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Abstract

Aerosol effects on low-level clouds over the nordic countries are investigated by com-
bining in situ ground-based aerosol measurements with remote sensing data of clouds
and precipitation. Ten years of number size distribution data from two aerosol measure-
ment stations (Vavihill, Sweden and Hyytiälä, Finland) provide aerosol number concen-5

trations in the atmospheric boundary layer. This is combined with cloud satellite data
from the Moderate Resolution Imaging Spectroradiometer and weather radar data from
the Baltic Sea Experiment. Also, how the meteorological conditions affect the clouds
are investigated using reanalysis data from the European Centre for Medium-Range
Forecasts.10

The cloud droplet effective radius is found to decrease when the aerosol number
concentration increases, while the cloud optical thickness does not vary with boundary
layer aerosol number concentrations. Furthermore, the aerosol cloud interaction pa-
rameter (ACI), a measure of how the effective radius is influenced by the number con-
centration of cloud active particles, is found to be somewhere between 0.10 and 0.1815

and the magnitude of the ACI is greatest when the number concentration of particles
with a diameter larger than 130 nm is used. Lower precipitation intensity in the weather
radar images is associated with higher aerosol number concentrations. In addition, at
Hyytiälä the particle number concentrations is generally higher for non-precipitating
cases than for precipitating cases. The apparent absence of the first indirect effect of20

aerosols on low-level clouds over land raises questions regarding the magnitude of the
indirect aerosol radiative forcing.

1 Introduction

Aerosol particles are required for clouds to form at atmospheric conditions. The aerosol
loading in the atmosphere has significantly increased since the beginning of the indus-25

trial revolution, which may have altered the microphysical properties of clouds (Boucher
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et al., 2013). For the same amount of liquid water, polluted clouds with more and
smaller droplets reflect more sunlight than non-polluted clouds with few large droplets
(Twomey, 1974). Smaller cloud droplets have also been hypothesized to lead to a re-
duction in drizzle from the clouds which could lead to a prolonged cloud lifetime (Al-
brecht, 1989). The anthropogenic impacts that the man-made aerosols have on clouds5

are named the first and second indirect aerosol effects.
The estimates of the indirect aerosol effects are associated with large uncertainties

(Lohmann et al., 2010). One reason for this is that different types of clouds are more
or less sensitive to changes in aerosol number concentrations and that the prevail-
ing cloud types vary across the globe. Low-level stratiform clouds generally have low10

droplet number concentrations and are hence sensitive to changes in aerosol number
concentrations. These clouds are very common over subtropical oceans but are also
present over land and other parts of the ocean.

The first indirect aerosol effect in stratiform clouds has been investigated using
a range of techniques such as in situ measurements with aircraft, remote sensing15

from the ground and space, model simulations and combinations of these. Many previ-
ous studies have found that increased aerosol index or aerosol number concentration
are associated with smaller cloud droplet sizes (Costantino and Breon, 2013; Twohy
et al., 2005; Menon et al., 2008). The results regarding the hypothesized increase
in cloud albedo or cloud optical thickness (COT) due to smaller and more numerous20

droplets, are however not as consistent. Some studies (Sporre et al., 2012; Chameides
et al., 2002; Guo et al., 2007) have indeed found that the COT increases in polluted
air masses while other studies find no correlation between COT and higher particle
concentrations (Twohy et al., 2005; Costantino and Breon, 2013). The reasons for the
diverging results are thought to be enhanced entrainment of dry air into the clouds due25

increased cloud droplet number concentrations (Ackerman et al., 2004; Wood, 2007)
or/and that air masses with higher aerosol loading often are associated with drier mete-
orological conditions (Brenguier et al., 2003). Both these effects lead to cloud thinning
due to reduced LWP (liquid water path) and/or the vertical extent of the clouds.
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The second indirect aerosol effect (cloud lifetime effect) has also been investigated
by various methods with varying results. Several studies using different methods have
found that precipitation or precipitation rates decrease in low-level clouds formed in
environments with high aerosol number concentrations (Ferek et al., 2000; Lu et al.,
2009; Cheng et al., 2007). Whether a suppression of precipitation causes an increased5

cloud lifetime has however been very complicated to determine (Stevens and Feingold,
2009).

Sporre et al. (2014) combined ground-based measurements of aerosol number con-
centrations with satellite clouds retrievals and weather radar precipitation data to in-
vestigate convective clouds over Sweden and Finland. This study utilizes the same10

datasets although the focus here is on low-level clouds. Ten years of aerosol number
concentration measurements from the two ground-based aerosol monitoring stations
Vavihill (Sweden) and Hyytiälä (Finland) have been combined with satellite data from
the MODIS instrument onboard the Terra and Aqua satellites to find whether or not
aerosol number concentrations affects cloud properties such as effective radius (re)15

and COT. Weather radar data from the BALTEX project is used as well to determine if
the aerosol number concentrations affect drizzle formation. Furthermore, how the me-
teorological conditions affect the low-level clouds and the indirect aerosol effects is in-
vestigated by utilizing reanalysis data from the ECMWF (European Centre for Medium-
Range Weather Forecasts). Table 1 summarizes the datasets and display where they20

can be accessed (all datasets are free to use for research purposes). Marine low-level
clouds have been the subject of many previous investigations but this study instead
focuses on continental low-level clouds that are more frequently influenced by anthro-
pogenic aerosols.
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2 Method

2.1 Aerosol measurement stations

Data from ground-based aerosol measurement stations at Vavihill and Hyytiälä
(Fig. 1) have been used in this investigation. Both stations are part of ACTRIS
(Aerosols, Clouds, and Trace gases Research InfraStructure Network) network. The5

stations have similar seasonally averaged aerosol number size distributions but Vavi-
hill is more influenced by continental aerosols than Hyytiälä. Hyytiälä on the other hand
have a greater seasonal variation in number concentrations than Vavihill (Asmi et al.,
2011).

The Vavihill station (Kristensson et al., 2008) is located in southern Sweden10

(56◦01′ N, 13◦09′ E, 172 m a.s.l.). Aerosol number size distributions between 3 and
900 nm have been measured by a Differental Mobility Particle Sizer (DMPS) since
2001. In this study, data from a cloud condensation nuclei (CCN) counter (Fors et al.,
2011) that was placed at the station in 2008 and 2009 have also been used. Vavihill is
a background station without any large pollution sources nearby.15

The other station SMEARII (61◦51′ N, 24◦17′ E, 181 m a.s.l.) in Hyytiälä in southern
Finland (Hari and Kulmala, 2005) is also a background station. Number size distribu-
tion measurements have been ongoing since 1996 (Aalto et al., 2001), starting at size
ranges 3–500 nm which was extended up to 1000 nm in December 2004. Only data
from February 2000 and onwards were used here, since for this period the in situ mea-20

surements coincide with the satellite observations. Data from a CCN counter that was
operated in Hyytiälä during parts of the year 2008 and 2009 (Sihto et al., 2011) have
also been analysed. Since the CCN counter data are not available during the entire in-
vestigation period, the aerosol number concentration of particle with sizes greater than
130 nm (N130) will be used as a proxy for the CCN.25

The particle number concentrations measured at both stations were averaged over
5 h (2.5 h before and after the satellite overpass) to obtain values representative for
the entire area captured by the satellite sensor. Days with a high variation in aerosol
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particle number concentrations during these 5 h were removed from the study to ensure
that the clouds investigated were formed under similar conditions.

2.2 Satellite data

The satellite data used in this investigation have been obtained by the MODIS sensors
onboard the polar orbiting Terra and Aqua satellites. The instruments provide satellite5

scenes over Sweden and Finland sometime between morning and early afternoon, lo-
cal time. The scenes were manually screened for low-level clouds over the aerosol sta-
tions by studying true colour visible, COT and cloud top temperature satellite scenes,
and one image per day was selected. The true colour visible and the COT images were
first investigated to ensure that the cloud cover was extensive and that the clouds were10

not convective while top temperature was investigated to ensure that the clouds were
low-level clouds. Images when the stations were situated as close to the middle of the
satellite scene as possible were chosen to minimize the distortion that occurs at the
edge of the swath. In each scene, a smaller area of pixels (90 km by 62 km) surround-
ing each station is included in the study (Fig. 1). The investigation areas mainly contain15

forests which provide a dark homogeneous background to the clouds.
MODIS Level 2 (Collection 5.1) cloud parameters (Platnick et al., 2003) have been

analysed in this study. The cloud products include an re at 2.1 µm and COT that are de-
rived from reflectance measurements at two MODIS wavelength channels and a LWP
that is calculated from these (King et al., 2006). The re derived from another wavelength20

channel (3.7 µm) rather than the standard at 2.1 µm is used in this study, because the
re at 2.1 µm is sometimes overestimated due to reflectance variability on a sub-pixel
scale (Zhang et al., 2012). Other cloud parameters used are: Cloud Top Temperature
(CTT), Cloud Phase Optical Properties, Cirrus Reflectance and Multilayer Cloud Warn-
ing. The three latter are used to sort out pixels that do not contain low-level clouds.25

Pixels that are classified as containing ice are excluded from the study and pixels with
multilayer cloud warnings are also omitted. Furthermore, the cloud top temperature
is used to screen out clouds with too cold CTT to ensure that only low-level clouds
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are studied. The derivation of the temperature limit from ECMWF data is described in
Sect. 2.4. Cloud retrievals become uncertain for pixels with a COT< 5 (Zhang et al.,
2012) and therefore, pixels with such values are not included in the study. Pixels where
re at 3.7 µm is more than 10 µm greater than the re at 2.1 µm were also removed since
this indicates an overestimation of the re at 2.1 µm and uncertainties in the re retrievals.5

At least 50 satellite pixels must pass the above criteria for the scene to be included in
the study.

2.3 Precipitation data

The BALTEX (the Baltic Sea Experiment) project is a regional hydroclimate project that
focuses on the Baltic Sea and the surrounding drainage basin. The project provides10

composite radar images from 30 C-band weather radars covering the entire Baltic re-
gion, which includes both Vavihill and Hyytiälä. The images are produced every 15 min
and have a 2 km horizontal resolution (Michelson, 2006; Michelson and Sunhede,
2004). Because the radar images are generated with such high temporal frequency,
the time difference between the satellite overpass and the corresponding radar image15

is only 5 min.
The areas surrounding the stations seen in Fig. 1 are also analysed in the radar

images. The pixels in the satellite and radar images cannot be matched to each other
due to the different resolution and positioning systems of the images. However, since
not all pixels in the satellite images are included in the study (Sect. 2.2) precipitation20

that do not originate from the low-level clouds is included in the study if one includes
all radar pixels. Therefore, the distance between each radar pixel and the satellite pixel
was calculated and only radar pixels within 3.5 km distance from a low-level cloud pixel
are included in the study.

To obtain one precipitation value for each composite radar image the average of25

only those pixels with a reflectance value greater than −30 dBZ (no precipitation) were
calculated. For images with 4 pixels or less containing values greater than −30, the
precipitation values is set to −30 dBZ.
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2.4 Meteorological data

Reanalysis data from the ECMWF have been used to estimate the meteorological con-
ditions that the clouds form in. The relative humidity (RH) and specific humidity (SH)
at 1000 hPa were used to estimate the humidity conditions in the lower atmosphere.
Furthermore, the low-tropospheric static stability (LTSS), defined as the difference in5

potential temperature at 700 hPa and the surface (Klein and Hartmann, 1993), was
calculated from the ECMWF data.

Reanalysis data was also used to calculate the lower temperature limit for the low-
level clouds. The maximum cloud top height was set to 1500 m to limit the study to
clouds affected by boundary layer aerosol particles since ground-based measurements10

of aerosol number concentrations are used. The ECMWF model level closest to 1500 m
was found using the hydrostatic equation to calculate the height of the levels. To ac-
count for inversions, the coldest temperature of all pressure levels up to the one at
1500 was used as the limit to sort out low-level clouds in the satellite data.

2.5 Trajectory analysis15

To estimate the origins of the air masses arriving at the two ground-based stations,
back-trajectories were calculated with the Hysplit4 model trajectory (Draxler and Hess,
1997). The meteorological data used in the calculations are from the GDAS (Global
Data Assimilation System) and provided by the NCEP (National Centre of Environmen-
tal Predictions). Back trajectories (72 h) starting at 100 m a.g.l. were calculated hourly20

and an average air mass origin was calculated for the 5 h of aerosol measurements
by calculating a centre of gravity of the 5 trajectories. The azimuth angle between the
station and the centre of gravity was then calculated.
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2.6 Aerosol Cloud Interaction

A way to compare results from different types of studies concerning the first indirect
aerosol effects was proposed by McComiskey and Feingold (2008). The concept has
been named the aerosol cloud interaction (ACI) and is defined as:

ACI =
∂ lnCOT
∂ lnα

∣∣∣∣
LWP

= −
∂ lnre

∂ lnα

∣∣∣∣
LWP

=
1
3

dlnNd

dlnα
(1)5

where α is a proxy for the number of cloud condensation nuclei, re is the cloud effective
radius and Nd is the cloud droplet number concentration. The first two parts of Eq. (1)
requires that the data is divided according to LWP to ensure equality between the
different parts of the equation. In this study only the ACI is calculated from the re10

i.e. the second part of Eq. (1). The ACI has been used frequently in previous studies
and aircraft in situ measurements generally obtain higher values than remote sensing
studies (McComiskey and Feingold, 2008).

3 Results and discussion

The number of cases included in the study are 116 for Vavihill and 252 for Hyytiälä.15

In Table 2, the amount of days in each step of the analysis is shown. There are more
days with DMPS data available for Hyytiälä than Vavihill, but since Hyytiälä is located
further north with less daylight in winter there are less satellite data available for this
station. Low-level clouds seem to be more common over Hyytiälä than Vavihill since
a larger percentage of the scenes investigated over Hyytiälä contain low-level clouds.20

Most cases that were excluded in the automatic screening, although classified as low-
level clouds in the manual screening, were omitted because the CTT was too cold.

The re, COT and LWP values from each satellite scene are generally lognormal dis-
tributed and the geometrical average of each scene of these parameters have therefore
been calculated. N130 was the aerosol number concentration subset that correlated25
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best with the re in this study and was therefore chosen as a proxy for CCN. When
convective clouds were studied over the same region (Sporre et al., 2014) N80 (aerosol
number concentration of particle with sizes greater than 80 nm) was found instead to
best correlate with the re. This finding is expected since low-level clouds have a lower
supersaturation than convective clouds. Table 3 shows the average ratios between N1305

and the number concentrations measured by the CCN counter at different supersatu-
rations. At 0.1 % supersaturation the ratios are greater than one implying that N130 is
higher than the number of aerosol particles that are activated by the CCN counter. At
0.2 % supersaturation the ratio is lower than one and hence N130 correspond to a su-
persaturation somewhere between 0.1 and 0.2 %, which is reasonable for low-level10

clouds.
The seasonal variation in N130, CTT, RH at 1000 hPa and the LTSS for the days in-

cluded in the study are shown in Fig. 2. There are generally more days with low-level
cloud cover in winter than in summer at both stations. Janssen et al. (2011) studied sea-
sonal variations of low-level clouds over Hyytiälä using satellite data from 9 out of the15

10 years used in this study. The focus in that study was however on cloud droplet num-
ber concentrations derived from re and COT and the areas investigated in the satellite
scenes differ somewhat between that and the current study. Janssen et al. (2011) found
no seasonal variation in the occurrence of low-level clouds, which does not agree with
the results in this study. Since no manual screening of the satellite scenes and higher20

maximum cloud tops (2500 km) were used in their study, shallow convective clouds
present in summer may have been included in their study. This may be the cause for
the differences found regarding seasonal variation in the occurrence of low-level clouds
between the two studies.

The meteorological parameters in Fig. 2d, f and h, with the exception for LTSS at25

Vavihill (Fig. 2h), vary considerably with season. None of the meteorological variables
on the other hand show a strong variation with air mass origin (Fig. 2c, e and g).
Furthermore, Fig. 2b shows that N130 at both stations does not vary with season in this
dataset, while a previous study utilising 2 years of DMPS data from both stations found
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a seasonal variation in N100 (amount of particles above 100 nm) at both stations (Asmi
et al., 2011). Also, N130 is higher at both stations when the air masses arrive from south
to southeast (Fig. 2a), where various sources of anthropogenic aerosols are located.

3.1 Effective radius

In Table 4 (Vavihill) and Table 5 (Hyytiälä) correlation coefficients between several of5

the variables investigated in the study are presented. The upper right-hand of the ta-
bles contain the linear correlation coefficients while the lower left-hand contain the
correlation coefficients between the natural logarithm of the parameters. The logarithm
has not been applied to the parameters that contain mainly negative values (CTT and
dbzc). The re (at 3.7 µm) is best correlated with LWP and second best with N130 at both10

stations. The high correlation coefficients with LWP are expected since LWP is calcu-
lated from the re at 2.1 µm (Sect. 2.2) which have similar values to the re at 3.7 µm. The
correlation coefficients between the logarithms of the N130 and re are higher than the
linear correlation coefficients, implying that the relationship between the two parame-
ters is best described by an exponential function. This type of relationship has been15

widely used in previous studies (Twohy et al., 2005; McComiskey and Feingold, 2008).
Furthermore, the re is positively correlated with the RH at 1000 hPa, which indicates
that the cloud droplet size is affected by the RH in the boundary layer.

Figure 3a shows the relationship between the logarithms of re and N100 obtained in
this study, as well as relationships from 2 previous studies of low-level clouds over the20

ocean. The N100 instead of N130 are used in this figure since this is the CCN proxy
used in the previous studies. Figure 3a shows that the relationships from Vavihill and
Hyytiälä are similar with a slightly steeper slope for Hyytiälä. The r2 values obtained in
the present study are low due to the large scatter in the data. This is however expected,
since clouds formed in various conditions during different seasons are studied. The re-25

lationship found by Sporre et al. (2012) was obtained using satellite cloud observations
over sub-polar oceans combined with ground-based in situ measurements of aerosol
number concentrations. Figure 3a shows that the re in their study is generally higher
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than in the current study, which may be caused by differences in dynamical and/or ther-
modynamical conditions in the investigation areas. The re values obtained from aircraft
measurements by Twohy et al. (2005) shown in Fig. 3a, are similar to the current satel-
lite values for low N100 values, but the slope of the relationship is substantially steeper
than the ones obtained here. The measurements by Twohy et al. (2005) were however5

performed in a relatively clean marine atmosphere.
The variation in re with season and air mass origin are shown in Fig. 4a and b. The

re does not vary much with season, but a small number of relatively high values are
present in winter at both stations and also in autumn at Hyytiälä. These high values
may have been caused by a combination of high RH and low N130 values. Janssen10

et al. (2011) found that the re over Hyytiälä have a minimum in spring but no minimum
in re in spring over Hyytiälä has however been found in the present study (Fig. 4b). The
re at Vavihill and Hyytiälä vary with air mass origin and is generally lower when the air
masses are arriving from the south (Fig. 4a), which is the sector where the N130 is high
(Fig. 2a).15

Several previous studies of aerosol indirect effects have divided their cloud data
according to the presence of drizzle or only studied clouds that are non-drizzling. When
the present data were divided according to precipitation (precipitating cases defined as
cases with more than 4 pixels with dbcz greater than −30 dbZ), no significant difference
in the results are nonetheless found compared to when the whole dataset is used.20

The satellite retrieved re is generally lower when the aerosol loading measured at
the ground is high. These results were not affected by whether or not the clouds were
precipitating.

3.2 Cloud Optical Thickness

Very low, non-statistically significant correlations between COT and N130 have been25

found in this study (Tables 4 and 5). In addition, Fig. 3b shows that COT is more or less
independent of N130. The decrease in droplet size associated with an increase in N130
found here hence does not result in an increase in the COT and the COT is positively
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correlated with re at both stations (Tables 4 and 5). The LWP is also well correlated with
COT since the LWP is calculated from the COT (Sect. 2.2). The only other parameter
that is significantly correlated with COT at both stations is the RH (at 1000 hPa). Drier
conditions in the boundary layer hence seem to be associated with lower COT but
since RH and N130 are not significantly negatively correlated (see Fig. 5 and Tables 45

and 5), the RH cannot explain the lack of correlation between COT and N130. If RH
at higher altitude in the atmosphere (850 or 700 hPa) is used instead, the significant
correlation coefficients with COT decreased at both stations (not shown). The RH of
the air entrained into the clouds from above does therefore not seem to be controlling
the COT. The correlations between N130 and COT do not change significantly when10

scenes containing drizzle are excluded or when only scenes containing drizzle are
investigated.

Twohy et al. (2005) and Costantino and Breon (2013) also found that the COT is
unaffected by aerosol number concentrations and aerosol index, respectively. More-
over, these studies found that the missing first indirect effect could be explained by15

decreased LWP in polluted conditions. The clouds observed in the former study were
geometrically thinner while in the latter study, it is hypothesized that the LWP de-
creases due to enhanced entrainment caused by aerosols. Small cloud droplets and
suppressed precipitation associated with higher CCN concentrations has also in cloud
simulations been shown to enhance entrainment into the clouds, leading to a reduction20

in the LWP (Ackerman et al., 2004). Higher aerosol number concentrations are in the
present study associated with both smaller droplets and decreased precipitation rates
(Sect. 3.4). There is however, only a weak negative correlation between N130 and LWP
obtained here for both stations. Even so, the weak correlation may partly explain why
no change in COT with N130 is found in this study.25

Figure 4c–f shows that neither COT nor LWP vary considerably with season or air
mass origin. A minimum in COT has previously been found in spring (Janssen et al.,
2011), but no seasonal minimum was found in the current dataset.
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In summary, no change in COT with N130 has been found in the present study even
though the re decreases during polluted conditions and the COT and re have signifi-
cant positive correlations at both stations. The COT is significantly correlated with the
boundary layer RH but neither this nor a decrease in LWP with aerosol loading can
fully explain the lack of correlation between COT and N130.5

3.3 ACI

The ACI can be calculated from both the re and the COT but this requires that the
data is divided according to LWP (Eq. 1). The LWP is directly calculated from the re at
2.1 µm and the COT (Sect. 2.2) and hence not independent of these parameters. The
ACI has therefore only been calculated for the re at 3.7 µm in this study.10

Figure 6a–c show how the ACI varies when calculated with different proxies for α
(Eq. 1) which in this study is the aerosol number concentration above the diameter Dp.
Included in the figure is also ACI re data from the study by Lihavainen et al. (2010) in
which ground-based measurements of aerosols was compared with satellite data over
northern Finland. The data from the current study have been divided into 4 subintervals15

of LWP, while the data from Lihavainen et al. (2010) includes all values of LWP. The cor-
responding r2 values are shown in Fig. 6d–f and the solid markers in the figure denote
statistically significant correlations at a 95 % confidence interval. Since there are rela-
tively few cases included from Vavihill not many of the corresponding ACI values are
associated with significant correlations. Figure 6a–c shows that a peak in ACI around20

a Dp of 130 nm occur for most LWP intervals which coincides well with the results from
Lihavainen et al. (2010) (Fig. 6a–c). This means that re in this study is most sensitive to
the number concentration of particles with a diameter above the diameter 130 nm. For
most intervals, the ACI and r2 values decline as the lower cut-off diameter for the num-
ber concentrations Dp decreases below 100 nm or increases above 300 nm. The two25

LWP intervals with the highest values display a second peak at a Dp of around 25 nm.
However, these results should be interpreted with caution, since these LWP intervals
contain fewer data points than the intervals with lower LWP values.
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That the ACI increases significantly with LWP can be seen in Fig. 6, but also in Fig. 7
where the relationship between ACI and LWP is shown. The CCN proxy α is set to N130
here and at least 10 cases are required in each LWP bin for the ACI to be calculated.
The same α was used by Lihavainen et al. (2010). Again, most ACI values from Vavihill
lack significant correlations due to the low number of cases included. For the Hyytiälä5

and combined datasets ACI varies from 0.05 for low LWP to 0.25 for high LWP. For the
Lihavainen et al. (2010) data no clear dependence of ACI on LWP can be found but
their ACI values also have peak at high LWP values. For both studies, the high values
of ACI at high LWP may be explained by low number of data points in these LWP bins.
If the highest LWP point is removed from the graph the ACI cannot be said to increase10

with LWP for the Hyytiälä or the combined data in the present study. The ACI have
previously been found to decrease with LWP in marine stratus clouds (McComiskey
et al., 2009), which does not agree with the results here.

The highest ACI values in this study are found when N130 is used as an aerosol
proxy and the values are for most LWP bins in the range of 0.10–0.18. The ACI results15

are similar to those obtained at another Nordic background station (Lihavainen et al.,
2010).

3.4 Precipitation

In Tables 4 and 5, correlation coefficients obtained between the precipitation parameter
and the aerosol, cloud and meteorological parameters investigated in the present study20

are shown. At Hyytiälä, the dbcz is significantly correlated to several parameters while
at Vavihill no significant correlations occur. If only the precipitating cases are included
however, there is a positive significant correlation between re and the dbcz at both
stations (not shown). In Fig. 4g and h it can be seen that the dbcz does vary neither
with season nor with air mass direction.25

Relationships between dbcz and N130 (linear and logarithm of) for only the precip-
itating cases for the two stations separated and combined are shown in Fig. 8. The
corresponding slopes, correlation coefficients and p values are shown in Table 6. Both
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subfigures display negative correlations between N130 and dbcz, however, statistical
significance is only obtained for Hyytiälä and the two stations combined.

To determine if the high aerosol number concentrations is suppressing precipita-
tion in the low-level clouds histograms of N130 have been created separately for the
precipitating cases and the non-precipitating cases (Fig. 9). For Vavihill (Fig. 9a), the5

distributions are not significantly different from each other and it even appears that
cases with no precipitation have lower N130. However, for Hyytiälä (Fig. 9b) the cases
with no precipitation have on average higher N130 and the distributions are significantly
different from each other with a 95 % confidence interval according to a t test. Since
the number of cases at Hyytiälä is greater, the results from this station are thought to10

be more reliable.
Even though only radar composite pixels adjacent to satellite low-level cloud pix-

els were included in the study, some precipitating pixels not belonging to the low-level
clouds may have been included. Hence, some of the cases determined to be precipitat-
ing may not contain any precipitating low-level clouds which would affect the results in15

Fig. 9. That precipitation pixels not belonging to the low-level clouds may be included in
the study also introduces uncertainties to the results in Fig. 8. Even so, the large scat-
ter seen in Fig. 8 is expected since clouds formed in different meteorological conditions
have been investigated here.

The precipitation results at Hyytiälä indicate that drizzle may be suppressed in condi-20

tions with higher aerosol number concentrations. In addition, the results for Hyytiälä as
well as for the stations combined show that the radar reflectivity of precipitating clouds
is somewhat lower when the N130 is higher.

4 Conclusions

Ten years of ground-based aerosol measurements have been combined with satel-25

lite cloud retrievals and weather radar precipitation data to provide insights on how
aerosols affect continental low-level clouds over the Nordic countries. Increasing
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aerosol number concentration is associated with decreasing re, but surprisingly, the
COT appears to be unaffected by aerosol number concentration. The ACI values (cal-
culated from re) in this study are in the range of 0.10–0.18 for most LWP bins and high-
est ACI values are obtained when the total number of particles with a diameter greater
than 130 nm is used as the aerosol proxy. The precipitation rates are found to decrease5

for higher aerosol number concentration when both datasets are combined. In addition,
days with precipitation at Hyytiälä are generally associated with lower aerosol number
concentrations than those without precipitation. The first indirect aerosol effect can
hence not be verified in the present study, but the second indirect effect is noticeable.
Similar results were found for convective clouds that were investigated over the same10

areas in Sweden and Finland (Sporre et al., 2014).
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Table 1. Summary of the datasets used in this study.

Site and data source Main parameters Database

Vavihill Aerosol number size distributions,
cloud condensation nuclei

EBAS

Hyytiälä Aerosol number size distributions,
cloud condensation nuclei

EBAS

MODIS Effective radius, cloud
optical thickness

MODIS/ladsweb
http://ladsweb.nascom.nasa.
gov/index.html

ECMWF Potential temperature,
relative humidity,
specific humidity

http://www.ecmwf.int/en/
forecasts/datasets
requires login

BALTEX Radar reflectivity composites http://produkter.smhi.se/brdc/
requires login
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Table 2. The number of days included in each step of the data analysis for the two stations.
The first column show the number of days with DMPS data, the second column the number of
days with DMPS data and simultaneous MODIS satellite scenes, the third column the number
of days with low-level clouds manually detected in the satellite scenes and the fourth column
the number of days included in the study.

DMPS DMPS+MODIS Low-level Included Days

Vavihill 2180 2129 265 116
Hyytiälä 3588 2863 422 252
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Table 3. Ratios between cloud condensation nuclei measured by CCN counter at different
supersaturation and N130 measured by DMPS.

Supersaturation 0.1 % 0.2 % 0.4 % 0.7 % 1 %

Vavihill 1.22 0.75 0.54 0.41 0.36
Hyytiälä 1.26 0.74 0.59 0.51 0.4
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Table 4. Linear correlation coefficients for the dataset from Vavihill (top right) and logarithmic
correlation coefficients (bottom left). The logarithm has not been applied to the CTT and dbcz
parameters since these contain mainly negative values. The stars indicate at what confidence
level (∗ = 95 %, ∗∗ = 99 %, ∗∗∗ = 99.9 %) the correlation coefficients are significant. N130 (cm−3)
is the number of particles with a diameter above 130 nm, CTT (◦C) is the cloud top temper-
ature, RH (%) is the relative humidity, SH (g kg−1) is the specific humidity, LTSS (◦C) is the
low-tropospheric static stability, dbzc (dBZ) is mean radar reflectivity factor, re (µm) is the effec-
tive radius, COT is the cloud optical thickness, LWP (g m−2) is the liquid water path.

N130 CTT RH SH LTSS dbcz re COT LWP

N130 N130 0.19∗ −0.02 0.20∗ 0.09 0.01 −0.34∗∗∗ 0.05 −0.10
CTT 0.21∗ CTT −0.41∗∗∗ 0.92∗∗∗ 0.07 0.03 −0.03 −0.10 −0.06
RH −0.03 −0.40∗∗∗ RH −0.35∗∗∗ 0.41∗∗∗ −0.09 0.25∗∗ 0.18 0.23∗

SH 0.20∗ 0.91∗∗∗ −0.28∗∗ SH −0.13 0.07 0.07 0.06 0.12
LTSS 0.13 0.12 0.40∗∗∗ −0.07 LTSS −0.09 −0.07 −0.11 −0.12
dbcz −0.04 0.03 −0.07 0.10 −0.07 dbcz 0.18 0.11 0.17
re −0.43∗∗∗ −0.01 0.23∗ 0.17 −0.07 0.16 re 0.29∗∗ 0.64∗∗∗

COT 0.04 −0.16 0.22∗ 0.07 −0.13 0.14 0.34∗∗∗ COT 0.87∗∗∗

LWP −0.10 −0.13 0.23∗ 0.12 −0.14 0.18 0.62∗∗∗ 0.93∗∗∗ LWP
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Table 5. Linear correlation coefficients for the dataset from Hyytiälä (top right) and logarith-
mic correlation coefficients (bottom left). The logarithm has not been applied to the CTT and
dbcz parameters since these contain mainly negative values. The stars indicate at what con-
fidence level (∗ = 95 %, ∗∗ = 99 %, ∗∗∗ = 99.9 %) the correlation coefficients are significant. The
parameters are the same as in Table 4.

N130 CTT RH SH LTSS dbcz pr re COT LWP

N130 N130 0.30∗∗∗ −0.11 0.29∗∗∗ 0.08 −0.18∗∗ −0.44∗∗∗ 0.01 −0.13∗

CTT 0.46∗∗∗ CTT −0.05 0.92∗∗∗ 0.07 −0.28∗∗∗ −0.08 0.02 −0.01
RH −0.11 −0.05 RH 0.06 0.47∗∗∗ −0.09 0.18∗∗ 0.25∗∗∗ 0.26∗∗∗

SH 0.23∗∗∗ 0.92∗∗∗ 0.14∗ SH −0.05 −0.17∗∗ −0.01 0.13∗ 0.12
LTSS 0.13∗ 0.11 0.55∗∗∗ 0.06 LTSS −0.17∗ −0.02 0.09 0.06
dbcz pr −0.18∗∗ −0.28∗∗∗ −0.09 −0.18∗∗ −0.17∗∗ dbcz pr 0.29∗∗∗ 0.08 0.19∗∗

re −0.57∗∗∗ −0.07 0.20∗∗ 0.09 −0.03 0.28∗∗∗ re 0.24∗∗∗ 0.58∗∗∗

COT 0.05 −0.03 0.31∗∗∗ 0.14∗ 0.10 0.12 0.32∗∗∗ COT 0.90∗∗∗

LWP −0.17∗∗ −0.08 0.31∗∗∗ 0.12 0.04 0.24∗∗∗ 0.65∗∗∗ 0.90∗∗∗ LWP
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Table 6. Slopes and corresponding 95 % confidence interval, correlation coefficients and p val-
ues of the relationships shown in Fig. 8.

Linear Log(N130)
Slope r p Slope r p

Vavhill −2.3±3.7 −0.14 0.21 −1.4±1.8 −0.16 0.14
Hyytiälä −4.9±3.1 −0.28 0.00 −1.2±0.9 −0.24 0.01
Both −3.3±2.1 −0.21 0.00 −1.2±0.7 −0.22 0.00
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Figure 1. Map showing the locations of the ground-based in situ measurement stations and
the surrounding areas used for the satellite retrieved cloud products.
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Figure 2. Number concentration of aerosol particles with a diameter larger than 130 nm (N130),
cloud top temperature (CTT), relative humidity at 1000 hPa (RH) and low-tropospheric static
stability (LTSS) plotted against air mass origin (a, c, e,) and (g) and day of the year (b, d, f,)
and (h) for Vavihill (blue dots) and Hyytiälä (green dots). The lines in the figures are mean
values over 22.5 ◦ (a, c, e,) and (g) and over 30 days (b, d, f,) and (h).
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Figure 3. Relationship between (a) re and N100 and (b) COT and N130 for Vavihill (blue line and
dots) and Hyytiälä (green line and dots). Included in Fig. 3a is also relationships obtained by
Sporre et al. (2012) and Twohy et al. (2005).

12960

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/12931/2014/acpd-14-12931-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/12931/2014/acpd-14-12931-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 12931–12966, 2014

Aerosol indirect
effects on continental
low-level clouds over
Sweden and Finland

M. K. Sporre et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

0

20

40

CO
T 

()

0

100

200

300

LW
P 

(g
m

−2
)

N E S W N
−35

−20

−5

10

db
cz

 (d
BZ

)

Air mass origin
Apr Jul Oct Jan

Day of the year

5

10

15

20

r e (
µm

)

 

 
Vavihill
Hyytilä

a) b)

c) d)

e) f )

g) h)

Figure 4. Effective radius (re), cloud optical thickness (COT), liquid water path (LWP) and radar
reflectance (dbcz) plotted against air mass origin (a, c, e,) and (g) and day of the year (b, d,
f,) and (h) for Vavihill (blue dots) and Hyytiälä (green dots). The lines in the figures are mean
values over 22.5 ◦ (a, c, e,) and (g) and over 30 days (b, d, f,) and (h).
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Figure 5. Relationship between relative humidity (RH) and aerosol number concentrations
above 130 nm (N130).

12962

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/12931/2014/acpd-14-12931-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/12931/2014/acpd-14-12931-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 12931–12966, 2014

Aerosol indirect
effects on continental
low-level clouds over
Sweden and Finland

M. K. Sporre et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

−0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

Vavihill

A
CI

10
1

10
2

10
3

0

0.2

0.4

0.6

0.8

D
p

 (nm)

r2

Hyytiälä

10
1

10
2

10
3

D
p

 (nm)

Combined

10
1

10
2

10
3

D
p

 (nm)

 

 
LWP: 20−65 (gm −2)
LWP: 65−110 (gm −2)
LWP: 110−155 (gm −2)
LWP: 155−200 (gm −2)
Lihavainen et al. 2010

Figure 6. Aerosol cloud interaction (ACI) vs. Dp, which is the lower limit for the aerosol num-
ber concentration used to calculate the ACI, for (a) Vavihill (b) Hyytiälä and (c) the com-
bined dataset. Squared correlation coefficient (r2) between the aerosol and cloud parameter as
a function of Dp are shown in (d) for Vavihill, (e) for Hyytiälä and (f) for the combined datasets.
The ACI is calculated from the re at 3.7 µm and N130. The ACI has been calculated for 4 sub-
sets of the data according to LWP. The solid markers denote statistically significant correlations
with a 95 % confidence interval. Included in the figure is also results obtained by Lihavainen
et al. (2010), which did not divide the data according to liquid water path (LWP).
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Figure 7. (a) Aerosol cloud interaction (ACI) as a function of liquid water path (LWP) and (b)
the corresponding squared correlation coefficients (r2) as a function of LWP for the two stations
separately and combined. The ACI is calculated with α = N130. Results obtained by Lihavainen
et al. (2010) are also included in the study.
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Figure 8. Radar reflectance (dbcz) as a function of aerosol number concentrations above
130 nm (N130) for only precipitating cases. In (b), the natural logarithm has been applied to
the N130. The black dotted lines represent the 95 % prediction intervals for the relationship of
the combined dataset.
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Figure 9. Histograms of aerosol number concentrations for particles larger than 130 nm
(N130), subdivided according to precipitating and non-precipitating cases for (a) Vavihill and
(b) Hyytiälä.
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