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Abstract. Aerosol effects on low-level clouds over the 1 Introduction
Nordic Countries are investigated by combining in situ
ground-based aerosol measurements with remote sensiryerosol particles are required for clouds to form under at-
data of clouds and precipitation. Ten years of number sizgnospheric conditions. The aerosol loading in the atmosphere
distribution data from two aerosol measurement stationd1as significantly increased since the beginning of the in-
(Vavihill, Sweden and Hyytiald, Finland) provide aerosol dustrial revolution, which may have altered the microphys-
number concentrations in the atmospheric boundary layerical properties of clouds (Boucher et al., 2013). For the
This is combined with cloud satellite data from the Moder- sSame amount of liquid water, polluted clouds with more
ate Resolution Imaging Spectroradiometer and weather radz@nd smaller droplets reflect more sunlight than non-polluted
data from the Baltic Sea Experiment. Also, how the meteoro-clouds with few large droplets (Twomey, 1974). Smaller
logical conditions affect the clouds is investigated using re-cloud droplets have also been hypothesized to lead to a re-
analysis data from the European Centre for Medium_RangerCtion in drizzle from the clouds, which could lead to a pro-
Weather Forecasts. longed cloud lifetime (Albrecht, 1989). These anthropogenic
The cloud droplet effective radius is found to decreaseimpacts that the aerosols have on clouds are named the first
when the aerosol number concentration increases, while thand second indirect aerosol effects.
cloud optical thickness does not vary with boundary layer The estimates of the indirect aerosol effects are associated
aerosol number concentrations. Furthermore, the aerosolwith large uncertainties (Lohmann et al., 2010). One reason
cloud interaction parameter (ACI), a measure of how the ef-for this is that different types of clouds are more or less sen-
fective radius is influenced by the number concentration ofsitive to changes in aerosol number concentrations and that
cloud active particles, is found to be somewhere betweerthe prevailing cloud types vary across the globe. The fact that
0.10 and 0.18 and the magnitude of the ACl is greatest whelifferent types of clouds have diverse effects on climate also
the number concentration of particles with a diameter largerintroduces uncertainties. Low-level stratiform clouds mainly
than 130nm is used. Lower precipitation intensity in the reflect incoming short-wave solar radiation but do not af-
weather radar images is associated with higher aerosol nunfect the outgoing long-wave radiation to any great degree
ber concentrations. In addition, at Hyytiéla the particle num-(Boucher et al., 2013). These clouds are very common over
ber concentrations is generally higher for non-precipitatingsubtropical oceans but are also present over land and other
cases than for precipitating cases. The apparent absence pfirts of the ocean.
the first indirect effect of aerosols on low-level clouds over The first indirect aerosol effect in stratiform clouds has
land raises questions regarding the magnitude of the indiredpeen investigated using a range of techniques such as in
aerosol radiative forcing. situ measurements with aircraft, remote sensing from the
ground and space, model simulations and combinations of
these. Many previous studies have found that an increased
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aerosol index or aerosol number concentration are associ-
ated 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 numer-
ous 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 diverg-
ing results are thought to be enhanced entrainment of dry
air into the clouds due increased cloud droplet number con-
centrations (Ackerman et al., 2004; Wood, 2007; Bretherton
et al., 2007) or/and that air masses with higher aerosol load-
ing often are associated with drier meteorological conditions
(Brenguier et al., 2003). Both these effects lead to cloud thin-
ning due to reduced LWP (liquid water path) and/or the ver-Figure 1. Map showing the locations of the ground-based in situ
tical extent of the clouds. measurement stations and the surrounding areas used for the satel-
The second indirect aerosol effect (cloud lifetime effect) 'Ite retrieved cloud products.
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-level2 Method
clouds formed in environments with high aerosol number
concentrations (Ferek et al., 2000; Lu et al., 2009; Cheng e2.1 Aerosol measurement stations
al., 2007). Whether a suppression of precipitation causes an
increased cloud lifetime has however been very complicatedata from ground-based aerosol measurement stations at
to determine (Stevens and Feingold, 2009). Vavihill and Hyytiala (Fig. 1) for the periods 2001-2009 and
Sporre et al. (2014) combined ground-based measure2000-2009 respectively, have been used in this investiga-
ments of aerosol number concentrations with satellite cloudion. Both stations are part of ACTRIS (Aerosols, Clouds,
retrievals and weather radar precipitation data to investigatand Trace gases Research InfraStructure Network) network.
convective clouds over Sweden and Finland. This study use¥he stations have similar seasonally averaged aerosol hum-
the same data sets although the focus here is on low-levdber size distributions but Vavihill is more influenced by con-
clouds. Ten years of aerosol number concentration measureinental aerosols than Hyytiala. Hyytiala on the other hand
ments from the two ground-based aerosol monitoring sta-experiences a greater seasonal variation in number concen-
tions Vavihill (Sweden) and Hyytidla (Finland) have been trations than Vavihill (Asmi et al., 2011).
combined with satellite data from the MODIS instrumenton-  The Vavihill station (Kristensson et al., 2008) is located in
board the Terra and Aqua satellites to find out whether or nosouthern Sweden (561’ N, 13°09 E, 172 ma.s.l.). Aerosol
aerosol number concentrations affect cloud properties suchumber size distributions between 3 and 900 nm have been
as cloud effective radius§) and COT. Weather radar data measured by a Differential Mobility Particle Sizer (DMPS)
from the BALTEX project are used as well to determine if since 2001. In this study, data from a cloud condensation
the aerosol number concentrations affect drizzle formationnuclei (CCN) counter (Fors et al., 2011) that was placed at
Furthermore, how the meteorological conditions affect thethe station in 2008 and 2009 has also been used. Vavihill
low-level clouds and the indirect aerosol effects are investi-is a background station without any large pollution sources
gated by utilizing reanalysis data from the ECMWF (Euro- nearby.
pean Centre for Medium-Range Weather Forecasts). Table 1 The other station SMEARII (6B1 N, 2417E,
summarizes the data sets and indicates where they can be at81 ma.s.l.) in Hyytidla in southern Finland (Hari and
cessed (all data sets are free to use for research purposefulmala, 2005) is also a background station. Number size
Marine low-level clouds have been the subject of many pre-distribution measurements have been ongoing since 1996
vious investigations but this study instead focuses on conti{Aalto et al., 2001), starting at a size range 3—-500 nm which
nental low-level clouds that are more frequently influencedwas extended up to 1000 nm in December 2004. Only data
by anthropogenic aerosols. from February 2000 and onwards were used here, since
for this period the in situ measurements coincide with the
satellite observations. Data from a CCN counter that was
operated in Hyytiala during parts of the years 2008 and 2009
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Table 1. Summary of the data sets used in this study.

Site and data source  Main parameters Database
Vavihill Aerosol number size distributions, EBAS
cloud condensation nuclei
Hyytiala Aerosol number size distributions, EBAS
cloud condensation nuclei
MODIS Effective radius, cloud MODIS/ladsweb
optical thickness http://ladsweb.nascom.nasa.gov/index.
html
ECMWF Potential temperature, http://www.ecmwf.int/products/data/
relative humidity, requires login
specific humidity
BALTEX Radar reflectivity composites http://produkter.smhi.se/brdc/

requires login

(Sihto et al., 2011) have also been analysed. Since the CClroducts include an-§) at 2.1 um and COT that are derived
counter data are not available during the entire investigatiorfrom reflectance measurements at two MODIS wavelength
period, the aerosol number concentration of particles withchannels and a LWP that is calculated from these (King et
sizes greater than 130 nm {34) will be used as a proxy for al., 2006). There derived from another wavelength chan-
the CCN. nel (3.7 um) rather than the standard at 2.1 um is used in
The particle number concentrations measured at both stahis study, because the at 2.1 um is sometimes overes-
tions were averaged over 5 h (2.5 h before and after the satetimated due to reflectance variability on a sub-pixel scale
lite overpass) to obtain values representative for the entirdZhang et al., 2012). Other cloud parameters used are: cloud
area captured by the satellite sensor. Using longer (up to 24 hpp temperature (CTT), cloud phase optical properties, cir-
or shorter (down to 1 h) time intervals did not alter the resultsrus reflectance and multilayer cloud warning. The three lat-
considerably. Days with a high variation in aerosol particle ter parameters are used to sort out pixels that do not con-
number concentrations during these 5h were removed frontain low-level clouds. Pixels that are classified as containing
the study to ensure that the clouds investigated were formeite are excluded from the study and pixels with multilayer

under similar conditions. cloud warnings are also omitted. Furthermore, clouds with
too cold a CTT are screened out to ensure that only low-level
2.2 Satellite data clouds are studied. The derivation of the temperature limit

from ECMWEF data is described in Sect. 2.4. Cloud retrievals

The satellite data used in this investigation were obtained?€c0me uncertain for pixels with a COT <5 (Zhang et al.,
by the MODIS sensors onboard the polar orbiting Terra and_2012) and ther(_afore, pixels with such v_alues are not included
Aqua satellites. The instruments provide satellite scenes ovef the study. Pixels where at 3.7 pm is more than 10 um
Sweden and Finland sometime between moring and earl{£SS than thee at 2.1 um were also removed since this indi-
afternoon, local time. The scenes were manually screenefat€S an overestimation of theat 2.1 um and uncertainties
for low-level clouds over the aerosol stations by studying " there retrievals. At least 50 satellite pixels must pass the
true colour visible, COT and cloud top temperature satellite2P0OVe criteria for the scene to be included in the study. Fur-
scenes, and one image per day was selected. The true colofffermore, scenes where less than 5% of all cloud pixels are
visible and the COT images were first investigated to ensuré!@ssified as low-level clouds are excluded from the study.
that the cloud cover was extensive and that the clouds weré!l MODIS products used here have a horizontal resolution
not convective, while top temperature was investigated to en®f 1 km at nadir, with the exception for the CTT that has a

sure that the clouds were low-level clouds. Images when thd€Solution of Skm at nadir. o _
stations were situated as close to the middle of the satellite Vavihill and Hyytiéla are located at quite high latitudes

scene as possible were chosen to minimize the distortion of?hich means that the solar zenith angle (SZA) will be high

the pixels that occurs at the edge of the swath. In each scen8Uring large parts of the year. A recent study (Grosvenor and
a smaller area of pixels (90 km by 62 km) surrounding eachWood, 2014) found that the COT values increase consider-

station is included in the study (Fig. 1). The investigation Py andre decrease somewhat with SZA, at SZA higher than

areas mainly contain forests which provide a dark homoge-65°- _In the current data set, no significant trends of COT or
neous background to the clouds. re With SZA have been found. The results were also recal-

MODIS Level 2 (Collection 5.1) cloud parameters (Plat- culated without the cases with a SZA >65 and the results
nick et al., 2003) were analysed in this study. The cloud"®9arding how aerosol number concentrations affgeind
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COT were barely altered. To investigate whether cloud het-Table 2. The number of days included in each step of the data anal-
erogeneity may have affected the results, the CTT and COWsis for the two stations. The first column shows the number of
variability was calculated according to the method presentediays with DMPS data, the second column the number of days with
in Grosvenor and Wood (2014). However, none of the het-PMPS data and simultaneous MODIS satellite scenes, the third col-

erogeneity parameters were found to be affected by hr umn the number of days with low-level clouds manually detected in
S7ZA the satellite scenes and the fourth column the number of days in-

cluded in the study.

2.3 Precipitation data DMPS DMPS+MODIS Low-level Included Days

Vavihill 2180 2129 265 122
Hyytiala 3588 2863 422 261

The BALTEX (the Baltic Sea Experiment) project is a re-

gional hydroclimate project that focuses on the Baltic Sea
and the surrounding drainage basin. The project provides
composite radar images from 30 C-band weather radars cov-

ering the entire Baltic region, which includes both Vavihill hydrostatic equation to calculate the height of the levels. To

and Hyytidla. The images are produced every 15min anthccount for inversions, the coldest temperature of all pressure
have a 2km horizontal resolution (Michelson, 2006; Michel- |evels up to the one at 1500 m was used as the limit to sort

son and Sunhede, 2004). Because the radar images are gengtit low-level clouds in the satellite data.
ated with such high temporal frequency, the time difference
between the satellite overpass and the corresponding rad
image is only 5 min.

The areas surrounding the stations seen in Fig. 1 are a|Sj2 timate th - f the ai L t th
analysed in the radar images. The pixels in the satellite an 0 estimate ine origins of the air masses arrving at the

radar images cannot be matched to each other due to thyvo ground-based stations, back-trajectories were calculated

different resolution and positioning systems of the images.With the Hysplit4 model trajectory (Draxler and Hess, 1997).

However, since not all pixels in the satellite images are in. 1he meteorological data used in the calculations are from

cluded in the study (Sect. 2.2) precipitation that does nothe,\?CDé‘PS (NGI?_baI :Dgta ,tAsswfnllal'gon_ Systemt) ?rF‘)d pdr_()\t/_lded
originate from the low-level clouds is included in the study By K trai (t a.|ona72 hen tersf or tq\ggonmtta)n arrre |cd|(|)n).|
if one includes all radar pixels. Therefore, the distance be- ack trajectories (72 h) starting a m above ground leve

tween each radar pixel and the satellite pixel was calculated'¢™® calculated hourly and an average air mass origin was

and only radar pixels within 3.5 km distance from a low-level calculated for the 5h of aerosol measurements by calculat-
cloud pixel are included in the study ing a centre of gravity of the 5 trajectories. The azimuth an-

To obtain one precipitation value for each composite radargle between the station and the centre of gravity was then

image the average of only those pixels with a reflectance®@/culated.

value greater thar-10dBZ (no precipitation) were calcu- _ _
lated. For images with 4 pixels or less containing values2.6 Aerosol—cloud interaction
greater than-10, the precipitation value is set +630 dBZ.

5 Trajectory analysis

A way to compare results from different types of studies con-
2.4 Meteorological data cerning the first indirect aerosol effects was proposed by Mc-
Comiskey and Feingold (2008). The concept has been named
Reanalysis data from the ECMWF were used to estimate th¢he aerosol—cloud interaction (ACI) and is defined as:
meteorological conditions that the clouds form in. The rela-
tive humidity (RH) and specific humidity (SH) at 1000 hPa 3InCOT
were used to estimate the humidity conditions in the lowerACl =
atmosphere. Furthermore, the low tropospheric static stabil-
ity (LTSS), defined as the difference in potential temperature
at 700 hPa and the surface (Klein and Hartmann, 1993), wasthere« is a proxy for the number of cloud condensation
calculated from the ECMWEF data. Also, convective available nuclei, re is the cloud effective radius antly is the cloud
potential energy (CAPE) was used to screen out cases witdroplet number concentration. The first two parts of Eq. (1)
convective clouds (CAPE > 100 Jkg) from the study. requires that the data are divided according to LWP to ensure
Reanalysis data was also used to calculate the lower temequality between the different parts of the equation. In this
perature limit for the low-level clouds. The maximum cloud study the ACI is only calculated from the i.e. the second
top height was set to 1500 m to select clouds affected bypart of Eq. (1). The ACI has been used frequently in previ-
boundary layer aerosol particles, since ground-based measus studies and aircraft in situ measurements generally obtain
surements of aerosol number concentrations are used. THagher values than remote sensing studies (McComiskey and
ECMWF model level closest to 1500 m was found using theFeingold, 2008).

dlnre _ 1dInNyg

@)

dlna

LWP dlna
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Table 3. Ratios between cloud condensation nuclei measured bythis study. Since no manual screening of the satellite scenes
CCN counter for different supersaturation angspimeasured by  and higher maximum cloud tops (2500 m) were used in their
DMPS. study, shallow convective clouds present in summer may
- have been included in their study. This may be the cause for
Supersaturation (%) 01 02 04 07 1 the differences found regarding seasonal variation in the oc-
Vavihill 124 0.75 054 042 0.36 currence of low-level clouds between the two studies.
Hyytiala 1.26 074 059 051 0.39 The meteorological parameters in Fig. 2f, h and j, with
the exception for LTSS at Vavihill (Fig. 2j), vary consider-
ably with season. None of the meteorological variables on
the other hand show a strong variation with air mass origin
3 Results and discussion (Fig. 2e, g and i). Furthermore, Fig. 2d shows thagd\at

both stations does not vary with season in this data set, while
The number of cases included in the study are 122 for Vavi-a previous study utilizing 2 years of DMPS data from both
hill and 261 for Hyytiéla. In Table 2, the number of days in stations, found a seasonal variation ifpbl(number of parti-
each step of the analysis is shown. There are more days withles above 100 nm) at both stations (Asmi et al., 2011). That
DMPS data available for Hyytiala than Vavihill, but since the seasonal variation is missing in the current study is most
Hyytiala is located further north with less daylight in winter likely because the study has less temporal resolution than the
there are fewer satellite data available for this station. Low-Asmi et al. (2011) study. Moreover,1bb is higher at both
level clouds seem to be more common over Hyytidla thanstations when the air masses arrive from south to southeast
Vavihill since a larger percentage of the scenes investigatedFig. 2c), where various sources of anthropogenic aerosols
over Hyytiala contain low-level clouds. Most cases that wereare located.
excluded in the automatic screening, although classified as
low-level clouds in the manual screening, were omitted be-3.1 Effective radius
cause the CTT was too cold.

There, COT and LWP values from each satellite scene areln Table 4 (Vavihill) and Table 5 (Hyytiald) correlation co-
generally lognormal distributed and the geometrical averageefficients between several of the variables investigated in the
of each scene of these parameters has therefore been cakudy are presented. The upper right-hand side of the tables
culated. N3g was the aerosol number concentration subsetcontains the linear correlation coefficients while the lower
that correlated best with the in this study and was there- left-hand side contains the correlation coefficients between
fore chosen as a proxy for CCN. When convective cloudsthe natural logarithm of the parameters. The logarithm has
were studied over the same region (Sporre et al., 2054) N not been applied to the parameters that contain mainly nega-
(aerosol number concentration of particles with sizes greatetive values (CTT and dbzc). Theg (at 3.7 um) is best corre-
than 80 nm) was instead found to best correlate withvthe lated with LWP and second best with $ at both stations.
This finding is expected since low-level clouds have a lowerThe high correlation coefficients with LWP are expected
maximum supersaturation than convective clouds. Table 3ince LWP is calculated from the at 2.1 um (Sect. 2.2)
shows the average ratios betweeppi\and the number con- which have similar values to the at 3.7 um. The corre-
centrations measured by the CCN counter at different superation coefficients between the logarithms of thesfNand
saturations. At 0.1 % supersaturation the ratios are greatefe are higher than the linear correlation coefficients, imply-
than one implying that g is higher than the number of ing that the relationship between the two parameters is best
aerosol particles that are activated by the CCN counter. Atdescribed by an exponential function. This type of relation-
0.2 % supersaturation the ratio is lower than one and hencship has been widely used in previous studies (Twohy et al.,
N13p corresponds to a supersaturation somewhere betwee2005; McComiskey and Feingold, 2008). Furthermorerthe
0.1 and 0.2 %, which is reasonable for low-level clouds. is positively correlated with the RH at 1000 hPa, which indi-

The seasonal variation in number of casegNCTT, RH cates that the cloud droplet size is affected by the RH in the
at 1000 hPa and the LTSS for the days included in the studyooundary layer.
is shown in Fig. 2. There are generally more days with low- Figure 3a shows the relationship between the logarithms
level cloud cover in winter than in summer at both stations.of re and Nigg Obtained in this study, as well as relationships
Janssen et al. (2011) studied seasonal variations of low-levdtom 2 previous studies of low-level clouds over the ocean.
clouds over Hyytiala using satellite data from 9 out of the 10 The Ny instead of N3g are used in this figure since this
years used in this study. The focus in that study was how4s the CCN proxy used in the previous studies. Figure 3a
ever on cloud droplet number concentrations derived fromshows that the relationships from Vavihill and Hyytiala are
re and COT and the areas investigated in the satellite scenesimilar with a slightly steeper slope for Hyytiédla. The large
differ somewhat between that and the current study. Janssescatter in the figures is expected, since clouds formed in var-
et al. (2011) found no seasonal variation in the occurrencaous conditions during different seasons are studied. The re-
of low-level clouds, which does not agree with the results inlationship found by Sporre et al. (2012) was obtained using
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Figure 2. Number of cases, number concentration of aerosol particles with a diameter larger than 13ggmdNud top temperature
(CTT), relative humidity at 1000 hPa (RH) and low tropospheric static stability (LTSS) plotted against air mas¢arigie, g, i)and day
of the year(b, d, f, h, j) for Vavihill (blue dots) and Hyytiélé (green dots). The lines in the figures are mean values over(22c e, g, i)
and over 30 dayfb, d, f, h, j).

Table 4. Linear correlation coefficients for the data set 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 wha
confidence leveli(is 95 %,** is 99 %, and** is 99.9 %) the correlation coefficients are significantsdcm~3) is the number of particles

with a diameter above 130 nm, CTTQ) is the cloud top temperature, RH (%) is the relative humidity, SH (‘glkcj}s the specific humidity,

LTSS (C) is the low tropospheric static stability, dbzc (dBZ) is mean radar reflectivity factor and only cases defined as precipitating are
included,re (um) is the effective radius, COT is the cloud optical thickness, and LWP fgiis the liquid water path.

N130 cTT RH SH LTSS  dbcz  re cot LWP
Niso  Nizo 0.12 —0.05 0.15 0.02  -0.18  —0.30** 0.09 ~0.05
CTT  0.18* cTT —0.41%* 0.91**  0.08 —0.36** —0.06 -0.10 -0.06
RH  —0.05 —0.40%* RH —0.35%* 0.41%* 0.31*  0.23* 0.15 0.20*
SH 017 0.90%*  _0.28*  SH 013  —0.29% 0.07 0.07 0.13
LTSS 0.09 0.14 0.39%*  —0.07 LTSS -0.02 -0.14 -0.14 -0.16
docz  —0.25* 0.31%* —0.21 ~0.02  dbez 0.22 0.06 0.18
re —0.43%*  —0.03 0.21* 0.16 015 021 re 0.26%  0.61%+
COT  0.08 ~0.15 0.18* 0.08 ~0.16  0.10 0.32%*  COT 0.87%+
LWP  —0.07 ~0.13 0.19* 0.12 ~0.20* 0.15 0.61%*  0.92%* LWP

satellite cloud observations over sub-polar oceans combinedonditions in the investigation areas. Thevalues obtained

with ground-based in situ measurements of aerosol numbefrom aircraft measurements by Twohy et al. (2005) shown
concentrations. Figure 3a shows that thein their study in Fig. 3a, are similar to the current satellite values for low

is generally higher than in the current study, which may beNjgg values, but the slope of the relationship is substantially
caused by differences in dynamical and/or thermodynamicakteeper than the ones obtained here. The measurements by
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Table 5. Linear correlation coefficients for the data set from Hyytialé (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 wha
confidence level(is 95 %,** is 99 %, and™** is 99.9 %) the correlation coefficients are significant. The parameters are the same as in Table

4.

N130 cTT RH SH LTSS  dbcz  re cot LWP
Niso  Niso 0.31%* —0.10  0.30** 0.09 —0.23*  —0.43** 0.01 —0.13*
CTT 036**  CTT —0.04  0.92%* 0.08 —0.26" —0.08 0.02 0.00
RH  -0.10 —005 RH 0.07 0.47%* 0.13 0.18%* 0.26%*  0.27%*
SH  0.24%  092%* 015* SH ~0.05 -0.22* 0.00 0.14*  0.12*
LTSS  0.13* 0.13*  0.54%* 0.07 LTSS -0.03  —0.03 0.08 0.05
docz  —0.23* 0.15 017 -0.03  dbecz 0.05 0.12 0.06
re —0.56%* —0.07  0.20% 009  -004 0.06 re 0.24%%* 0, 58%**
COT  0.06 ~0.02  0.32%* 0.15*  0.10 0.11 0.32%*  COT 0.90%+
LWP —0.15*  —0.07  0.32%* 0.12 0.04 0.08 0.65%*  0.90%* LWP

Twohy et al. (2005) were however performed in a relatively ary layer seem to be associated with lower COT, but since
clean marine atmosphere. Dissimilar LWP of the clouds inRH and N 3p are not significantly negatively correlated (see
the different studies could also be a factor explaining whyFig. 5 and Tables 4 and 5), the RH cannot explain the lack
the slopes of the relationships differ. of correlation between COT andibb. If RH at higher alti-

The variation inre with season and air mass origin are tude in the atmosphere (850 or 700 hPa) is used instead, the
shown in Fig. 4a—b. The: does not vary much with season, correlation coefficients with COT decrease at both stations
but a small number of relatively high values are present in(not shown). The RH of the air entrained into the clouds from
winter at both stations and also in autumn at Hyytiala. Theseabove does therefore not seem to be controlling the COT. The
high values may have been caused by a combination of higlcorrelations between f§o and COT do not change signifi-
RH and low N3p values. Janssen et al. (2011) found that cantly when scenes containing drizzle are excluded or when
the re over Hyytidla have a minimum in spring but no min- only scenes containing drizzle are investigated.
imum in re in spring over Hyytialda; however no minimum Twohy et al. (2005) and Costantino and Breon (2013) also
in spring was found in the present study (Fig. 4b). That found that the COT is unaffected by aerosol number con-
Vavihill and Hyytiala varies with air mass origin and is gen- centrations and aerosol index, respectively. Moreover, these
erally lower when the air masses are arriving from the southstudies found that the missing first indirect effect could be
(Fig. 4a), which is the sector where thedylis high (Fig. 2a).  explained by decreased LWP in polluted conditions. The

Several previous studies of aerosol indirect effects haveclouds observed in the former study were geometrically thin-
divided their cloud data according to the presence of driz-ner while, in the latter study it is hypothesized that the LWP
zle or only studied clouds that are non-drizzling. When thedecreases due to enhanced entrainment caused by aerosols.
present data are divided according to precipitation (precipdn cloud simulations, small cloud droplets and suppressed
itating cases defined as cases with more than 4 pixels witlprecipitation associated with higher CCN concentrations has
dbcz greater thar-10 dbZ), no significant difference in the also been shown to enhance entrainment into the clouds,
results are found compared to when the whole data set iteading to a reduction in the LWP (Ackerman et al., 2004).

used. Higher aerosol number concentrations are in the present
study associated with both smaller droplets and decreased
3.2 Cloud optical thickness precipitation rates (Sect. 3.4). There is however, only a weak

negative correlation betweemn #§ and LWP (Tables 4 and 5
and Fig. 3c) obtained here for Hyytidla. Even so, the weak
correlation may partly explain why no change in COT with
N130is found in this study.

Very low, non-statistically significant correlations between
COT and N 3phave been found in this study (Tables 4 and 5).
In addition, Fig. 3b shows that COT is more or less indepen- "= . .
dent of Ny 30, but the variability in COT seem to increase with Fl')?urei;' c—f show tha_t neither C.O T nzr LWP vary_cogsg(_jr—
N130 The decrease in droplet size associated with an increas%;a yrt\eNI'o S?azgzn():coaI;?%SS "rf'r?'”- Janm"(!rrrg':nalln 2011
in N130 found here hence does not result in an increase in th S previously und in spring (Janss N ):

COT and the COT is positively correlated withat both sta- _I_Lrj]t nd9 S(_aa_slonal m||?|mum Waflfl? ulnc(ijln ttheﬂ:: urdr%nt datt% stet.
tions (Tables 4 and 5). The LWP is also well correlated with € dissimriar resufts are most likely due to the ditterent data

COT since the LWP is calculated from the COT (Sect. 2.2).SEIeCtlon used in the two studies (discussed in Sect. 3).
The only other parameter that may affect the COT is the RH
(at 1000 hPa) (Tables 4 and 5). Drier conditions in the bound-
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3.3 ACI

The ACI can be calculated from both the and the COT

but this requires that the data are divided according to LWP
(Eq. 1). The LWP is directly calculated from thgat 2.1 um

and the COT (Sect. 2.2) and hence is not independent of these
parameters. The ACI has therefore only been calculated for
there at 3.7 um in this study.

Figures 6a—c show how the ACI varies when calculated
with different proxies forx (Eq. 1) which in this study is the
aerosol number concentration above the diamterAlso
included in the figure are AGI, data from the study by Li-
havainen et al. (2010) in which ground-based measurements
of aerosols were compared with satellite data over northern
Finland. The data from the current study have been divided
into 4 subintervals of LWP, while the data from Lihavainen
et al. (2010) includes all values of LWP. The corresponding
r2 values are shown in Fig. 6d—f while g—i display the uncer-
tainty in the ACI values. The solid markers in the figure de-
note statistically significant correlations at a 95 % confidence
interval. Since there are relatively few cases included from
Vavihill not many of the corresponding ACI values are asso-
ciated with significant correlations. Figure 6a—c show that a
peak in ACI around @p of 130 nm occurs for most LWP in-
tervals which coincides well with the results from Lihavainen
et al. (2010). This means that in this study is most sensi-
tive to the number concentration of particles with a diameter
above the diameter 130 nm. For most intervals, the ACI and
r? values decline as the lower cut-off diameter for the num-
ber concentration®, decreases below 100 nm or increases
above 300 nm. Some LWP intervals 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 and the uncertainty in the ACI values is
higher (Fig. 6g—i).

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 is set to N3g
here and at least 10 cases are required in each LWP bin for
the ACI to be calculated. The samevas used by Lihavainen
et al. (2010). Again, most ACI values from Vavihill lack sig-
nificant correlations due to the low number of cases included.
For the Hyytidald and combined data sets 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 peak at high LWP val-
ues. For both studies, the high values of ACI at high LWP
should be interpreted with some caution since the number of
cases in these LWP bins are smaller than in the other bins.

Hyytial (green lines and dots). Included in Fig. 3a are also rela-Even without the highest LWP point the ACI seem to in-
tionships obtained by Sporre et al. (2012) and Twohy et al. (2005). crease, if only slightly, with LWP for Hyytiala or the com-

Atmos. Chem. Phys., 14, 121622179 2014

bined 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. This may be explained by the different cloud
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Figure 4. Effective radius £¢), cloud optical thickness (COT), liquid water path (LWP) and radar reflectance (dbcz) plotted against air mass
origin (a, ¢, e, g)and day of the yea(b, d, f, h) for Vavihill (blue dots) and Hyytiala (green dots). The lines in the figures are mean values
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100 e ; ‘ 2009) have calculated the ACI from COT, whiigis used in
AR ) ) the present study.

90 L . o N . '." . ]
80 mr‘\ ] 3.4 Precipitation
0% T T ] In Tables 4 and 5, correlation coefficients obtained between
ol T | the precipitation parameter and the aerosol, cloud and me-
: . teorological parameters investigated in the present study are
507, ] shown. Only cases associated with precipitation are included
in the correlation calculations. The dbcz is significantly cor-
related to CTT, SH and the logarithm of #¢ at both stations.
Vavihill, y=83.81+x*-0.0016,r*=0 || In Fig. 4g—h it can be seen that the dbcz varies neither with
‘ Hyytials, y=74.13+x"-0.0049,r *~001 season nor with air mass direction.
0 500 1000 1500 2000 2500 Relationships between dbcz andsd (linear and loga-
rithm of) for only the precipitating cases for the two stations

Nwzo (em™)
Figure 5. Relationship between relative humidity (RH) and aerosol &€ Shown in Fig. 8. The corresponding slopes, correlation
number concentrations above 130 nm ) for Vavihill (blue) and ~ coefficients and? values are_shown in Table 6. Both subfig-
Hyytiala (green). ures 8a and b display negative correlations betwegg &hd

dbcz. Moreover, statistically significant correlations are ob-
tained for Hyytidla in both Fig. 8a and b but only in the latter
types (marine/continental) investigated and/or, difference infor Vavihill.
cloud remote sensing (ground-based/satellite). The dissimi- To determine if the high aerosol number concentrations
lar results may also be due to different in situ instrumentsare suppressing precipitation in the low-level clouds, his-
(nephelometer/DMPS) used and/or that (McComiskey et al.tograms of N3g were created separately for the precipitat-
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Figure 6. Aerosol—cloud interaction (ACI) versu3y, which is the lower limit for the aerosol number concentration used to calculate the ACI,
for (a) Vavihill, (b) Hyytiala and(c) the combined data set. Squared correlation coefficieRisbietween the aerosol and cloud parameter
as a function ofDp are shown in(d) for Vavihill, (e) for Hyytiala and(f) for the combined data sets. Uncertainty in the calculated ACI as
a function of Dp are displayed irfg) for Vavihill, (h) for Hyytiala and(i) for the combined data sets. The ACl is calculated fromrthat
3.7 um and N3go. The ACI has been calculated for 4 subsets of the data according to LWP and for all LWP values together. The solid markers
denote statistically significant correlations with a 95 % confidence interval. Also included in the figure are results obtained by Lihavainen et
al. (2010), who did not divide the data according to liquid water path (LWP).

o7 I b) cases with no precipitgtio_n_ have on average highep End
* Pl o G the distributions are significantly different from each other
08 Lihavainen etal. 2010

05

with a 95 % confidence interval according ta &st. Since
the number of cases at Hyytiala is greater, the results from

07
04

06

g "o this station are thought to be more reliable.
. Even though only radar composite pixels adjacent to satel-
lite low-level cloud pixels were included in the study, some

02

precipitating pixels not belonging to the low-level clouds
may have been included. Hence, some of the cases de-

B " " weemn " termined to be precipitating may not contain any precip-

. ] . ] ~ itating low-level clouds which would affect the results in

F_|gure 7. (a) Aerosol—cloud interaction (ACI)_as a function of lig- Fig. 9. That precipitation pixels not belonging to the low-
uid water path (LWP) andb) the corresponding squared correla- level clouds may be included in the study also introduces un-

tion coefﬁcients;(z) as a function of LWP for Vavihill (blue) and rtainties to the r Its in Fio. 8. Even the lar tter
Hyytiala (green) separately and combined (red). The ACI is cal-cEMaNtes to the resutts 9. ©. EVen so, the large scatte

culated witha equal to N3q. Results obtained by Lihavainen et seen in F'g_' 8is expgcted since clogds fo_rmed in different
al. (2010) (black) are also included in the figure. Filled markers in Meteorological conditions have been investigated here.

the figure denote statistically significant correlations at a 95 % con-

fidence interval.

0.1

4  Conclusions

ing cases and the non-precipitating cases (Fig. 9). For VaviTen years of ground-based aerosol measurements have been
hill (Fig. 9a), the distributions are not significantly different combined with satellite cloud retrievals and weather radar
from each other and it even appears that cases with no precigrecipitation data to provide insights on how aerosols affect
itation have lower Nso. However, for Hyytiala (Fig. 9b) the continental low-level clouds over the Nordic countries. In-
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10[d) o 11D) Vil Table 6.Slopes and corresponding 95 % confidence intervals, corre-
. . Hyytidls lation coefficients angh values of the relationships shown in Fig. 8.
S | ST Linear log(Ni30)

slope r p slope r P

—-224+3 -018 0.12 -174+1 -0.25 0.03
Hyytigla -39+3 -0.23 001 -10+1 -0.23 0.02

dbcz (dbZ)
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