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Abstract

Values of the scavenging coefficient were determined from observations of ultrafine
particles (with diameters in the range 10-510 nm) during rain events at a boreal for-
est site in Southern Finland between 1996 and 2001. The estimated range of values
of the scavenging coefficient was [7x10_6—4x10_5] s™', which is generally higher than
model calculations based only on below-cloud processes (Brownian diffusion, intercep-
tion, and typical charge effects). A new model that includes below-cloud scavenging
processes, mixing of ultrafine particles from the boundary layer (BL) into cloud, followed
by cloud condensation nuclei activation and in-cloud removal by rainfall, is presented.
The effective scavenging coefficients estimated from this new model have values com-
parable with those obtained from observations. Results show that ultrafine particle
removal by rain depends on aerosol size, rainfall intensity, mixing processes between
BL and cloud elements, in-cloud scavenged fraction, in-cloud collection efficiency, and
in-cloud coagulation with cloud droplets. Implications for the treatment of scavenging
of BL ultrafine particles in numerical models are discussed.

1 Introduction

Aerosol particles are generated in the atmospheric environment by homogeneous nu-
cleation of gaseous species, and by ion-induced nucleation (Covert et al., 1992; Widen-
sohler et al., 1996; Raes et al., 1997; Weber et al., 1998; Kulmala et al., 1998, 2000a,
2004; Allen et al., 1999; O’'Dowd et al., 1999; Birmili and Widensohler, 2000; Yu and
Turco, 2001). Also, nucleation mode particles are emitted from gasoline engines (Har-
ris and Maricq, 2001). Aitken mode particles are emitted directly from traffic exhaust,
or may result from condensational growth of nucleation mode particles (Kerminen and
Wexler, 1996; Alam et al., 2003, Laakso et al., 2003b). Accumulation mode parti-
cles originate from industrial combustion and re-suspension from road beds. Some
aerosols originate from sea spray and cloud processing of particles and vapours). Par-
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ticles larger than 100 nm are mainly mechanically generated: dust, re-suspension, in-
dustrial processes and sea-salt.

Ultrafine particles (UFP) are generally defined as aerosols with diameter d,,<100 nm.
In this work, we will use UFP to describe the full range of available aerosol size [10—
510]nm from the analyzed measurements (Laakso et al., 2003a). Homogeneous nu-
cleation and direct injection of ultrafine particles (UFP) into the atmospheric environ-
ment both act to increase particle concentrations during pollution events. This affects
visibility, cloud-condensation nuclei (CCN), and human health. After their formation,
the fate of UFP is controlled by a combination of processes: advection, turbulent mix-
ing, coagulation, condensation-evaporation, chemical reactions, aerosol-cloud interac-
tions, and deposition (Seinfeld and Pandis, 1998; Jacobson, 2002). The sizes of UFP
are augmented by the processes of condensation and coagulation, while their number
concentration is reduced by coagulation with pre-existing aerosol particles and by var-
ious deposition processes. Kulmala et al. (2000a) showed that UFP with diameters,
d,~1-10nm, are efficiently scavenged by Brownian coagulation with larger ambient
aerosols. The growth of UFP to sizes, dp,~10nm, is critical for the survival of such
particles and for their potential influence on CCN concentrations. To become activated
as cloud droplets, UFP need sufficient time to grow by condensation and coagulation.
Rain is an effective mechanism for aerosol removal from the atmosphere and it can
limit the number of small aerosol particles growing to the sizes required for activation
of cloud droplets. Atmospheric particles removal is also a process of interest for nu-
merical studies, in the effort to improve aerosol and chemical models at various scales
(for example, see Rasch et al., 2000; Tost et al., 2006).

The wet removal of aerosol particles (AP) from atmosphere is caused by two pro-
cesses: (a) if an AP is in the BL below-cloud, it can be collected by a falling raindrop
(“below-cloud scavenging”, BCS); (b) if an AP is in-cloud or at cloud base, where super-
saturated conditions exist, it can become a cloud droplet by the nucleation scavenging
process (Komppula et al., 2005). Such a particle grows to the size of a cloud droplet
and can be efficiently collected by raindrops falling inside cloud (“in-cloud scavenging”,
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ICS). In-cloud interstitial aerosol can be also be scavenged by coagulation with cloud
droplets and by collection onto falling raindrops.

The below-cloud scavenging rate depends on the collection efficiency between a
falling raindrop and aerosol particles. Throughout this paper we assume that the col-
lection efficiency is equal to the collision efficiency. This assumption is correct if ev-
ery collision between a UFP and a raindrop is followed by coalescence. It has been
shown (Pruppacher and Klett, 1998) that a collision is followed by coalescence when
dp/Dp<<1, where Dp is the raindrop diameter. This is because, in that case, the ki-
netic energy of tiny aerosol particles is relatively small in comparison with that of large
particles (falling raindrops), causing the probability of bounce-off in collisions between
small UFP and raindrops to be low. In that sense, the coalescence efficiency of UFP
colliding with raindrops must be close to unity. The condition for coalescence during a
collision is satisfied by typical UFP present in the BL below-cloud, where aerosol par-
ticles uptake water and become wet. These UFP behave as small spherical particles
colliding with a falling raindrop.

Brownian diffusion is an efficient mechanism for collection of very small particles
(with diameters d,<10nm) by falling raindrops (Greenfield, 1957). Similarly, large
particles (with diameters d,>2000nnm) have a relatively high collection efficiency be-
cause of their inertia, while particles with diameters in the range 10 nm sdpszooo nm
(“Greenfield gap”), tend to have small collection efficiencies. Slinn and Hales (1971)
showed that thermophoresis could enhance the below-cloud scavenging of aerosols
with diameters in the range [10—-1000]nm. Work by Grover et al. (1977), Wang et
al. (1978), McGann and Jennings (1991), Byrne and Jennings (1993), Tinsley et
al. (2000), showed that presence of electric charge on aerosol particles and raindrops
increases the below-cloud scavenging of aerosols with sizes in the “Greenfield gap”.

A series of studies estimated the effects of below-cloud scavenging on aerosol size
distribution under various environmental conditions (Dana and Hales, 1976; Wang and
Pruppacher, 1977; Slinn, 1983; Ten Brink et al., 1987; Jylha, 1991; Sparmacher et al.,
1993; Andronache, 2003). Several reports estimated aerosol scavenging coefficients
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from direct measurements of the AP size distribution change at ground stations dur-
ing rain events (Davenport and Peters, 1978; Schumann 1991; Laakso et al., 2003a;
Chate and Pranesha, 2004; Maria and Russell, 2005). Scavenging rates determined
from such measurements show a large spread, and tend to be significantly higher than
estimations based only on below-cloud collection removal. Such results suggest that
other processes are important in determining the overall observed scavenging of UFP
from the BL. To address this problem, the present study has the following goals: (1)
to present the data and characteristics of aerosol observations during rain events at a
boreal station in Finland, with implications for UFP scavenging; (2) to describe a mod-
eling framework that accounts for below-cloud scavenging, UFP mixing into the cloud
domain, nucleation scavenging and in-cloud scavenging, so as to estimate the UFP
effective scavenging coefficient. The study discusses the dependence of UFP scav-
enging on environmental parameters, with implications for aerosol numerical models
and future field studies.

2 Observations

To determine the rate of scavenging of UFP during rain events, we used data from
six years (1996—-2001) measurements at SMEAR Il Station (Station for Measuring For-
est Ecosystem-Atmosphere Relations), Hyytiala, Southern Finland (61°51' N, 24°17'E;
181 m a.s.l.) (Vesala et al., 1998) (Fig. 1). The station is located in a homogeneous
Scots pine forest and is characterized by typical background conditions, with no local
sources of pollution (Kulmala et al., 2000b). The particle size distributions between 3
and 510 nm have been measured by two differential mobility particle sizers (DMPS).
The combination of the two instruments provided, for each 10 min period, the particle
classification in 29 logarithmically distributed size channels between the diameters of 3
and 510 nm (Aalto et al., 2001). Rain was observed by the tipping bucket method with
an ARG100 rain gauge and the final data was stored at a time resolution of 15 min.
Only data from the period between 1 May and 31 October of each year from 1996
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to 2001 were used. This avoided contamination of the data by scavenging onto snow,
and also eliminated errors in rain measurements caused by frozen measurement de-
vices. The analysis was also limited to particles with d,>10nm because the con-
centration of smaller particles is generally too low during rain events and instrumental
errors can be significant. Another reason for this lower limit on particle diameter is
that there is the possibility of condensational growth of nanometer-sized particles. For
the same reason, cases with visible growth of particles were rejected. Analysis of the
data was started by selecting rain events that lasted at least 0.5 h with a rain intensity
R>0.4mmh~'. Smaller values of R were rejected because of possible inaccuracy of
the rain gauge at low rain intensities. The limitation on rain duration arises from the
needs both for accuracy in individual rain measurements and for sufficient spatial cov-
erage of sampling network of rain observations, such that robust statistical results may
be achieved.

Figure 2 illustrates time series of dn/dlog(dp) (for two particle diameters: 32 nm and
340 nm) and accumulated precipitation at intervals of 15min, for the year 2000. Dry
periods are excluded from this plot and the continuous line is used only to increase
the clarity of the plot. UFP number concentrations at various diameters do not show
a simple correlation, and the variability is high. A scatterplot of dn/dlog(d,) (for two
particle diameters: 32 nm and 340 nm) versus rainfall rate is shown in Fig. 3 for years
1998-2001. First, we note a substantial decrease of number concentration at any of
the two selected diameters with the increase in rain intensity (The same result is seen
at all UFP diameters). Second, the plot shows the predominance of cases with small
rainfall rates ~1 mmh™"'. The number of samples with #>10 mm h™ is almost negligi-
ble. During each rain event that has been analyzed, the measured size distribution of
UFP changes in time. If wet removal were the only process acting on the aerosol pop-
ulation, we would see a decrease in aerosol concentration with time, over the duration
of the rain event. Often, other processes alter the size distribution, and measurements
show cases in which aerosol concentration can grow during precipitation. Such effects
may be attributed to processes such as advection, mixing, and growth. An example of
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a change in the UFP size distribution with time is shown in Fig. 4 for a case observed
on 9 October 1999. The rain event lasted 3 h, with F~1mm h'1, an air temperature
between 6—9°C, and a horizontal wind speed ~1 ms~'. We see a continuous decrease
of the size distribution over most of the range of particle diameter, except for d,< 30nm
where there is a modest increase in number concentration. This example illustrates the
complexity of wet removal during a relatively extended rain event.

To avoid rapid changes in particle concentration caused by advection in frontal
zones, rain events with strongly changing meteorological parameters such as temper-
ature, pressure, wind speed and wind direction were rejected. Particle concentrations
could change due to horizontal advection as well as due to vertical mixing and convec-
tion. Possible effects of vertical mixing could not be analyzed in the observed data but
will be discussed in the model section. Significant changes in relative humidity also pro-
vided a criterion for rejecting rain events as it may cause important hygroscopic growth
of particles. The role of hygroscopic growth is analyzed in the model section using a
growth factor (GF) determined from observations and described in detail by Laakso et
al. (2004). Turbulent fluctuations in concentration could not be avoided. Since each
concentration measurement lasts only 20 s, turbulent fluctuations are not averaged out
and act to increase the standard deviation of the scavenging coefficient.

As there are no local sources and nucleation has been observed only during sunny
conditions (Makela et al., 2000), nucleation is neglected during rain events. Significant
nucleation was never observed during the selected rain events. Condensational growth
of particles is assumed to be much smaller than the scavenging rates during each rain
episode. The justification for this assumption is that: (1) data used in calculations do
not include days when growth was clearly observed. (2) observed episodes of growth
in Hyytiala have been always related to photochemical reactions that are seen not to
occur during periods of rain (Hyvonen at al., 2005). Coagulation of UFP is negligible in
the BL, due to fast removal of larger particles by raindrop impaction and by nucleation
scavenging (aerosol scavenging due to cloud droplet activation). By using the criteria of
data selection described above, the remaining key factors that affect measured particle
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concentrations are assumed to be turbulent mixing, instrumentation errors and various
scavenging processes. Instrumental errors may lead to systematic or random errors,
while turbulent fluctuations only contribute to random errors.

Analysis of meteorological data at Hyytiala at 8.4m above ground is illustrated in
Fig. 5. Air temperature (Fig. 5a) varies between 0 and 25°C. The accumulated pre-
cipitation recorded during 15 min is mostly less than 1 mm, while the highest values
reach ~5mm during the warmest months of the summer when convective precipitation
is more frequent. However, such convective precipitation events are not too intense
overall, since they generally produced R<10mm h~'. Rain duration (Fig. 5b) shows
that the most frequent duration is less than 30 min, and there are very few cases with
continuous rain events lasting more than 2-3h. Figure 5c shows the distribution of
horizontal wind intensity at 8.4 m, with values being predominantly in the range of 0.5—
25ms™". Figure 5d shows the distribution of RH with values being mostly in the range
of 90-100%. There are a few cases of RH in the range of 60—90% that are typically
associated with the warmest periods and more intense precipitation events. Synop-
tic meteorological observations from Jokioinen (60°49' N, 23°30'E; 104 m a.s.l.) pro-
vide details on cloud and precipitation types during rainy intervals recorded both at
Jokioinen and Hyytiala. The statistics of precipitation at the two stations is similar, and
therefore the precipitation events at Hyytiala have similar properties as those observed
at Jokioinen. Data from Jokioinen show that precipitating clouds extended over all al-
titudes, and precipitation was classified into two types: frontal or shower precipitation.
This is consistent with the overall picture of widespread stratiform precipitation being
predominant, in conjunction with less frequent convective events.

Based on these criteria of selection, the scavenging coefficient from observations,
L, was estimated from measurements of UFP number concentration using:
dn(d,)

o7 = ~Lon(d,) (1)

where n(d,) is the UFP number concentration, and d,, is the particle diameter. With
n(d,) being measured at two times, ¢y and f,, during rain events, the expression for
3808
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L, becomes L0=—m In[%]. The parameterization of L, is described in detail by
Laakso et al. (2003a), being summarized in the Appendix and illustrated in Fig. 6 for
four rainfall intensities. Thus, L, decreases with dp in the range ~10-100nm, has a

minimum for d, between 100-200 nm, and increases slightly for dp, larger than 200 nm.
For any given aerosol diameter, L, increases with rain intensity as VR. Shown are
curves for R in the range 0.5-10 mm h'1, which was typical for the samples utilised
here. Significant variability was observed from case to case, and results shown in
Fig. 6 must be seen as representative for average conditions of widespread precipita-
tion and rain duration consistent with the resolution of R applied for the samples. These
observed scavenging coefficients are compared with model results in the next section.

3 Model and results

Modeling of the rate of UFP scavenging observed in the BL near the ground during rain
events must consider these processes: (a) raindrops falling below-cloud collect UFP
with an efficiency that depends on the sizes of aerosols and raindrops; (b) over the
duration of a rain event, BL UFP are mixed throughout BL and within clouds. Some
particles become cloud droplets or coagulate with cloud droplets and are removed
while inside clouds. In-cloud entrainment is a complex dynamic process that occurs at
the cloud base, lateral boundaries, and the top of the cloud. The focus of the present
study is on entrainment at cloud base and lateral boundaries that results in mixing
UFP from the BL into cloud elements. Although during precipitation such a process
is highly inhomogeneous spatially and the entrainment rate varies with time, it will be
characterised here by average values of the following parameters: the entrainment
velocity (w,) at cloud base, the cloud base height (H), and the rain duration. Insight
into the physics of entrainment is available from direct field measurements (Martin et
al., 1994; Svenningsson et al., 1997; Snider and Brenguier, 2000), lidar data, high-
resolution dynamic models, including large eddy simulations, and mesoscale models
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applied for simulation of precipitation (Rutledge and Hobbs, 1983; Houze, 1993; Zhang
et al., 2004). Such studies show significant variability of the parameters describing
entrainment, and the important roles of turbulence and convection.

By adopting an average entrainment velocity and a cloud base height based on field
data, we can estimate the fraction, f;, of BL UFP reaching cloud base or being mixed
into cloud. Once UFP reach cloud, where supersaturated conditions prevail, some
particles become activated as cloud droplets by the nucleation scavenging process
(Komppula et al., 2005). The scavenged fraction, f,, depends on aerosol size, super-
saturation and chemical composition, as will be discussed below. UFP, which are not
affected by nucleation scavenging and are mixed into the cloud, are subject to coag-
ulation with cloud droplets, which in turn have a high probability of being removed by
raindrop collection.

With these considerations, the rate of change in the BL UFP due to precipitation is
written as:

I _ L ponidy) + (dn(d”)> @)

at dat

where n(d,) is the BL UFP concentration, and L g is the below-cloud scavenging co-
efficient. The first term on the right-hand side of the above equation represents the
loss of BL UFP by falling raindrops below cloud. The second term on the right-hand
side represents the loss of BL UFP by mixing into cloud by entrainment, followed by
nucleation scavenging and in-cloud scavenging.

The second term of the right-hand side of Eq. (2) is expressed as:

an(d,)
< dtp> = ~foL(g'f1n(d,) = Lig™fn(d)) 3)
mix

where f; is the fraction of UFP from the BL that, by mixing and entrainment, reach
cloud elements with supersaturated conditions. Also, 7, is the fraction of such UFP that
becomes activated as cloud droplets. Llcg" is the in-cloud scavenging coefficient due
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to collection by raindrops inside cloud, and L7

due to UFP coagulation with cloud droplets.
Thus, Eq. (2) can be written as:

dn(dp)
dt
coag

where Lyg=Lgo+f LS9 +f,L o Is the effective (or apparent) scavenging coefficient
of the BL UFP to be compared with L,. Expressions for scavenging coefficients are
given in Appendix A, and the list of notations is given in Appendix B.

is the in-cloud scavenging coefficient

= —Lgn(d,) (4)

3.1 Mixing of ultrafine particles into cloud

Entrainment of air and tracers into cloud depends on the intensity of vertical motions
in the cloudy area, and has significant fluctuations over time and space. Since our
goal is to explain the average behavior of the observed rate of scavenging, mixing of
UFP into cloud will be characterised by typical entrainment parameters such as verti-
cal velocity at cloud base w,, cloud base height H, and rain duration ¢. Stratiform and
convective precipitation are classified as follows. Stratiform precipitation falls from nim-
bostratus clouds, while convective precipitation falls from cumulus and cumulonimbus
clouds (Houze, 1993). Stratiform precipitation is a process in which vertical air motions
are small compared with the fall velocity of ice crystals and snow (~1-3 ms'1). The
vertical velocity at cloud base for stratiform clouds is w,~0.2-0.5 ms™' based on de-
tailed studies of frontal stratiform precipitation (Rutledge and Hobbs, 1983). Convective
precipitation has a vertical velocity in the range 1-10 ms™', which exceeds the typical
fall speeds of snow and ice crystals.

For precipitation in Southern Finland that occurred during the sampling period, rain
events are characterized by short durations ranging from less that 0.5h to a few
hours. Rainfall intensities were R~0.4—10mm h'1, with values mostly being less than
1mmh™’ (Fig. 3). Inspection of the precipitation data from Jokioinen shows that frontal
systems moving from Atlantic region over the southern Finland during summer cover a

3811

ACPD
6, 3801-3844, 2006

Scavenging of
ultrafine particles by
rainfall

C. Andronache et al.

i

EG

c


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/6/3801/2006/acpd-6-3801-2006-print.pdf
http://www.atmos-chem-phys-discuss.net/6/3801/2006/acpd-6-3801-2006-discussion.html
http://www.copernicus.org/EGU/EGU.html

10

15

20

25

large area dominated by low R. Embedded in the frontal systems are convective pre-
cipitation systems occupying a smaller area, where R can be significantly higher. Often
such frontal systems present a band structure that results in rain events interrupted by
intervals of no rain or insignificant precipitation. Thus, for the time average of AR in this
experiment (15 min), the dominant precipitation is stratiform in nature, and convective
cases are rare or are excluded from the analysis (Laakso et al., 2003a).

To estimate the fraction of UFP from the BL that reaches cloud base, f;, it is as-
sumed that UFP are well mixed within the BL. It is also assumed that as such particles
reach the cloud domain or free troposphere, they are removed by in-cloud processes
without being mixed back into the BL. We note that while w,, at cloud base (averaged
over sufficient temporal and spatial extent to represent a mesoscale or synoptic event)
has a positive value (~0.2-0.5 ms_1), the vertical velocity at the ground is zero. As-
suming a linear increase of vertical velocity between the ground and cloud base (at
height H), the average vertical velocity w in the BL is w~Z2, a value that is applied
in these estimations. The mixing process in the BL is assumed to be independent
of UFP size, and there is experimental evidence for the aerosol particle concentra-
tion being approximately constant throughout the BL (Pimenoff et al., 2005). Thus, the

change in UFP number concentration due to mixing is %:—%n, with the solution being

n(t)=n(0) exp(-t/7) where 7=2. The fraction of UFP lost from the BL during time ¢ is

=
fi= "(0,3(‘0')’("), where n(0) and n(t) are the UFP number concentration at beginning of rain
and after a time ¢. The fraction 7, is plotted in Fig. 7 versus w, for three values of H for a
rain duration of 0.5 h. Note that 7; increases with w, and in real situations, variability is
expected. f; values illustrated here do not apply for convective, intense precipitations,
where f; can be higher and the mixing of UFP back from the free troposphere into the

BL can be significant.
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3.2 In-cloud nucleation scavenging

When aerosol particles reach the cloud base by mixing and are entrained into the cloud
element, they encounter supersaturated conditions. A fraction, f,, of such particles is
then activated and form cloud droplets. Now, 7, is often named the scavenged fraction
or scavenged ratio (Svenningsson et al., 1997; Martinsson et al., 1999, Komppula et
al.,, 2005). This is the process by which cloud droplets form on pre-existing aerosol
particles. Under subsaturated conditions, aerosol particles have equilibrium sizes de-
termined by the ambient relative humidity (RH) and the amount of soluble matter in
the particle. At supersaturated conditions, particles can grow larger than the critical
diameter and form cloud droplets. The supersaturation required for droplet activation
depends mostly on the aerosol size and to a lesser extent on the chemical composition
of the aerosol particle. The supersaturation is governed by the rate of cooling of the air
mass and the rate of condensation of vapour on the growing droplets. As a result, cloud
formation causes a group of activated cloud droplets and another group of interstitial
aerosol particles that both co-exist. The interstitial aerosol particles contain liquid or
dry particles of equilibrium size (with diameters much smaller than cloud droplets). The
study of aerosol hygroscopic behavior, aerosol activation, aerosol scavenged fraction,
and cloud microphysics characteristics were extensively investigated in a series of field
experiments and with numerical models (Martin et al., 1994; Garrett and Hobbs, 1995;
Twohy et al., 1995; Svenningsson et al., 1997; Martinsson et al., 1999; Swietlicki et al.,
1999; Vakeva et al., 2002; Komppula et al., 2005).

For a given local supersaturation S, the nucleation scavenging of AP is determined
by the size and chemical composition of aerosols. Experimental determination of the
scavenged fraction reveals the complexity of the nucleation scavenging process, owing
to variations in S locally and in the chemical nature of AP (Martinsson et al., 1999;
Komppula et al., 2005). Thus, for the same supersaturated conditions, some particles
with diameters as low as 50 nm become activated, while a small fraction of particles
with d,>200nm can remain unactivated. The scavenging fraction tends to increase
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rapidly with d, at diameters around 100nm. Model simulations of soluble aerosol,
with an updraft velocity that produces local supersaturations of ~0.1-0.2%, predict a
sharp increase of f, with particle diameter (Svenningsson et al., 1997). To account for
possible variability in aerosol chemical composition and variations in S, we adopt an
f,-function (Fig. 8) that summarizes experimental results by Martinsson et al. (1999)
and Komppula et al. (2005). The thick black curve represents the f,-function used for
the standard run to be compared with L,. The blue lines show the range of f, data
reported by Martinsson et al. (1999) are based on observations from air masses with
predominantly continental influences, occasionally impacted by pollution, as reflected
in the observed large number concentration of cloud droplets. The red dotted lines with
symbols represent the range of £, based on data reported by Komppula et al. (2005)
for the station Pallas in Northern Finland, a pristine continental site, often impacted by
clean maritime air masses. Data from the two studies overlap for conditions specific
to continental air masses, while the red curve with rhombic symbols from Komppula et
al. (2005) is more representative for clean maritime air masses. We choose f, to ap-
proximate typical continental air masses because at Hyytiala, the impact of continental
influences is more significant than at Pallas.

3.3 In-cloud collection and coagulation scavenging

The UFP that undergo nucleation scavenging grow to cloud droplet size and are re-
moved by falling raindrops inside clouds. This leads to a scavenging coefficient L,Cg"
given in Appendix A. The physics of this process is the following: as UFP are drawn into
the cloud, they are activated as CCN and grow to a cloud droplet size with a diameter
~10um. The collection efficiency E,. for cloud droplets of 10 um in diameter varies
between 0.5 and 0.8 when the collectors are raindrops with diameter D,~0.2-2mm
(Slinn, 1977). These considerations apply also for highly soluble aerosol, or aerosol
attached to material that is highly soluble, such that particles can grow to a droplet
size. For aerosol that is less soluble, the collection efficiency can be lower than 0.5.
For snow, E,-~0.1-0.3, based on estimations by Scott (1982).
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Another aspect of the in-cloud collection by rainfall is the vertical variation of rainfall
intensity . Measurements usually only yield R values at the ground. Scott (1982)
shows that for summer precipitations, F measured at the ground is representative of
the BL, while above the cloud base, R decreases with height and becomes negligible
at z~6-7km. Thus, we estimated that average in-cloud rainfall intensity, /,, is about
half of the ground value, R.

The second important mechanism of in-cloud removal of UFP is for the small UFP
that are not affected by nucleation scavenging (mostly with d,<100nm). These par-
ticles can coagulate with cloud droplets, raindrops or remain as interstitial aerosol. It
can be shown that UFP coagulation with raindrops is insignificant because the number
concentration of raindrops is much lower than that of cloud droplets. UFP coagulation
with cloud droplets is important, and can lead to inclusion of UFP into droplets, followed
by raindrop collection. This process leads to a scavenging coefficient, 79, described
in Appendix A.

3.4 Effective scavenging coefficient

With these considerations, a reference run to estimate the effective scavenging coeffi-
cient L .4 was produced based on the following numerical values of various parameters:
R=1mmh™' t,=10°C, Ny=8x10°m™*, E,;=0.5, f,=0.1, N,=500cm >, d,=10 um. Ta-
ble 1 summarizes several model parameters, their values used in the reference run and
the range of values used in sensitivity calculations. Estimated values of L from the
model are shown in Fig. 9 for neutral and charged particles, at two values of the rela-
tive humidity, RH=60% and RH=99%. Model predictions of L .4+ are comparable with
L, from observations. The black dashed lines represent approximations of L, uncer-
tainty from observations. The role of electric charge does not seem significant, and it is
reasonable to assume that this mechanism is not important for predominantly stratiform
precipitation based on reported data (Pruppacher and Klett, 1998). The Coulomb inter-
action for average charge is important for thunderstorms and highly electrified clouds,
becoming more evident at high values of R (associated with convective precipitation).
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The possible effect of image charges can be important as well but it is not included
in this model. The presence of ions at SMEAR Il (Laakso et al., 2004), and work by
Tinsley et al. (2000), Tripathi and Harrison (2001), Harrison and Carslaw (2003) indi-
cate that electrostatic charge image interaction is possible between AP and raindrops.
There is not yet a direct experimental account of the role of electric charge in UFP
scavenging, and in the rest of the paper we will show results only for neutral particles.

The effect of the growth factor (GF) of UFP is important for determining which parti-
cles become activated by nucleation scavenging. GF has less effect on very small par-
ticles that coagulate with cloud droplets because GF is at most ~2 while between UFP
diameters and cloud droplets there is a size difference of orders of magnitude. Thus
coagulation between UFP and cloud droplets is not affected greatly by GF. Similarly,
for UFP with d,>100 nm, in-cloud scavenging is less sensitive to further growth in di-
ameter and we see less impact of GF on the overall scavenging of particles larger than
100 nm. The highest effect of the growth factor is seen for d,, in the range 50-100 nm
where GF can make a significant difference. Thus, while a dry UFP of dp:50 nm has a
small scavenged fraction, after the size change due to the GF, such particle becomes
closer to 100 nm and can be scavenged more effectively.

The effect of air temperature on UFP scavenging is low for liquid precipitation. Cau-
tion is needed when using the model for cases when ¢, near the ground is close to
0°C. In such cases, it is possible that at higher altitudes, precipitation inside cloud is
solid and the collection efficiency as well as the hydrometeor size distribution in cloud
might be different. Based on criteria for data selection, the possible number of cases
with low %, is small and the overall scavenging coefficient is determined by scavenging
onto liquid raindrops. The choice of value for N, is based on the standard Marshall
and Palmer raindrop size distribution parameters (described in Appendix A), but we
note possible large variations of this parameter and sensitivity of results will be shown
below.

Figure 10 shows the model sensitivity with respect to the fraction, f;, of UFP from the
BL that are mixed into cloud elements. The value of 7, increases with average vertical
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velocity over the precipitation area, and is linked to a higher percentage of convective
elements and to increased rainfall rates, R. The fraction f, is varied between 0.1 and
0.3 in this calculation, and other parameters are maintained at the constant values
used for the simulations presented in Fig. 9. A larger increase of f; will require a higher
value of R because intense vertical transport is generally associated with convective
precipitation. It is possible in principle to use a detailed mesoscale model and estimate
f; over an area of interest, correlating it with the measured or estimated rainfall rate,
R, at the ground. Since the mixing of UFP is practically independent of aerosol size,
this parameter influences all aerosol-cloud interactions described above (nucleation
scavenging, in-cloud coagulation and collection). Thus, L values increase with f; for
the the entire range of UFP diameters.

Figure 11 shows model L . sensitivity to in-cloud collection efficiency E,,. This pa-
rameter is varied between 0.3 and 0.9. For liquid precipitation, small values of E,,
(~0.1-0.3) are associated with less soluble aerosol, fresh soot or combustion aerosol.
Such cases are related to air masses originating from the continent, perhaps passing
over significant sources of combustion particles. Small £, values are also associated
with solid precipitation. The E| values for snow are much smaller (~0.1-0.3) based on
Scott (1982) and consistent with the results of Slinn (1977). Based on the temperature
distribution near the ground for the samples used, the number of cases with possible
snow precipitation in-cloud is quite limited and the overall influence on L , is low as well.
Thus, the sensitivity of model calculations to £,, was limited to the range of 0.3-0.9.
Note the remarkable sensitivity of estimated values of L .4 with respect to the in-cloud
collection efficiency, especially for particles with d,>50 nm.

Figure 12 shows model sensitivity of L 4 with respect to number concentration N,
of cloud droplets. In the reference run we use N,=500 cm™3, which is quite typical for
continental clouds. Possible influences from polluted air masses over Europe causes
higher number concentrations of cloud droplets (and lower average diameters of cloud
droplets). We varied N, between 500 and 1500 cm‘3, which is consistent with data
from field experiments that characterized cloud microphysics (Martinsson et al., 1999).
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For maritime stratiform clouds, N, is considerably lower, in the range 100-200 cm™

(Martin et al., 1994). Overall, the increase of N, tends to increase UFP removal by
coagulation, assuming the average diameter does not change considerably. In fact, the
average diameter of cloud droplets changes with the number concentration of droplets:
larger N, leads to smaller cloud droplets, which have slightly lower rates of coagulation
with UFP. The sensitivity with respect to changes in cloud droplet diameter (not shown)
indicates a similar range of variation of L 4.

Finally, Fig. 13 illustrates model sensitivity of L4 with respect to N, the intercept
parameter of the Marshall-Palmer size distribution of raindrops. The standard value for
N, is considered representative and stable for long term averages of the widespread
precipitation. Field data show that N, can vary significantly (Pruppacher and Klett,
1998), and we illustrate the impact on model results caused by variations of one order
of magnitude. Generally, L g is quite sensitive to N, which is reflected in the overall
estimate of L .4, especially for UFP with d,,<100 nm.

The model results shown above, indicate reasonable agreement between calculated
L.+ and observed values L, for the UFP scavenging coefficient. For practical pur-
poses, to account for the observed UFP removal near ground, the use of L, is recom-
mended within the UFP diameter range (10<d,<500nm) and rainfall intensity range

(0.4<R<10mm h'1). Table 2 shows L, reported from several field experiments in var-
ious places. Among these results, the one obtained from Hyytiala is based on the
largest data set available. Discrepancies between values in different experiments are
due to rainfall intensity range and precipitation type. For example, data from Chate and
Pranesha (2004) are determined from thunderstorm rain events, and the effect of elec-
tric charge can be important. For modeling purposes, the use of a simplified L , fit from
observations is also suitable, especially for pollution studies, while it is recommended
to have L, determined from data measured in the region of interest.
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4 Conclusions

Scavenging coefficients were determined from six years of ultrafine particle (UFP) ob-
servations during rain events at a boreal forest site in Southern Finland. The range of
the median scavenging coefficients was [7x1 06-4x1 0‘5] s , comparable with results
from similar experiments, for the same rainfall rates. A model of UFP scavenging during
rain events is described, based on these processes: (1) UFP below-cloud scavenging
by falling raindrops; (2) UFP mixing in-cloud and nucleation scavenging; and (3) UFP
in-cloud collection and in-cloud coagulation with cloud droplets. Model results show
overall reasonable agreement with observed values (within the range of experimental
uncertainties). Nevertheless, significant sensitivity to parameters related to mixing and
cloud microphysics is expected. These results are applicable to predominant stratiform
precipitation that is not too intense (R~0.4—10 mm h™ )-

Our results suggest that the net loss of UFP near the ground during a rain event
is the result of below-cloud scavenging due to aerosol collection by raindrops, mixing,
cloud droplet activation and in-cloud scavenging. The importance of each process is
determined by the mixing between BL and cloud elements. If the mixing is reduced,
then the below-cloud scavenging caused by raindrop collection, is important. However,
for typical mixing during rain event, the in-cloud processes are dominant, and can
impact directly the overall UFP scavenging from the BL.

Model results show that ultrafine particle removal from the BL by rain depends on
aerosol size, rainfall intensity, mixing processes between BL and cloud elements, the
in-cloud scavenged fraction, the in-cloud collection efficiency, and in-cloud coagula-
tion with cloud droplets. The chemical composition and aerosol history of chemical
processing can impact the growth factor, possibly affecting the scavenged fraction of
those particles that reach supersaturation conditions. Other effects related to electric
charge may affect also the overall scavenging by increasing the efficiency of collection.
The role of electric charge needs to be further investigated by direct measurements
and by refining of current models of scavenging.
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Future work to improve characterization of the scavenging coefficients, and our ability
to estimate the loss of BL aerosol by precipitation, needs to include measurements of
cloud hydrometeor properties such as vertical profiles of rainfall, raindrop size distribu-
tions, cloud vertical extent, cloud base height, and electric charge. Mesoscale models
can be used to infer rates of mixing between BL and cloud region. The work needs also
to be extended for snowfall precipitation, which is relevant in winter over large areas,
or for mountain or high altitude regions and such studies will be addressed during the
International Polar Year 2007—2008.

Appendix A

Scavenging coefficient

The below-cloud scavenging coefficient L g has expression

(A1)

bl §
LBC(dp) =/O ZDgU(Dp)EBC(Dp,dp)N(Dp)de

where, U(D,) is the raindrop terminal velocity, N(D,) is the raindrop size distribution,
and Egc(D,, d,,) is the below-cloud collection efficiency, assumed equal with the colli-
sion efficiency (Slinn, 1983). The raindrop terminal velocity is taken as U(Dp)=c><Dg,
with ¢=3.778 and y=0.67 (with U in ms~' and D, in mm) (Atlas and Ulbrich, 1977).
The raindrop size distribution is described by an empirical Marshall and Palmer (1948)
fit, N(D,)=N, exp(-AD,), where Ny and A depend on rainfall rate £ and can exhibit
variability from case to case.
For UFP, the below-cloud collection efficiency is
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4 1/2 a1/3 1/2 o1/2
Egc(Dy, dy) = ReSc“ +0.4R)/25}% 1+ 0.16R)/25)/%) +
d dp
p . Ha 1/2
4—[— +(1+2R, E A2
bl 2RI E, (A2)

where the first six terms represent the Brownian diffusion and interception contributions
to the collection efficiency (Slinn, 1977, 1983), and the last term represents the elec-
tric contribution. The term E, is based only on Coulomb interaction between charged
aerosols and raindrops treated as in Davenport and Peters (1978). Other notations

D,U . .

in the above equation are: R =—5 P2 is the raindrop Reynolds number, Sczp’“'b is

the aerosol Schmidt number, p, and U, are the air density and viscosity, D=;Tf;%c is
a-p

aerosol diffusivity in air, kg is the Boltzmann constant, T is the air absolute tempera-
ture, C, is the Cunningham slip correction factor to account for non-continuum effects

associated with small particles, C,=1 +21°'*[1 .257+0.4 exp(— L 1d )] and 1, is the mean
free path of air molecules.
: o : , 16K C a°a’d,
The electric term E, is given by this expression E, = W—U with K =9x10° Nm?

C2s™", a=0.83x107%, ais an empirical parameter in the relations O=aanp, and

q=axad§ are the average charges on raindrop and aerosol particle (in C units). o
can be varied between 0, which corresponds to neutral particles, to ~7, which cor-
responds to highly electrified clouds, associated with thunderstorms (Pruppacher and
Klett, 1998; Andronache, 2004).

The scavenging coefficient due to in-cloud collection by falling raindrops is

00
T
L5 (d) =/0 ZDIZJU(Dp)E/CN(Dp)dDP -

where E;. is the in-cloud collection efficiency between cloud droplets (of diameter
10 um) and raindrops. E,. is in the range 0.5-0.8 for soluble aerosol scavenged by
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liquid drops. For snow, the collection efficiency, £,,~0.2-0.3 (Scott, 1982).
The scavenging coefficient due to in-cloud coagulation between UFP and cloud
droplets is

(o]
Li2(dy) = [ Ridk, dpine(d)dc, (A4)
where K (d¢. dp) is the Brownian coagulation kernel between UFP and cloud droplets,

d, is the cloud droplet diameter. The coagulation kernel is based on Fuchs (1964).
N, 33

The cloud droplet size distribution is given by nc(d0)=Ad02x exp(-Bd,), with A=
=di, where 07C is the average cloud droplet diameter, and N, is the total number
concentration of cloud droplets (Pruppacher and Klett, 1998).

The calculations are carried out at aerosol particle diameter corrected by a growth
factor (GF), determined from observations as a function of particle diameter d,, and
ambient relative humidity RH. GF is defined as GF_G,(‘,.,#HH), where d,(RH) is the
aerosol diameter at ambient relative humidity RH and d (RHO) is the dry aerosol diam-
eter as measured by the DMPS instrument at RH520%. A fit of GF that reproduces

observations, valid for RH<99%, is given by:

GF(RH.d,) = [1 - RH/100]°(%) (A5)

where ¢g(d )——311x10 x——O 0847, and d,,=1m. For d,>280nm, &(d,)=¢
(d,=280nm) in this formulatlon (Laakso et al., 2004).

3822

ACPD
6, 3801-3844, 2006

Scavenging of
ultrafine particles by
rainfall

C. Andronache et al.

MHHHHM

EG

c


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/6/3801/2006/acpd-6-3801-2006-print.pdf
http://www.atmos-chem-phys-discuss.net/6/3801/2006/acpd-6-3801-2006-discussion.html
http://www.copernicus.org/EGU/EGU.html

Appendix B

Notations

Q.Q

o

ultrafine particles (UFP) diameter
cloud droplet diameter

raindrop diameter

collection efficiency

aerosol diffusivity in air

fraction of UFP mixed in-cloud
in-cloud scavenged fraction of UFP
growth factor of UFP

cloud base height

Boltzmann constant

Brownian coagulation kernel
effective scavenging coefficient
scavenging coefficient from observations
aerosol size distribution

cloud droplet size distribution
raindrop size distribution (RSD)
RSD parameter

rainfall rate near ground

rainfall rate in-cloud

relative humidity

raindrop Reynolds number
aerosol Schmidt number

raindrop terminal velocity

air temperature in Celsius degrees
air absolute temperature
entrainment velocity at cloud base
mean free path of air molecules
air viscosity

air density

aerosol density

RSD parameter

vertical mixing time scale
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Table 1. Model parameters and their values used in the reference run and in sensitivity calcu-
lations.

Parameter Reference run Range Notes
t. 10 (degC) 0—20 (degC) (a)
RH 90 % 60—99% (b)
N, 8x10°m™ [8-80]x10°m™ (c)
N, 500cm™° 500-1500cm™  (d)
f, 0.1 0.1-0.3 (e)
E. 0.5 0.3-0.9 )

(a) Air temperature at 8.4 m above ground was in the range [0-20] degC, with values mostly
being ~10 degC (Laakso et al., 2003a); (b) Most samples have relative humidity RH>60%
with predominant values RH>90%; (c) N, the intercept parameter in the Marshall and Palmer
raindrop size distribution can vary significantly; (d) Number concentration of cloud droplets was
varied between clean continental to polluted conditions; (e) Fraction of UFP mixed into cloud
elements was varied between 0.1 and 0.3; (f) In-cloud collection efficiency was varied between
0.3 (for less soluble aerosols) and 0.9 (highly soluble aerosols);
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Table 2. Range of reported aerosol scavenging coefficient determined from measurements of
the size distribution during rain events.

ACPD
6, 3801-3844, 2006

L, R Location Reference

(s (mmh™)

2x10°-1x 107 1-3 Lexington, Kentucky, USA Davenport and Peters (1978)?
7x107°-4x 10° 0.5-10 Hyytiala, Finland Laakso et al. (2003a)®
1x107°-8x10™*  1-46 Pune, India Chate and Pranesha (2004)°
4x107°-1x10™* 1-20 Princeton, New Jersey, USA Maria and Russell (2005)d

Scavenging of
ultrafine particles by
rainfall

C. Andronache et al.

 Experiments were conducted during three rain events on 1 September, 25 October and 30
October 1976. The rain events were widespread precipitation. Aerosol measurements were
limited to two subranges of the size distribution: one with d,, in the range [7-22]nm, and the
other with d,>400 nm.

® Measurements were taken during May—October months, 1996—2001. Aerosol size distribu-
tion measured for d,, in the range [3-510] nm. Rain events were characterized by predominant
low intensities (see text for details).

° Measurements were taken during a total of 17 rain events: two days in the pre-monsoon
season in April 1997, and ten days post-monsoon during October and November 1997. Eight
aerosol particle sizes with d, in the range [13-750] nm were used in the experiment. Precipita-
tions were dominated by strong convective activity and thunderstorms.

4 Observations were conducted during 10-day period in August 2003. Particle sizes measured
ranged between 10 nm and 20 000 nm. Precipitation rate varied between 1 and 20 mm h=".
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Fig. 1. Regional map with position of the observation site, SMEAR Il in Southern Finland.
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Fig. 2. Time sequence of measured dn/d[log(d,)] for two particle diameters. Samples shown
are from rainy events during months May—October 2000. Dry time intervals are excluded from
this plot, and the continuous lines are shown for figure clarity.
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Fig. 4. (a) Observed meteorological parameters at 8.4 m above ground, and (b) aerosol size
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distribution versus local time during a precipitation event on 9 October 1999.
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Fig. 5. Observed meteorological parameters at 8.4 m above ground at Hyytiala: (a) Time
sequence of air temperature and precipitation recorded during precipitation events, for May—
October interval, during years 1996—2001. Dry periods are excluded from this plot; (b) Fre-
quency of rain duration; (¢) Frequency of horizontal wind intensity; (d) Frequency of relative
humidity, RH.
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Fig. 9. Scavenging coefficient versus UFP diameter. Shown are L, from observations, and
L .+ model calculated for neutral (N) and charged (C) particles, for two relative humidity val-
ues, RH=60% and RH=99%. The two black dashed lines represent the uncertainties of the
scavenging coefficient from observations.
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Fig. 10. Sensitivity of model results to the fraction of UFP mixed into cloud, f;.

3841

EG

c


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/6/3801/2006/acpd-6-3801-2006-print.pdf
http://www.atmos-chem-phys-discuss.net/6/3801/2006/acpd-6-3801-2006-discussion.html
http://www.copernicus.org/EGU/EGU.html

10

—e— Observations
——Model E_=0.3

——Model E_=0.5
——Model E_=0.7
——Model E.=0.9

-
D.

Scavenging coefficient, L(dp) (54)
3,

-5

10 L L L L L L L L |
10°

Aerosol diameter, dp {nm)

Fig. 11. Sensitivity of model results to in-cloud efficiency of collection (£,;) between cloud
droplets and falling raindrops.
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Fig. 12. Sensitivity of model results to cloud droplet number concentration, N,.
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Fig. 13. Sensitivity of model results to Marshall and Palmer raindrop size distribution intercept

parameter, N,.
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