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Abstract. The first aerosol indirect effect over a clean, velocity (McFiggans et al., 2006; Reutter et al., 2009). Sec-
northern high-latitude site was investigated by determiningondly, the cloud droplet number concentration and size distri-
the aerosol cloud interaction (ACI) using three different ap- bution evolve over the cloud lifetime due to mixing and many
proaches; ground-based in situ measurements, combinesther processes (e.g. Liu et al., 2008; Wang et al., 2009).
ground-based in situ measurements and satellite retrieval§hirdly, measuring cloud microphysical and optical proper-
and using only satellite retrievals. The obtained values ofties accurately is challenging, especially what it comes to dif-
ACI were highest for in situ ground-based data, clearly lowerferent remote sensing techniques (e.g. Brenquir et al., 2003;
for combined ground-based and satellite data, and lowest foMcComiskey et al., 2009). Finally, it has not been entirely
data relying solely on satellite retrievals. One of the key clear how the first indirect effect should be determined, or
findings of this study was the high sensitivity of ACI to the interpreted, from atmospheric measurements (Shao and Liu,
definition of the aerosol burden. We showed that at least 2006, 2009; Kim et al., 2008).
part of the variability in ACI can be explained by how dif- A widely-used metric used in the experimental investiga-
ferent investigators have related different cloud properties taion of the first indirect effect is the aerosol cloud interaction
“aerosol burden”. (ACI) that relates the cloud optical depth, droplet effective
radius or droplet number concentration to the aerosol burden
at a constant cloud liquid water path (Feingold et al., 2001).
In this study, we will investigate the first indirect effect over
a clean, northern high-latitude site. By determining the value
f ACI with three different approaches that rely on ground-

1 Introduction

Atmospheric aerosol particles influence clouds, and thereb Lo ) g
the Earth's climate, by altering the albedo, lifetime and pre- ased in situ measurements and satellite retrievals, we are

cipitation patterns of clouds (e.g. Twomey, 1974: I_Ohmannsearching for an answer to the following questions: (1) can
and Feichter, 2005; Stevens and Feingold, 2009) Collec\ve detect the first indirect effect by all these methods at our

tively, these effects are called aerosol indirect effects. Thes'te?_' (2) do these mgthods produce S|m_|lar values for ACI,
first aerosol indirect refers to the situation in which a cloud anq '_f 'not, why?, (3) is the value of ACl is ,affe?te‘! by the
liquid path is held constant and additional particles are intro—O_Ie'c'_nltlon ‘?f aerosol burden, and _(4) what_ |mpI|<_:at|ons our
duced into the cloud, resulting in more numerous but smallefidings might have on future studies on this subject.
cloud droplets and a more reflective cloud.

The magnitude of the first indirect effect in the global at- o paterials and methods
mosphere is poorly quantified (Lohman and Feichter, 2005;
Penner et al., 2006; Quaas et al., 2008, 2009). Several re2.1 Measurements
sons for this can be identified. Firstly, the initial activation of
aerosol particles into cloud droplets depends in a complicated he data analyzed here include different data sets and ap-
manner on the aerosol particle population and cloud updrafproaches. Some of these have been published elsewhere, so
only a brief description is given here. A general overview of
the ground site and typical conditions there has been given
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2.1.1 Ground based in-situ measurements Terra platforms. The data analyzed in this context covers
the years 2000—-2005. The cloud properties used here are the

The data set 1, calletiCloud cases”, is based on mea- 1 kmx 1km retrieved effective radius and optical thickness
surements conducted between 2000 and 2002 at the PallgPlatnick et al., 2003). Each 1 km1km within a radius
area in northern Finland (Komppula et al., 2005). The ap-of 20 km around the Sammaltunturi was connected with the
proach takes advantage of two stations with horizontal disclosest properties of 5km5km data sets (like cloud top
tance of 6km at different elevations. The higher-altitude pressure). Each data point from MODIS was combined with
station, Sammaltunturi (565 ma.s.l), is inside a cloud aboutthe closest one-hour average data measured at Sammaltun-
5% of the time, whereas the lower-altitude station, Matorovaturi, provided that it met the following requirements:
(340ma.s.l), is always below the cloud layer. There are two
similar Differential Mobility Particle Sizer (DMPS) measur- ~ @. The cloud was a low-level or boundary-layer cloud,
ing particles in a dry size range 7-500 nm with 30 discrete  With the limiting cloud top pressure set to 780 hPa.
size bins. The size distribution analyzed here are for individ-
ual cloud cases lasting from a few hours to a few days. The
measurement systems and data analyses have been described
in detail by Komppula et al. (2005).

The data set ZFirst PaCE” (The First Pallas Cloud Ex-
periment), is based on an intensive measurement campaign
carried out in the fall of 2004 in the Pallas area. The basic

measurement approach is the same as in the datGlsed c. The Sammaltunturi station was below the cloud base.
cases’, but there were some additional measurements at both This information we got from the visibility sensor

stations. For example, the cloud droplet number size dis-  \yhich measures the visibility in the range from 10m
teribution was measured directly with a Forward Scattering to 50 km. The limiting value for one-hour average visi-
Spectrometer Probe (FSSP) in Sammaltunturi. Data from the
DMPS systems analyzed here are one-hour averages. More
details on the measurement systems and data analyses can bd. Since the ground-based data sets 1-4 are mostly from
found in Lihavainen et al. (2008). late summer and fall, the analysis here was restricted to
The data set 3;.Second PaCE{The Second Pallas Cloud days of year (doy) larger than 150.
Experiment), is based on an intensive measurement cam-
paign conducted in the fall of 2005 in the Pallas area. ©. The aerosol optical depth (AOD) is larger than 0.0 (for
The measurement approach is different from that during the ~ remote sensing study only).
“First PaCE” described above. The interstitial and total
aerosol properties were both measured at the Sammaltunturi
station using different inlet systems. The total air inlet sys-
tem evaporates cloud droplets by heating. Interstitial aerosol
properties were measured from a sample line thathasPM 5 1 3 Remote sensing
inlet nozzle. Similar DMPS systems were attached to both
lines. Additional measurements included those by an aerosgtor this data set (number 6), we expanded the analysis from
mass spectrometer and FSSP. The DMPS data analyzed hefge local stations and took again advantage of both MODIS
are one-hour averages. More details on the measurement sygerosol, collection 5, (Levy et al., 2007) and cloud (Plat-
tems and data analyses can be found in Anttila et al. (2009hick et al., 2003) retrievals from both Terra and Aqua plat-
and Kivelas et al. (2009). forms. The aerosol (18 10 km resolution) and cloud prop-
The data set 42007 Data“, was measured during a few erties (1 kmx 1 km or 5kmx 5km, depending on retrieval)
months beginning in August, 2007. The measurement syswere averaged over & k 1° grid. The area for which the
tem was similar to that during thi&econd PaCE" The only calculations were done was from®%® 70 N and from 20
additional measurement device was a FSSP that was running 3 E. The time period was from 2003 to 2005. The same
on the side with the DMPS systems. DMPS data analyzedimiting values were applied for the cloud top pressure, sea-
here are one-hour averages. sons and LWP as for the data set 5.

b. The liquid water path (LWP) should be constant when
using the cloud droplet effective radiug)or cloud op-
tical thickness (COT) in defining the aerosol-cloud in-
teraction (ACI, see Egs. (1a—c) and (2) below). ACl was
calculated over the LWP range of 50-200 ghwith a
segregation into 10 g i¥ LWP bins.

bility was set to 30 km.

No rain was observed at Sammaltunturi.

g. Multi-layered clouds were removed.

2.1.2 Remote sensing and ground base measurements 2.2 Determination of the aerosol-cloud interaction

For this data set (number 5), we took advantage of com-The first aerosol indirect effect is defined as the change in
bining the long-term ground-based measurement at Sammabbserved cloud optical or microphysical properties (optical
tunturi and cloud retrievals from the MODerate resolution depth, albedo or cloud droplet effective radius) as a function
Imaging Spectroradiometer (MODIS) on both the Aqua andof the change in the aerosol load (e.g. Twomey, 1974). When
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the number concentration of aerosol particles capable of actdiameter rangd; to 500 nm. Egs. (1) and (2) are calculated
ing as cloud condensation nuclei increases, also the numbexs a slope of linear regression of Iy Bs a function of Inx,
concentration of cloud droplets is expected to increase. Ifor In COT as a function of I etc.

the liquid water content of the cloud stays constant, the in-

crease in the cloud droplet number concentration results in ) )

smaller average droplet size and thereby in a larger cloud opS  R€sults and discussion
tical depth and albedo.

: . . Long-term average total particle number and sub-micron
The aerosol-cloud interaction (ACI) is usually calculated ; :
. . . . _ volume concentration at our measurement site are equal to
using one of the following relations (Feingold et al., 2001

. ; ' 670cnT3 and 1.0 pm3cm—2, respectively (Lihavainen et
McComiskey et al., 2009): al., 2008). This demonstrates that the site represents a very

ACI v — 1dInNyg 1 clean continental location. Measured cloud droplet number
N = 3 Ina (1a) concentrations averaged between about 130 and 188 cm
for the data sets 1-4, which are at the lower end of values
AClcor= 9InCOT ’ (1b)  reported for continental clouds (Miles et al., 2002). Dur-
dlne e ing the“First” and“Second PaCE’ aerosol and cloud wa-
51 ter chemical composition were also studied (Lihavainen et
ACl, = — Jinre ) (1c) al., 2008). These quantities were found to vary considerably
dlna [pwp with varying air mass types. In Arctic air masses, major in-

organic ions in aerosol particles and cloud water were found

is the cloud optical depth is the cloud droplet effective ra- to be sodium and chlor_|de, w_hereas n _contmental air masses
sulphate was the dominant inorganic ion. The contribution

dius, LWP is the cloud liquid water path, andh some proxy of organic compounds to the aerosol population tends to in-

for the aerosol burden such as the aerosol optical depth, toérease with increasing travel time over the boreal forest in
tal number concentration of aerosol patrticles or aerosol light 9

scattering coefficient. Note that the partial derivatives in marine air masses (Tunved et al., 2006; Lihavainen et al.,

Eq. (1b) and (1c) must be calculated at the constant LWP. ZIOO%)' q ?ppllcatlon gf dan_ adt'fgatlcpdglég garcel n:oc:e(lj to
Aerosol number size distribution measurements give yg'oud data measured during trarst Fa emonstrate

an opportunity to investigate the effects of particle size ontgsatatép.'ﬁlhzwr;r?déif: gellogt;e;]z();gt?rsztogsegggg)at o
the aerosol burden and ACI. Therefore, when analysing th ' ang P I v '
ground-based data, or when combining ground-based in-situ I.n the following, we .W'" apply three different methods to
measurements with retrieved cloud properties from remotee\slt'irln%ﬁe ﬁtclaa':;rou(rjastlte and then compare the results with
sensing, we calculated ACI for a number of different cut-off avaiiable fite € data.

particle diameters:

Here, Ny is the cloud droplet number concentration, COT

3.1 Ground-based data only

ACl ny(dy) = %%, (28)  Here, we used data sets 1-4 and Eq. (2a) to investigate the be-
din (Z Ni) havior of ACI. To start with, let us consider a lower size limit
i=k of 50—150 nm when calculating aerosol-cloud interaction. In
that case, ACHy) varied in the range 0.2-0.3 depending on
the exact value ofl; and used data set (Fig. 1a). The cor-
5InCOT relation between different data points used to calculate ACI
AClcor(dy) = - , (2b)  was high ¢0.9; Fig. 1b), which is at least partly due to the
3ln (Z Ni) fact thatdj is close to the “dry” particle diameter that sepa-
i=k LWP rates activated cloud droplets from cloud interstitial particles
at our measurement site (Komppula et al., 2005). When these
two diameters are close to each other, the particle population
3lnre contributing to cloud droplet activation is roughly the same
ACl, (dy) =— P~ . (2¢c) as the one used to calculate the aerosol burden. Values of
3In <Z Ni) ACI were clearly the lowest for the data set 3 in the range
i=k dry =50—150 nm. A major contributing factor for this fea-

LWP
ture was probably the different shape of the average particle

Here, N; is the particle number concentration in the size bin number size distribution between the data set 3 and other data
i measured by the DMPS, and the indexaries between 1 sets (Fig. 1c). Data set three had also the largest variation in
(d1~10nm) and 28d2s~ 370 nm). In practise, this means the accumulation mode (Fig. 1d), which may also contribute

that the aerosol burden used for Calculating W(IS as- to h|gher ACI values at |arge|’ partic|e sizes.
sumed to be the total particle number concentration in the
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Fig. 1. (a) Aerosol-cloud interaction (ACI) from in situ data in different cases as a function of particle(s)zEorrelation coefficientRz)
between cloud and aerosol parameters as a function of particle(s)zdserage particle number size distribution in different cases, on the
x-axis is the size and y-axis is the concentratifi). Standard deviation of the particle number size distribution in each case, on the x-axis
the size and y-axis is the standard deviation.

Above 150 nm, ACIf;) decreased rapidly with increas- 400
ing di, reaching values between about 0.1 and 0.2at £ 3501
of 370nm (Fig. 1a). The apparently lower values of ACI 2 300
for di > 150 nm do not indicate weaker aerosol-cloud in- S
teraction, but rather demonstrate that the sub-population of 3 250 1
aerosol particles used to calculate the aerosol burden is not "é 200 1
anymore a good representative of the one that participates & 150 |
in cloud droplet activation. This view is supported by si- % 100 |
multaneous strong decrease in the correlation between dif- < 50

ferent data points used to calculate ACI (Fig. 1b, exception
the data set 3).

Whend;, was decreased below 50 nm, values of ACI re-
mained high, mostly above 0.25 (Fig. 1a). The main reason
for this is probably that sub-50 nm particles did not give a Fig. 2. Number of data points combining ground based in-situ mea-
big contribution to the total particle number concentration surement with satellite clgud retrievals a.s a fuhction liquid water
for the data sets 1-4 (Fig. 1c). Furthermore, the variabilityP2th (LWP). LWP was derived from satellite retrievals.
of the aerosol number size distribution was relatively low for

these data sets (Fig. 1d). was taken from ground-based particle number size distribu-
tion measurements in the same way as in Sect. 3.1. After fil-
tering the data according to the criteria given in Sect. 2.1.2,

. the number of data points left into diffent LWP bins varied
For the data set 5 discussed here, values of ACI were Calbetween about 100 and 400 (Fig. 2).

culated using either COT (Eg. 2b) eg (Eg. 2c) obtained
from satellite data as the cloud property. The aerosol burden

40 60 80 100 120 140 160 180 200
LWP (g m?)

3.2 Combined ground-based and satellite data
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Fig. 3. On the left: Aerosol-cloud interaction (ACI) from a combination of remote sensing cloud properties and in situ measures of aerosol
burden as a function of particle size. On the right: correlation coeffici@fs between cloud and aerosol parameters as a function of
particle size.
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Fig. 4. On the left Aerosol-cloud interaction (ACI) from a combination of remote sensing cloud properties and in situ measures of aerosol
burden as a function of Liquid Water Path (LWP) measured by satellite. On the right: Correlation coeffiéieé{ween cloud and aerosol
parameters as a function of LWP. ACI is calculated with concentration of particles larger than 130 nm.

The values of ACI varied between about 0.10 and 0.18 de50 to 150 g 2. Our data show an increase in ACI between
pending on the cut-off sizé,, with practically no difference  after LWP of 160 g m?, which is most probably just a coin-
between the two approaches (Fig. 3). These values are sulsidence due to the low number and quality of data.
stantially lower than those obtained from the data sets 1-4 Contrary to data sets 1-4, values of ACI in the data set
(Fig. 1a), as are also the correlation coefficients (Figs. 1b anéd decreased below 0.15 when the lower limit of particle
3). Potential reasons for this feature include (i) the reductionsizes used to calculate the aerosol burden went below 60 nm
of the value of ACI resulting from the spatial or other kind of (Fig. 3). The probable reason for this behaviour was the rel-
averaging related to the satellite data (see, e.g. Sekiguchi ettively large number concentration of particles smaller than
al., 2003; McComiskey et al., 2009), (ii) and the fact that the 60 nm and especially its large variability. By looking at in-
aerosol and cloud properties used for calculating ACI weredividual particle number size distributions, particles in this
not co-located. In order to find out whether averaging over asize range could be traced to new-particle formation events,
broad LWP range might influence our results, we determinedvhich is a common phenomenon around our measurement
the dependence of ACI on LWP (Fig. 4). This was made forsite during late summer and early fall (Dal Maso et al., 2007).
the cut-off diameted;, of 130 nm, which is the size at which Practically no new-particle formation events were observed
ACI appeared to have a maximum (Fig. 3). No clear LWP in the data sets 1-4, since the weather conditions that cause
dependence in the value of ACI, neither in the correlation co-the Sammaltunturi to be within a cloud are not generally
efficient, was observed. This is in contrary to observations byfavourable to atmospheric nucleation.

McComiskey et al. (2009) who found that A€zt decreased
from about 0.22 to about 0.10 when the LWP increased from

www.atmos-chem-phys.net/10/10987/2010/ Atmos. Chem. Phys., 10, 10%8¥5-2010
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Fig. 5. On the left Aerosol-cloud interaction (ACI) calculated using only remote sensing retrievals for both cloud and aerosol properties as a
function of Liquid Water Path (LWP). On the right: Correlation coefficigt) between cloud and aerosol parameters as a function of LWP.
LWP is also calculated from remote sensing retrievals.

3.3 Satellite data only pieces of information together, we may conclude that, at least
in our measurement site, using the aerosol scattering coeffi-
Here, we relied solely on satellite data for determining ACI. cient (and therefore also AOD) as a measure of the aerosol
The values ofre and COT were obtained as in Sect. 3.2, burden is very likely to lead to too low values of ACI.
whereas the aerosol burden was replaced with the retrieved
aerosol optical depth (AOD). The AOD is a good quantity 3.4 Comparison with other studies
for this purpose because it is measured by several different
techniques, and because its suitability to trace cloud conderifhe values of aerosol-cloud interaction (ACI) for our in situ
sation nuclei concentrations have been discussed a lot (Anground-based measurements were mostly above 0.25 when
dreae, 2009). A total of 909 data points were obtained forkeeping the lower size limit to calculate the aerosol burden
LWP bins of size 10gm? from 50 to 200gm?. Atleast below 100-150nm. In early field and model studies, the
10 data points in each bin were required to accept the bin taerosol burden was frequently traced by the sulphate mass
be taken into consideration. concentrations. Boucher and Lohmann (1995) combined five
Figure 5 shows the dependences of AGInd AClor on in situ field studies and derived an empirical relation between
LWP. ACI,, varied between 0.01 and 0.17 and &gt be- the cloud droplet number concentration and sulphate mass
tween 0.0 and 0.20. There was no dependency on LWP valueoncentration. That relation corresponds to ACI of about
on either.R? between Ine and In AOD as well as between In  0.14, which is much lower than the value obtained here.
COT and In AOD is also shown in Fig. 5. At lower LWP val- McComiskey and Feingold (2008) summarized results from
uesR? is lower than at LWP values higher than 100gin  seven different in situ airborne studies made for determining
The average£ standard deviation) of AGJ is 0.09 &0.04) aerosol-cloud interaction. In five of these studies observed

and AClkort 0.09 @&0.05) over the studied LWP range. values of ACl were comparable to ours@.20), whereas two
Interestingly, the value of ACI obtained for this data set other studies showed clearly lower value€(1).
is not very far from the values of AGI() in data sets 1— By combining in situ ground-based and satellite data, and

4 when taken 370nm as the smallest siZg to calculate by leaving out particles smaller than 60 nm to calculate the
the aerosol burden. The explanation for this can be foundaerosol burden, we obtained ACI in the range of 0.15-0.18.
when looking at how optical measures of the aerosol bur-A few other studies have determined ACI with the help of
den, such as the aerosol scattering coefficient, are related ground-based remote sensing of clouds and aerosol scatter-
aerosol burden determined from particle number size distriing coefficient measurements. Reported values of Aive
butions. Aaltonen et al. (2006) investigated three years obeen found to be in the range of 0.13-0.19 for Arctic clouds
simultaneous aerosol scattering and particle number size digGarret et al., 2004), in the ranges of 0.02-0.16 (Feingold
tribution data from our measurement site. They found thatet al., 2003) and 0.04-0.17 (Kim et al., 2008) for continen-
while the aerosol scattering coefficient had quite a good cortal clouds, and in the range of 0.02-0.18 for marine stra-
relation with the total number concentration of accumulationtus clouds (Pandithurai et al., 2009). Corresponding ranges
mode particles (100-500 nnk2 = 0.60), the respective cor- of AClcor have been found as 0.05-0.16 for coastal ma-
relation was much better with the number concentration ofrine clouds McComiskey et al. (2009) and 0.01-0.15 for ma-
particles>200 nm in diameter k% = 0.85) and even better rine stratus clouds (Pandithurai et al., 2009). Taken together,
with that of >300 nm particlesk? = 0.93). By putting these  these measurements indicate that the combined use of remote
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sensing and in situ data results in value of ACI that (i) have McComiskey and Feingold (2008) made radiative forcing
a relatively large variability even for the same environment, calculations and estimated that narrowing the uncertainty in
(i) are almost always smaller than 0.20, and (iii) are clearly measures of ACI to an accuracy of 0.05 would place esti-
lower than ACI obtained from in situ measurements. mated cloud radiative forcing on “a sounder footing”. This
At our site, ACI determined using the satellite data was sounds challenging, especially when given the large variabil-
equal to 0.09 regardless of whethgror COT was used as ity in reported values of ACI. We have shown that at least a
a cloud property. Other satellite-based investigations havepart of the variability in ACI can be explained by how dif-
observed quite a variable range of values for ACI over dif- ferent investigators have related different cloud properties to
ferent world regions (see Bulgin et al., 2008, and referencesaerosol burden”. In this regard, more studies should be ded-
therein). However, when averaging over the globe, Bulgin eticated to explore how well various optical measures of the
al. (2008) found ACI to be in the range 0.10-0.16 during dif- aerosol burden can be used to calculate ACI in different en-
ferent seasons. This is line with our finding and suggests thatironments.
satellite-derived values of ACI tend to be lower than those
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