in SIS over much of Scandinavia during August,
although there is an overall weak decrease in cloudiness.

We further examined which cloud types contributed to the observed
trends in total cloudiness and SIS. This is important to know since not all
cloud types regulate the SIS and precipitation equally. It is evident from
Fig. 4 that the overall decrease in total cloudiness was driven mainly by
the decreases in low and middle level clouds over much of Scandinavia
in the last four decades. The high level clouds in fact show the increasing
trends, especially during the late summer months. The spatial variability
in the trends of low, middle and high clouds is also interesting to note.
For example, most of the inland areas and the western coastal areas that
show strong decreasing trends in total cloudiness, also show strong
decreasing trends in the middle level clouds. This is mainly because,
these clouds are usually the result of either convective processes during
warm summer months in the inland areas or the vigorous frontal systems
that arrive and precipitate along the western coasts. Given that the
surface temperatures have increased over Scandinavia in the last four
decades in a warming world (Rutgersson et al., 2015; Krauskopf and
Huth, 2020; Gulev et al., 2021) and that the atmospheric circulation
regimes favor more transport of heat and moisture from the southerly
latitudes, it is remarkable to note that the this has not translated into
increases in low and middle level clouds. It is also worth pointing out the
cloudiness decrease seen in the CLARA-A2 climate data record is
consistent with all other space-based climate data records, suggesting
the robustness of the trends (Karlsson and Devasthale, 2018). The cor-
responding increase in SIS is also consistent with the previous studies
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High

Fig. 4. Trends in low, middle and high cloud fraction (in %/decade). Only the trends that are statistically significant at 95% confidence are shown.

that include only southern parts of the study area and also use different
datasets (Pfeifroth et al., 2018), further providing confidence in the
analysis presented here.

While cloudiness and SIS are tightly connected, the co-variability
between cloudiness and precipitation is highly non-linear, especially
over the high latitude countries such as Scandinavians. This is mainly
due to the fact that, unlike the tropical regions where radiative-
convective processes primarily govern cloud and precipitation vari-
ability, the dynamical and baroclinic processes play a more important
role in the high latitude regions. Non-precipitating boundary layer
clouds topped by a temperature inversion are also typical for these re-
gions. Furthermore, the presence of lee wave high cirrus clouds behind
eastwards of Scandinavian mountain range is also a common feature.
Therefore, a linear correspondence between clouds and precipitation is
not always observed, even in the summer months. This is evident in
Fig. 3 that shows that, unlike the homogeneous decreasing trends in
total cloudiness, the precipitation trends are heterogeneous in nature,
both spatially and temporally. For example, the precipitation has
increased along the entire Norwegian coast during June, in spite of no
statistical change in the total cloudiness. A similar feature can also be
observed over southern Sweden during August and the north central
parts during the September months. These regions do not show a sta-
tistically significant change in the total cloudiness during the respective
months. This disconnect between trends in cloudiness and precipitation
can be understood and explained by investigating the other cloud
physical properties, such as cloud liquid water path, which provides
important information on the water holding capacity of clouds. Most of

the clouds during summer contain liquid water. Therefore, we investi-
gated the corresponding trends in cloud liquid water path under the
cloudy conditions, as shown in Fig. 5. We can clearly see that over these
areas where such disconnect occurs, the cloud liquid water path has
increased and clouds are getting optically thicker. It is also interesting to
note that the cloud liquid water is increasing over the parts of southern
Sweden and Norway, where the precipitation is also increasing. The
same feature is also seen in September along the central western Nor-
wegian coast.

3.3. Perspectives from the surface measurements

As mentioned in Section 2, SMHI operates a network of surface ra-
diation measurement stations in Sweden (Fig. 6), many of them oper-
ating since many decades and all of them measuring SIS. The
perspectives from the station measurements are important for two rea-
sons. First, they provide an independent information and, second, they
can be used to evaluate the satellite based estimates. The SIS estimates
provided in the CLARA-A2 climate data record are therefore compared
with these measurements and the results are shown in Fig. 7. It is found
that at nearly all station locations, the correlations between the satellite-
based monthly estimates and the ground-based measurements exceed
0.95. In the case of Stations 1 and 5, located in the Scandinavian
mountains, the correlations are slightly lower, but nonetheless remain
higher than 0.8. The mean bias in CLARA-A2 records is below 5 W/m? at
the majority of the locations, while the root mean squared biases are
below 10 W/m? at those locations. It is to be noted that not all stations
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QH

Fig. 6. The locations of 17 surface stations maintained by SMHI, measuring the SIS. The numbers correspond to the Station IDs shown in Table 1. The background
shows the 37-year climatological cloud fraction.

have a multidecadal data record available. There are 12 stations that trends at these 12 locations. It is found that the CLARA-A2 SIS estimates
have at least 30 years of data available. These are the stations numbers are in excellent agreement with the surface measurements and the sign
2,3,4,6,7,8,10, 12,13, 16, and 17. Fig. 8 shows the comparison of and magnitude of the trends at all 12 locations agree very well. All 12
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Fig. 7. Comparison of CLARA-A2 SIS with the station measurements. (a) Correlation, (b) Mean bias in W/mz, (¢) Standard deviation of bias in W/m? and (d) Root
mean squared bias in W/m?® The X-Axis indicates the station numbers shown in Fig. 6. The data for the AMJJAS months are used to compute the statistics.
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Fig. 8. Comparison of SIS between CLARA-A2 and the surface measurements at the 12 chosen stations. The data for the AMJJAS months from 1983 to 2018 are used.

stations and CLARA-A2 show increasing trends in SIS. Given the fact that
we are comparing the point measurements at the stations with the
nearest 0.25° grid values from CLARA-A2, these comparison results are
highly encouraging and provide confidence in the CLARA-A2 SIS record.

3.4. A key map of agrometeorological trends

The trends in all three variables investigated here, i.e. clouds (C),
precipitation (P) and surface radiation (R), are useful climate indicators
for the agricultural and forestry applications. We therefore summarize
the co-variability of trends among these variables in a key map as shown
in Fig. 9. It highlights the categories that show a certain combination of
increasing (1) and decreasing (|) trends that might be relevant for a

particular application. Only those areas where the trends in all three
variables are statistically significant are shown. The first category is
named “Drier-Murkier-Darker” (PJCtR]), the second category “Drier-
Clearer-Brighter” (P|C|RT), the third category “Drier-Clearer-Darker”
(PJC|R]), the fourth category “Wetter-Clearer-Brighter” (PTC|R1), the
fifth category “Wetter-Murkier-Darker (P1CtR]) and the last one
“Wetter-Murkier-Brighter” (PTCTRT).

Such a key map that shows co-dependence among multiple variables
is very useful to highlight the geographical hot-spots susceptible to
climate change. We indeed see the dominance of three regimes emerging
from this key map. The first dominant regime contains the areas that
show decreasing trends in both clouds and precipitation and an
increasing trend in SIS (“Drier-Clearer-Brighter” (PJC|R1)). The second
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Fig. 9. A key map summarizing the co-
variability of tends among cloudiness (C),

precipitation (P) and SIS (R). Six different cat-
egories are shown with different combinations
of trends. The arrows indicate either increasing
(1) or decreasing (|) trend for each climate
variable. These categories are: “Drier-Murkier-
Darker” (PJCTR]), “Drier-Clearer-Brighter”
(P|IC|R?1), “Drier-Clearer-Darker” (PJC|R]),
“Wetter-Clearer-Brighter” (P1C|R1), “Wetter-
Murkier-Darker (P1CtR]) and “Wetter-
Murkier-Brighter” (P1C1R1). The co-variability
is shown only over those areas where statisti-
cally significant trends are observed.

PLCTRI

PLCLRT

PILCLIRI

PTCLRT

PTCTRI

PTCTRT

regime contains the areas that show decreasing cloudiness, but increases
in both precipitation and SIS (“Wetter-Clearer-Brighter” (PTCJRT)).
These are potentially the areas that are likely to benefit most under
changing climate in the agrometeorological context. The third regime
contain areas that show the increases in both cloudiness and precipita-
tion, but the decreases in SIS (“Wetter-Murkier-Darker” (PTCTR])). The
implications of these regimes are discussed in the next section.

3.5. Implications for land use and land cover

The geographical and monthly dependence of the three dominant
regimes described in the earlier section is interesting to note in the
context of current and future land use and land cover changes relevant to
agricultural and forestry practices. In Sweden, according to the most
recent estimates from 2018 provided by the EU Copernicus pan-
European Land Monitoring Service, 74.73% of land area is covered by
the forests, followed by 8.84% by the agricultural areas (https://land.
copernicus.eu/pan-european). Due to geographical and climatic condi-
tions, the agricultural areas are predominantly located in the southern
Sweden, while the forest cover is densest in the central and northern
parts of the country. The global greening trends (Zhu et al., 2016;
Dongdong et al., 2017), driven mainly by the CO, fertilization,
modernization and implementation of better irrigation techniques,
improved seed quality, increased agriculture and afforestation in certain
regions such as China and India, observed in the last few decades are
also to some extent observed over Scandinavia. This greening has
however not been homogeneous geographically and seasonally in

No_data

Scandinavia.

The observed trends in the agrometeorological variables investigated
in this study and the resulting interplay among them shown in Section
3.4 could play an important role in either amplifying or dampening the
greening trends locally (i.e. changes in the normalized difference
vegetation index). For example, in April, the Drier-Clearer-Brighter
(P|CJRT) and to some extent Wetter-Clearer-Brighter (PTC|R1) re-
gimes are emerging over the eastern and central parts and as well as in
some northern parts of Sweden. The agricultural land use could poten-
tially benefit from these regimes due to increasing radiation and less
cloudiness since the agricultural water requirement in this month is
minimum as the soil moisture is usually sufficient enough at the
beginning of the growing season in spring. Indeed, Dongdong et al.
(2017) report a significant greening over these regions in spring. Simi-
larly, in September, increasing trend in surface radiation in the
Drier-Clearer-Brighter (P|C|R1) regime over much of the southern,
central and eastern Sweden could extend the growing season and benefit
agriculture, assuming sufficient water availability in this month. A sig-
nificant greening in the last few decades is also reported in early autumn
over these regions.

In the core summer months of June, July and August, the interplay
among the agrometeorology and land use can be even more complex.
The intense agricultural activities in these months are highly susceptible
to the investigated agrometeorological variables. The Swedish agricul-
ture is about 90% rainfed (Grusson et al., 2021a) and thus heavily
dependent on the quantity and regularity of the rainfall during the peak
growing season. In June, surface temperatures are warmer and incoming
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solar radiation at the surface is intense. At the same time, the water
requirement for agriculture and forestry is higher. Given these back-
ground conditions, further decreasing precipitation and cloudiness
could potentially lead to droughts and have negative impacts on agri-
cultural yields. The fact that the Drier-Clearer-Brighter (P|C|R1) regime
is emerging in June over southern Sweden where agriculture is domi-
nant is therefore a cause for concern. The previous studies show that the
greening in these peak summer months has indeed been weaker and very
heterogenous in the central and southern parts of Sweden (Dongdong
et al., 2017). These results show a need for better irrigation services in
the future, something that is also argued for when analyzing the current
changes in and future climate projections of agricultural changes in
Sweden (Grusson et al., 2021b). The length of future agricultural
growing seasons is expected to increase in Sweden due to climate
change, beginning earlier than normal and also extending well into the
late autumn. The vegetation during the peak summer months is however
likely to become more negatively susceptible to the changes in agro-
meteorological variables and extreme events, if the irrigation and other
measures are not adapted to the emerging climate change regimes.
Further targeted studies are needed to understand precisely how Scan-
dinavian agriculture would be impacted by changes in agro-
meteorological variables in the future (Hoffmann et al, 2021; Grusson
et al., 2021b).

4, Conclusions

We investigated recent trends in three agrometeorological/biome-
teorological climate variables relevant for the agriculture and forestry
applications. These are namely, clouds, precipitation and all-sky solar
radiation reaching the surface. We used a combination of satellite-based
climate data records and ground-based reanalysis and measurements for
the 37-year period from 1982 to 2018 for the summer half years (April to
September). The results reveal a complex nature of co-variability and
trends among these three climate variables over Scandinavia. The
following conclusions are drawn from the analysis.

(a) The total cloudiness has decreased over much of Scandinavia. The
decrease is most pronounced and statistically significant over southern
Scandinavia in April, over the western coast in July and over much of
northern Scandinavia in August.

(b) These decreasing trends are mainly due to reductions in the low
and middle level clouds, while the high level clouds show statistically
significant increases during the late summer months.

(c) The trends in all-sky incoming surface radiation are opposite in
nature and broadly follow the spatio-temporal patterns of the trends in
total cloudiness.

(d) In contrast to the trends in cloudiness, the precipitation trends are
heterogeneous, both spatially and temporally. While most of the pre-
cipitation trends can be explained by the corresponding trends in
cloudiness, there is certain disconnect between the trends of these two
variables. This disconnect can be in part explained by the changes in the
opacity or water holding capacity of clouds.

(e) The satellite-based estimates of all-sky surface radiation agree
strongly with the surface measurements and show similar increasing
trends as well, confirming the validity and robustness of the satellite
based records of SIS.

(f) A key agrometeorological map summarizing the co-variability of
trends reveals three distinct area-regimes that are relevant for assessing
the changes in the agricultural and forestry practices.

The results further provide an observational basis for the evaluation
of Earth System Models that have a vegetation component. For example,
it could be examined if these models show similar trends among the
climate variables studied here and if their co-variability also reveals
similar area-regimes. This will help in the assessment of the projected
changes in the land use and land cover in future scenarios, especially
those relevant for agricultural and forestry applications.
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