N
N

N

HAL

open science

Scavenging of ultrafine particles by rainfall at a boreal
site: observations and model estimations
C. Andronache, T. Gronholm, L. Laakso, V. Phillips, A. Venélainen

» To cite this version:

C. Andronache, T. Grénholm, L. Laakso, V. Phillips, A. Venéldinen. Scavenging of ultrafine particles
by rainfall at a boreal site: observations and model estimations. Atmospheric Chemistry and Physics,

2006, 6 (12), pp.4739-4754. hal-00296060

HAL Id: hal-00296060
https://hal.science/hal-00296060
Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00296060
https://hal.archives-ouvertes.fr

Atmos. Chem. Phys., 6, 4739754 2006 iy —* -

www.atmos-chem-phys.net/6/4739/2006/ Atmospherlc
© Author(s) 2006. This work is licensed Chemlstry
under a Creative Commons License. and Physics

Scavenging of ultrafine particles by rainfall at a boreal site:
observations and model estimations

C. Andronache!, T. Grénholm?, L. Laakso?, V. Phillips2, and A. Veralainer’*

1Boston College, Chestnut Hill, Massachusetts, 02467 USA

2Department of Physical Sciences, University of Helsinki, P.O. Box 64, 00 014 Helsinki, Finland

3Princeton University, Atmospheric and Oceanic Sciences Program, Princeton, New Jersey 08540, USA

4Climate and Global Change Finnish Meteorological Institute Erik Raimaukio 1, P.O. Box 503, 00 101 Helsinki, Finland

Received: 16 December 2005 — Published in Atmos. Chem. Phys. Discuss.: 12 May 2006
Revised: 17 August 2006 — Accepted: 16 October 2006 — Published: 23 October 2006

Abstract. Values of the scavenging coefficient deter- 1 Introduction
mined from observations of ultrafine particles (with diam-
eters in the range 10-510 nm) during rain events at a boAerosol particles are generated in the atmospheric environ-
real forest site in Southern Finland between 1996 and 200Mment by homogeneous nucleation of gaseous species, and by
were reported by Laakso et al. (2003a). The estimatedon-induced nucleation (Covert et al., 1992; Widensohler et
range of the median values of the scavenging coefficien@l-, 1996; Raes et al., 1997; Weber et al., 1998; Kulmala et
was [7x 10 6-4x10-°]s~1, which is generally higher than al., 1998, 2000a, 2004; Allen et al., 1999; O’'Dowd et al.,
model calculations based only on below-cloud processed-999; Birmili and Widensohler, 2000; Yu and Turco, 2001).
(Brownian diffusion, interception, and typical phoretic and Also, nucleation mode particles are emitted from gasoline
charge effects). engines (Harris and Maricq, 2001). Aitken mode particles
In the present study, in order to interpret these observedire emitted directly from traffic exhaust, or may result from
data on scavenging coefficients from Laakso et al. (2003a)condensational growth of nucleation mode particles (Kermi-
we use a model that includes below-cloud scavenging pronhen and Wexler, 1996; Alam et al., 2003: Laakso et al,
cesses, mixing of ultrafine particles from the boundary layer2003b). Accumulation mode particles originate from indus-
(BL) into cloud, followed by cloud condensation nuclei acti- trial combustion and re-suspension from road beds. Some
vation and in-cloud removal by rainfall. The range of effec- aerosols originate from sea spray and cloud processing of
tive scavenging coefficient predicted by the new model, cor-particles and vapours. A significant source of aerosol parti-
responding to wide ranges of values of its input parameters¢les is biomass burning (Andreae and Merlet, 2001). Parti-
are compared with observations. Results show that ultrafin€les larger than 100 nm are mainly mechanically generated:
particle removal by rain depends on aerosol size, rainfall in-dust, re-suspension, industrial processes and sea-salt.
tensity, mixing processes between BL and cloud elements, Ultrafine particles (UFP) are generally defined as aerosols
in-cloud scavenged fraction, in-cloud collection efficiency, With diameterd, <100 nm. In this work, we will use UFP to
and in-cloud coagulation with cloud droplets. describe the full range of available aerosol size [10-510] nm
The scavenging coefficients predicted by the new modefrom the analyzed measurements (Laakso et al., 2003a). Ho-
are found to be significantly sensitive to the choice of repre-mogeneous nucleation and direct injection of UFP into the
sentation of: (1) mixing processes; (2) raindrop size distribu-atmospheric environment both act to increase particle con-
tion; (3) phoretic effects in aerosol-raindrop collisions; and centrations. This affects visibility, cloud-condensation nuclei
(4) cloud droplet activation. Implications for future studies (CCN), and human health. After their formation, the fate of
of BL ultrafine particles scavenging are discussed. UFP is controlled by a combination of processes: advection,
turbulent mixing, coagulation, condensation-evaporation,
chemical reactions, aerosol-cloud interactions, and deposi-
tion (Seinfeld and Pandis, 1998; Jacobson, 2002). The sizes
of UFP are augmented by the processes of condensation and
Correspondence toC. Andronache coagulation, while their number concentration is reduced by
(andronac@bc.edu) coagulation with pre-existing aerosol particles and by various
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dp/D,<1, whereD, is the raindrop diameter. This is be-
cause, in that case, the kinetic 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 coales-
cence during a collision is satisfied by typical UFP present
in the BL below-cloud, where aerosol particles uptake wa-
ter and become wet. These UFP behave as small spherical
particles colliding with a falling raindrop.

Brownian diffusion is an efficient mechanism for collec-
tion of very small particles (with diametets, <10 nm) by
falling raindrops (Greenfield, 1957). Similarly, large par-
ticles (with diameters/,>2000nm) have a relatively high
collection efficiency because of their inertia, while particles
with diameters in the range 10 ngv, <2000 nm (“Green-
field 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 elec-
ic charge on aerosol particles and raindrops increases the
elow-cloud scavenging of aerosols with sizes in the “Green-
field gap”.

Fig. 1. Regional map with position of the observation site,
SMEAR Il in Southern Finland.

deposition processes. Kulmala et al. (2000a) showed th
UFP with diameters/,~1—10 nm, are efficiently scavenged b
by Brownian coagulation with larger ambient aerosols. The

g_rovi/thf of U:P tot_ sllzesdp(;%o nt?:,_ls Crt't'C?I If(_)rfihe sur- A series of studies estimated the effects of below-cloud
vival of such particles and for their potential influénce on scavenging on aerosol size distribution under various en-

CCN concentrations. To become activated as cloud dropletsVironmental conditions (Dana and Hales, 1976; Wang and
UFP need sufficient time to grow by condensation and coags ' ;

. L . X Pruppacher, 1977; Slinn, 1983; Ten Brink et al., 1987;dylh
ulation. Rain is an effectlve_ mecha_lnl_sm for aerosol removallggl; Sparmacher et al., 1993; Andronache, 2003). Several
from the atmosphere _and It can _I|m|t the _number Of_sm_a”reports estimated aerosol scavenging coefficients from direct
aerosol particles growing to t.he sizes required for aCt'Vat'onmeasurements of the AP size distribution change at ground
of cloud droplets. Atmospheric particle removal is also a pro-

) . L ! stations during rain events (Davenport and Peters, 1978;
cess of interest for numerical studies, in the effort to improve

; Maria and Russell, 2005). Scavenging rates de-
termined from such measurements show a large spread, and
The wet removal of aerosol particles (AP) from atmo- tend to be significantly higher than estimations based only

sphere is caused by two processes: (a) if an AP is in theyn pelow-cloud collection removal, accounting for Brownian
BL below-cloud, it can be collected by a falling raindrop iffusion, interception, and typical phoretic effects (Laakso
(“below-cloud scavenging”, BCS); (b) if an AP is in-cloud et al., 2003a). Such results suggest that other processes are
orat C|0ud base, Where Supersaturated Conditions eXiSt, |t Caii}nportant in determining the overa” Observed scavenging of
become a cloud droplet by the nucleation scavenging procesgrp from the BL. To address this problem, the present study
(Komppula et al., 2005). Such a particle grows to the size ofhas the following goal: to describe a modeling framework
a cloud droplet and can be efficiently collected by raindropsthat accounts for below-cloud scavenging, UFP mixing into
falling inside cloud (“in-cloud scavenging”, ICS). In-cloud the cloud domain, nucleation scavenging and in-cloud scav-
interstitial aerosol can be also be scavenged by coagulatioBnging. Such framework allows estimating the role of vari-
W|th C|0ud drOpletS and by CO||eCti0n onto fal“ng I’aindI‘OpS. ous processes in determining the aerosol Scavenging as ob-
The below-cloud scavenging rate depends on the collecserved near ground, and is not intended as a new module for
tion efficiency between a falling raindrop and aerosol parti-air pollution or aerosol transport models, which have trans-
cles. Throughout this paper we assume that the collection efport and mixing processes explicitly represented. The model
ficiency is equal to the collision efficiency. This assumption is used to evaluate the UFP effective scavenging coefficient,
is correct if every collision between a UFP and a raindrop isinvestigate its dependence on environmental parameters, and
followed by coalescence. It has been shown (Pruppacher ancbmpare with observations. Possible implications for future
Klett, 1998) that a collision is followed by coalescence whenfield studies of aerosol scavenging are also discussed.
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Fig. 2. Scatterplot of the measureld/d[log(dp,)] (for two values of UFP diameter) versus rainfall r&eluring years 1996-2001.

2 Observations A scatterplot ofdn/d log(d,) (for two particle diameters:
32nm and 340 nm) versus rainfall rate is shown in Fig. 2 for
To determine the rate of scavenging of UFP during rainyears 1996-2001. First, we note a substantial decrease of
events, Laakso et al. (2003a) used data from six years (1996number concentration at any of the two selected diameters
2001) measurements at SMEAR Il Station (Station for Mea-with the increase in rain intensity (The same result is seen
suring Forest Ecosystem-Atmosphere Relations), Bgiti  at all UFP diameters). Second, the plot shows the predom-
Southern Finland (661'N, 24°17'E; 181 m a.s.l) (Vesala jnance of cases with small rainfall ratesl mmh2. The
et al., 1998; Mkeh et al., 2000; Hydnen et al., 2005) number of samples witi>10 mm h 1 is almost negligible.
(Fig. 1). The station is located in a homogeneous Scots pin®uring each rain event that has been analyzed, the measured
forest and is characterized by typical background conditionssijze distribution of UFP changes in time. If wet removal
with no local sources of pO"UtiOﬂ (Kulmala et al., ZOOOb) were the on|y process acting on the aerosol popu|ation, we
The particle size distributions between 3 and 510 nm haveyould see a decrease in aerosol concentration with time,
been measured by two differential mobility particle sizers gver the duration of the rain event. Often, other processes
(DMPS) for each 10 min period (Aalto et al., 2001). In their ajter the size distribution, and measurements show cases in
analysis, Laakso et al. (2003a) used data from the period beyhich aerosol concentration can grow during precipitation.
tween 1 May and 31 October of each year from 1996 to 2001 sych effects may be attributed to processes such as advec-
Selecting rain events that lasted at least 0.5 h with a rain in‘tion, mixing, and growth_ An examp|e of a Change in the
tensity R>0.4mm . Their analysis was also limited to UFP size distribution with time is shown in Fig. 3 for a case
particles withd,>10nm, and a series of criteria were ap- observed on 9 October 1999. The rain event lasted 3 h, with
plied for data selection to minimize effects, on the UFP sizeg~1 mmt1, an air temperature between 69 and a hor-
distribution during rain events, arising from particle nucle- jzontal wind speed-1 ms™1. A continuous decrease of the
ation, growth by condensation and coagulation, dry deposinumber concentration over most of the range of particle di-
tion, and transport. Their experimental details will not be re- ameter in the size distribution is seen, exceptdige 30 nm
peated here. In this section, considerations of UFP Variabnwhere there is a modest increase in number concentration.
ity during rain events are presented, and the characteristics Guch increases can be caused by transport, condensational

precipitation in the region of interest are discussed. growth and coagulation. This example illustrates the com-
plexity of aerosol change during a relatively extended rain
event.
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Fig. 3. (a)Observed meteorological parameters at 8.4 m above groundbpadrosol size distribution versus local time during a precipita-
tion event on 9 October 1999.

Analysis of meteorological data at Hyth at 8.4 m above Laakso et al. (2003a) using:
ground is illustrated in Fig. 4. Air temperature varied
between 0 and 2%, and the accumulated precipitation M
recorded during 15 min is mostly less than 1 mm, while the  d?
highest values reack’5 mm during the warmest months of wheren(d,) is the UFP number concentration, adg is
the summer when convective precipitation is more frequentthe particle diameter. With (d,) being measured at two
However, such convective precipitation events are not toajmes, 1; and,, during rain events, the expression fby
intense overall, since most cases produded 1 mmh1 becomed. ,=— —1— In[22]. The parameterization df,

. . . . . : L (to—t1) () .
(Fig. 4a). Rain duration (Fig. 4b) shows that the most fre-js described in detail by Laakso et al. (2003a), being sum-
quent duration is less than 30 min, and there are very fewnarized in the Appendix. Thus, it has been determined that
cases with continuous rain events lasting more than 2-3hy,  decreases with,, in the range~10-100 nm, has a mini-
Figure 4c shows the distribution of horizontal wind inten- mum fordp between 100-200 nm, and increases S||ght|y for
sity at 8.4m, with values being predominantly in the rangeg,, |arger than 200 nm. For any given aerosol diameter,
of 0.5-2.5 msl_- Figure 4d shows the distribution of RH jncreases with rain intensity agR. Significant variability
with values being mostly in the range of 90-100%. There, a5 ghserved from case to case, and results must be seen as
are a few cases of RH in the range of 60-90% that are typrepresentative for average conditions of widespread precipi-
ically associated with the warmest periods and more intensgaion and rain duration consistent with the resolutionRof
precipitation events. Synoptic meteorological observationsapp”ed for the samples. These observed scavenging coeffi-

from Jokioinen (6649 N, 2330 E; 104m a.s.l) provide ients are compared with model results in the next section.
details on cloud and precipitation types during rainy inter-

vals recorded both at Jokioinen and H@di. The statis-

tics of precipitation measured at the two stations is similar,3 Model description

which shows that the precipitation events at Hgigiand

Jokioinen have similar properties. Data from Jokioinen showModeling of the rate of UFP scavenging observed in the BL

that precipitating clouds extended over all altitudes, and prenear the ground during rain events must consider these pro-

cipitation was classified into two types: frontal or shower cesses: (a) raindrops falling below-cloud collect UFP with

precipitation. This is consistent with the overall picture of an efficiency that depends on the sizes of aerosols and rain-

widespread stratiform precipitation being predominant, indrops; (b) over the duration of a rain event, BL UFP are

conjunction with less frequent convective events. mixed throughout BL and within clouds. Some patrticles be-

come cloud droplets or coagulate with cloud droplets and are

The scavenging coefficient from observatiohg,was es-  removed while inside clouds. In-cloud entrainment is a com-

timated from measurements of UFP number concentration bylex dynamic process that occurs at the cloud base, lateral

= _Lon(dp) (1)

Atmos. Chem. Phys., 6, 4739#54 2006 www.atmos-chem-phys.net/6/4739/2006/
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Fig. 4. Observed meteorological parameters at 8.4 m above ground ataldyygicorded during precipitation events, for May—October

interval, during years 1996-2001a) Frequency of rain intensity®; (b) Frequency of rain durationc) Frequency of horizontal wind
intensity;(d) Frequency of relative humidity, RH.

boundaries, and the top of the cloud. The focus of the present With these considerations, the rate of change in the BL
study is on entrainment at cloud base and lateral boundaried FP due to precipitation is written as:
that results in mixing UFP from the BL into cloud elements. dn(d,) dn(d,)
Although during precipitation such a process is highly in- Pl — —Lpgcn(dy) + < L > (2)
homogeneous spatially and the entrainment rate varies with dt mix
time, it will be characterised here by average values for awheren(d,) is the BL UFP concentration, antlzc is the
typical extent of a rain event. Insight into the physics of en- below-cloud scavenging coefficient. The first term on the
trainment is available from direct field measurements (Mar-right-hand side of the above equation represents the loss of
tin et al., 1994; Svenningsson et al., 1997; Snider and BrenBL UFP by falling raindrops below cloud. The second term
guier, 2000), lidar data, high-resolution dynamic models, in-on the right-hand side represents the loss of BL UFP by mix-
cluding large eddy simulations, and mesoscale models aping into cloud by entrainment, followed by nucleation scav-
plied for simulation of precipitation (Rutledge and Hobbs, enging and in-cloud scavenging.
1983; Niewiadomski, 1986; Tremblay, 1987; Houze, 1993; The second term of the right-hand side of Eq. (2) is ex-
Flossmann, 1998; Zhang et al., 2004; Agusti-Panareda et alpressed as:
2005). Such studies show significant variability of the pa- dn(d,)
rameters describing entrainment, and the important roles ol(—”) = — LS fin(dy) — LSO f1(1— f2)n(d,)(3)
turbulence and convection. mix

We are interested in the fractiopf;, of BL UFP reaching  where f; is the fraction of UFP from the BL that, by mixing
cloud base or being mixed into cloud, and we adopt values reand entrainment, reach cloud elements with supersaturated
ported in literature based on cloud modeling of tracer transferconditions. Also,f> is the fraction of such UFP that becomes
between BL and free troposhere. Once UFP reach the cloudctivated as cloud dropleti‘;%" is the in-cloud scavenging
where supersaturated conditions prevail, some particles besoefficient due to collection by raindrops inside cloud, and
come activated as cloud droplets by the nucleation scavengt%*is the in-cloud scavenging coefficient due to UFP co-
ing process (e.g. Komppula et al., 2005). The scavenged fracagulation with cloud droplets.
tion, f», depends on aerosol size, supersaturation and chemi- Thus, Eqg. (2) can be written as:
cal composition, as will be discussed below. UFP, which aredn(d )
not affected by nucleation scavenging and are mixed into the——"> = —Lefn(d,,) 4)
cloud, are subject to coagulation with cloud droplets, which
in turn have a high probability of being removed by raindrop where Leg=L pc+ f1 f2LS%+ f1(1 — f2) L} Cis the effec-
collection. tive (or apparent) scavenging coefficient of the BL UFP to be

www.atmos-chem-phys.net/6/4739/2006/ Atmos. Chem. Phys., 6, 47382006
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compared withL,,. Expressions for scavenging coefficients three-dimensional model resulted in the net vertical transport
are given in Appendix A, and the list of notations is given in rates of a few percent per hour. Thirdly, using the Met Of-

Appendix B. fice Unified Model to study ventilation of the BL, Agusti-
Panareda et al. (2005) recently determined the fraction of
3.1 Mixing of ultrafine particles into cloud tracer transfer between BL and free troposphere for condi-

tions of frontal cyclones over Europe. The fraction of the

Entrainment of air and tracers into cloud depends on the intracer in the BL transferred into the free troposphere was
tensity of vertical motions in the cloudy area, and has sig-found to depend on convective conditions and tracer life-
nificant fluctuations over time and space. The nature of pretime. For a tracer with lifetime of 3 h, the transfer was about
cipitation is also important, since stratiform clouds tend to f,~0.05 i while significant variability has been attributed
produce a less intense mixing, and are limited in vertical ex-to the BL diurnal cycle. Because the frontal system did not
tent, while deep convection is very efficient in rapid mixing cover all of the model domain in their study, their valuefof
of tracers throughout troposphere (Flossmann, 1998; Crutzefs expected to be lower than in cases where clouds cover the
and Lawrence, 2000; Lawrence et al., 2003). entire domain, as in the present study and in the modeling

Stratiform and convective precipitation are classified aswork by Niewiadomski (1986). Clearly, variability in con-
follows. Stratiform precipitation falls from nimbostratus vective conditions, duration of mixing, and the time scale of
clouds, while convective precipitation falls from cumulus processes involved in tracer transformation, can all cause sig-
and cumulonimbus clouds (Houze, 1993). Stratiform precip-nificant variations of the net fraction of BL tracer transferred
itation is a process in which vertical air motions are smallinto the free troposphere.
compared with the fall velocity of ice crystals and snow
(~1-3ms1). The vertical velocity at cloud base for strat- 3.2 In-cloud nucleation scavenging
iform clouds isw,~0.2—0.5ms ™! based on detailed stud-
ies of frontal stratiform precipitation (Rutledge and Hobbs, When aerosol particles reach the cloud base by mixing and
1983). Convective precipitation has a vertical velocity in the are entrained into the cloud element, they encounter super-
range 1-10mst, which exceeds the typical fall speeds of saturated conditions. A fractiorf,, of such particles is then
show and ice crystals. activated and form cloud droplets. Now is often named

For precipitation in Southern Finland that occurred duringthe scavenged fraction or scavenged ratio (Svenningsson et
the sampling period, rain events are characterized by shoml., 1997; Martinsson et al., 1999, Komppula et al., 2005).
durations ranging from less that 0.5 h to a few hours. Rain-This is the process by which cloud droplets form on pre-
fall intensities wereR~0.4—10 mm b1, with values mostly  existing aerosol particles. Under subsaturated conditions,
being less than 1 mnth (Fig. 4a). Inspection of the precipi- aerosol particles have equilibrium sizes determined by the
tation data from Jokioinen shows that frontal systems movingambient relative humidity (RH) and the amount of soluble
from Atlantic region over the southern Finland during sum- matter in the particle. At supersaturated conditions, parti-
mer cover a large area dominated by IRBwEmbedded inthe  cles can grow larger than the critical diameter and form cloud
frontal systems are convective precipitation systems occupyedroplets. The supersaturation required for droplet activation
ing a smaller area, whecan be significantly higher. Often depends mostly on the aerosol size and to some extent on
such frontal systems present a band structure that results ithe chemical composition of the aerosol particle. The su-
rain events interrupted by intervals of no rain or insignificant persaturation is governed by the rate of cooling of the air
precipitation. Thus, for the time average Bfin this ex-  mass and the rate of condensation of vapour on the growing
periment (30 min), the dominant precipitation is stratiform in droplets. As a result, cloud formation causes a group of acti-
nature, and strong convective cases are rare or are excludegted cloud droplets and another group of interstitial aerosol
from the analysis (Laakso et al., 2003a). particles that both co-exist. The interstitial aerosol particles

The value of f; utilized in the model is inferred from contain liquid or dry particles of equilibrium size (with diam-
several previous studies of tracer transfer between the Bleters much smaller than cloud droplets). The study of aerosol
and the free troposphere, for conditions of interest in thehygroscopic behavior, aerosol activation, aerosol scavenged
present work. Firstly, with a three-dimensional cloud model, fraction, and cloud microphysics characteristics were exten-
Niewiadomski (1986) studied the transfer of tracers from BL sively investigated in a series of field experiments and with
into free troposphere. The simulations represented manyumerical models (Martin et al., 1994; Garrett and Hobbs,
clouds in various stages of development. Niewiadomskil995; Twohy et al., 1995; Svenningsson et al., 1997; Mar-
showed that in 1 h the average BL tracer was reduced byinsson et al., 1999; Swietlicki et al., 1999; Komppula et al.,
15%. A value off1~0.15 in 1 hour is inferred for UFP to  2005).
reach the cloud base by vertical mixing. Secondly, Tremblay For a given local supersaturatidh the nucleation scav-
(1987) studied the role of cumulus cloud transport of chemi-enging of AP is determined by the size and chemical compo-
cal tracers, obtaining similar results to those of Niewiadom-sition of aerosols. Experimental determination of the scav-
ski. Both the measurements and the simulations with theenged fraction reveals the complexity of the nucleation scav-

Atmos. Chem. Phys., 6, 4739#54 2006 www.atmos-chem-phys.net/6/4739/2006/
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enging process, owing to variations $hlocally and in the !
chemical nature of AP (Martinsson et al., 1999; Komppula  osf
et al., 2005). Thus, for the same supersaturated conditions osf
some particles with diameters as low as 50 nm become ac- .
tivated, while a small fraction of particles witf),>200 nm

can remain unactivated. The scavenging fraction tends to in-
crease rapidly withi, at diameters around 100 nm. Model
simulations of soluble aerosol, with an updraft velocity that
produces local supersaturations ©0.1—0.2%, predict a
sharp increase of> with particle diameter (Svenningsson A oo m1sss
et al., 1997). To account for possible variability in aerosol | “e K oom
chemical composition and variations ) we adopt anfs- i '
function (Fig. 5) that summarizes experimental results by
Mgrtlnsson et al. (1999) and Komppula et al. (2005). TheFig. 5. Scavenged fractiory, of UFP mixed into cloud. The
thick black curve represents_th’@-functlon use_d for the stan- black curve is the function used in the model runs shown in results,
dard run to be compared with,. The blue lines show the e the dotted curves represent the boundaries which contain the

range of f> data reported by Martinsson et al. (1999) are scavenged fraction determined from observations by Martinsson et
based on observations from air masses with predominantlyl. (1999) (M 1999) and Komppula et al. (2005) (K 2005).

continental influences, occasionally impacted by pollution,

as reflected in the observed large number concentration of

cloud droplets. The red dotted lines with symbols repre-Thus, we estimated that average in-cloud rainfall intensity,
sent the range of> based on data reported by Komppula R, is about half of the ground valug,

et al. (2005) for the station Pallas in Northern Finland, a pris- The second important mechanism of in-cloud removal of
tine continental site, often impacted by clean maritime air UFP is for the small UFP that are not affected by nucleation
masses. Data from the two studies overlap for conditionsscavenging (mostly witl/, <100 nm). These particles can
specific to continental air masses, while the red curve withcoagulate with cloud droplets, raindrops or remain as inter-
rhombic symbols from Komppula et al. (2005) is more repre-stitial aerosol. It can be shown that UFP coagulation with
sentative for clean maritime air masses. We cho@ge ap-  raindrops is insignificant because the number concentration
proximate typical continental air masses because at Bigyti  of raindrops is much lower than that of cloud droplets. UFP
the impact of continental influences is more significant thancoagulation with cloud droplets is important, and can lead to

o
ey
T

Scavenged fraction, f2
°
o
T

= Model
M 1999

10
Aerosol diameter, dp (nm)

at Pallas. inclusion of UFP into droplets, followed by raindrop collec-
tion. This process leads to a scavenging coefficiéfif>
3.3 In-cloud collection and coagulation scavenging described in Appendix A. Next section describes compar-

isons between model calculations and observations, and il-

. ) lustrates model sensitivity to several important parameters.
The UFP that undergo nucleation scavenging grow to cloud

droplet size and are removed by falling raindrops inside

clouds. This leads to a scavenging coefficiéff' given  , Rosuits

in Appendix A. The physics of this process is the following:

as UFP are drawn into the cloud, they are activated as CCN, 1 Effective scavenging coefficient
and grow to a cloud droplet size with a diametet0pm.

The collection efficiency;c for cloud droplets of 1Qun ity the above considerations, a reference run to estimate
in d|ameter varies bgtween 0.5and 0.8 wheq the collectorghe effective scavenging coefficiehts was produced based
are raindrops with diameted,~0.2—2mm (Slinn, 1977).  on the following numerical values of various parameters:
These considerations apply also for highly soluble aerosol, 0ol =1 mm b, ,=10°C, No=8x1(Pm—%, E;c=0.5, f1=0.1,
aerosol attached to material that is highly soluble, such thay\,c:500 cn3, d.=10um, T,—T,=1°C. Table 1 summarizes
particles can grow to a droplet size. For aerosol that is lesgeyeral model parameters, their values used in the reference
soluble, the collection efficiency can be lower than 0.5. Forryn and the range of values used in sensitivity calculations.
snow, £;¢~0.1-0.3, based on estimations by Scott (1982). Estimated values df. from the model are shown in Fig. 6
Another aspect of the in-cloud collection by rainfall is the for neutral and charged patrticles, at two values of the rela-
vertical variation of rainfall intensityR. Measurements usu- tive humidity, RH=60% and RH=95%. Model predictions
ally only yield R values at the ground. Scott (1982) shows of Les are comparable with., from observations within the
that for summer precipitation® measured at the ground is uncertainties in several parameters used, as illustrated below
representative of the BL, while above the cloud bagele- by sensitivity simulations. The black dashed lines represent
creases with height and becomes negligiblea6—7 km. approximations ofL,, uncertainty from observations. The
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Table 1. Model parameters and their values used in the reference o = Gbservations
run and in sensitivity calculations. :ﬂiﬂili;iﬁ‘f
—— Model 1120 15

Parameter Referencerun Range Notes %m 10

fe 10 (degC) 0-20 (degC) (a)

RH 95 % 60-99% (b) 3

Ng 8x1Pm—4  [4-16]x10Pm=4 (c) £ |

Ne 500 cnt3 500-1500cm3  (d) :

f 0.1 0.05-0.15 (e) ’

E;c 0.5 0.1-0.9 ®

T,—T;  1(degC) 0-5 (degC) ©) ‘

10"

10
Aerosol diameter, d‘7 (nm)
(a) Air temperature at 8.4 m above ground was in the range [0-20]

degC, with values mostly being10 degC (Laakso et al., 2003a); Fig. 7. Sensitivity of model results to the fraction of UFP mixed into
(b) Most samples have relative humidity RIB0% with predomi-  ¢loud, £;. The two black dashed lines represent the uncertainties of
nant values RE90%; (c) No, the intercept parameter in the Mar-  the scavenging coefficient from observations.

shall 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 o .
into cloud elements was varied between 0.05 and 0.15; (f) In-fOr average charge is important for thunderstorms and highly
cloud collection efficiency was varied between 0.1 (for less solu-€lectrified clouds, becoming more evident at high values of
ble aerosols) and 0.9 (highly soluble aerosols); (g) The temperatur®® (associated with convective precipitation). The possible
difference between air and raindrop surfatg-{7s) was varied be-  effect of image charges can be important as well but it is not
tween 0 (degC) (in which case, thermophoresis is neglected) and fncluded in this model. The presence of ions at SMEAR |
(degC) (case with significant phoretic effects). (Laakso et al., 2004), and work by Tinsley et al. (2000), Tri-
pathi and Harrison (2001), Harrison and Carslaw (2003) in-
dicate that electrostatic charge image interaction is possible
T Mode! N, =60 % between AP and raindrops. There is not yet a direct experi-
— N oo mental account of the role of electric charge in UFP scaveng-
' ing, 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 particles become activated by nucle-
ation scavenging. GF has less effect on very small particles
that coagulate with cloud droplets because GF is at m@st
while between UFP diameters and cloud droplets there is a
size difference of orders of magnitude. Thus coagulation
between very small UFP and cloud droplets is not affected
greatly by GF. Similarly, for UFP witld,,>100 nm, in-cloud
scavenging is less sensitive to further growth in diameter and

f ; we see less impact of GF on the overall scavenging of parti-
rom observations, and s model calculated for neutral (N) and .
charged (C) particles, for two relative humidity values, RH=60% Cle_s larger than _100 nm. The highest effect of the growth fac-
and RH=95%. The two black dashed lines represent the uncertairl®" IS Séen fotl,, in the range 50-100 nm where GF can make
ties of the scavenging coefficient from observations. a significant difference. Thus, while a dry UFP&#=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

calculatedLes tends has a minimum value for UFP diameter Scavenged more effectively.
less than 100 nm. The position of this minimum varies with  The effect of air temperature on UFP scavenging is low
model parameters such &, and the overall shape dferr  for liquid precipitation. Caution is needed when using the
depends on phoretic effects and in-cloud removal rate as wilmodel for cases when near the ground is close tGO. In
become evident in the sensitivity calculations below. such cases, it is possible that at higher altitudes, precipitation
The role of electric charge does not seem significant, and itnside cloud is solid and the collection efficiency as well as
is reasonable to assume that this mechanism is not importarthe hydrometeor size distribution in cloud might be differ-
for predominantly stratiform precipitation based on reportedent. Based on criteria for data selection, the possible number
data (Pruppacher and Klett, 1998). The Coulomb interactiorof cases with low, is small and the overall scavenging co-

Scavenging coefficient, L(dp) (s‘l)

10'

10
Aerosol diameter, dp (nm)

Fig. 6. Scavenging coefficient versus UFP diameter. ShowrL_gre
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—e—Observations —e—Observations
—— Model E,=0.1 ——Model N =500 cm™
——Model E =03
—Model E =05
Model E =07
Model E =09

—— Model N_=800 cm™®

—— Model N =1000 cm ™

Model N_=1500 cm™

Scavenging coefficient, L(dp) (s‘l)
Scavenging coefficient, L(dp) (s‘l)

10° . 10

10 10° 10°
Aerosol diameter, dp (nm) Aerosol diameter, dp (nm)

Fig. 8. Sensitivity of model results to in-cloud efficiency of col- Fig. 9. Sensitivity of model results to cloud droplet number concen-
lection (E;¢) between cloud droplets and falling raindrops. The tration, N.. The two black dashed lines represent the uncertainties
two black dashed lines represent the uncertainties of the scavengingf the scavenging coefficient from observations.

coefficient from observations.

E ¢ varies with chemical nature of aerosol and precipitation
type. For liquid precipitation, small values @&f;¢ (~0.1-

8.3) 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 signifi-
cant sources of combustion particles. Sniglb values are

also associated with solid precipitation. Thgc values for
snow are much smaller+0.1-0.3) based on Scott (1982)

The model described above depends on several parametefdd consistent with the results of Slinn (1977). Based on
that exhibit large variations during rain events. In order to € temperature distribution near the ground for the samples

illustrate possible variations in model results, we show senS€d: the number of cases with possible snow precipitation

sitivity tests in which the parameter of interest is varied while in-cloud is quite limited and the over{.:II'I !nfluencg y I1s
the parameters have the values used in the reference run. Fif"V @s well. Note the remarkable sensitivity of estimated val-
ure 7 shows the model sensitivity with respect to the fraction,US OfLeff With respect to the in-cloud collection efficiency,
1, of UFP from the BL that are mixed into cloud elements. SPecially for particles with,,>50 nm.
The value off; increases with average vertical velocity over ~ Figure 9 shows model sensitivity dfeft with respect to
the precipitation area, and is linked to a higher percentage ohumber concentratiol. of cloud droplets. In the reference
convective elements and to increased rainfall raesThe ~ run we useN.=500 cnm3, which is quite typical for conti-
fraction f1 is varied between 0.05 and 0.15 in this calcu- nental clouds. Possible influences from polluted air masses
lation, and other parameters are maintained at the consta@ver Europe causes higher number concentrations of cloud
values used for the simulations presented in Fig. 6. A largeidroplets (and lower average diameters of cloud droplets). We
increase off; will require a higher value oR because in-  varied N, between 500 and 1500 cr, which is consistent
tense vertical transport is genera”y associated with COﬂVGCWith data from field experiments that characterized cloud mi-
tive precipitation. It is possible in principle to use a detailed crophysics (Martinsson et al., 1999). For maritime stratiform
mesoscale model and estimate over an area of interest, clouds,N, is considerably lower, in the range 100-200¢m
correlating it with the measured or estimated rainfall r&e, (Martin et al., 1994). Overall, the increase 8f tends to
at the ground. Since the mixing of UFP is practically inde- increase UFP removal by coagulation, assuming the average
pendent of aerosol size, this parameter influences all aerosofliameter does not change considerably. In fact, the average
cloud interactions described above (nucleation scavengingdiameter of cloud droplets changes with the number concen-
in-cloud coagulation and collection). Thubes values in- tration of droplets: largeN, leads to smaller cloud droplets,
crease withfy for the the entire range of UFP diameters. which have slightly lower rates of coagulation with UFP. The
Figure 8 shows modéles sensitivity to the in-cloud col- sensitivity with respect to changes in cloud droplet diameter
lection efficiencyE;¢. This parameter is varied between 0.1 (not shown) indicates a similar range of variation/f.
and 0.9. The casg;¢=0.1 illustrates the model result when  Figure 10 shows model sensitivity temperature difference
in-cloud collection by raindrops is negligible. In this case, between air and raindrop surfaéd,=7,—T;. ForsT=0°C,
the model predicted.esr is significantlly smaller tharL,,. there are no thermophoretic effects. The increas&lofe-

efficient is determined by scavenging onto liquid raindrops.
The choice of value foiVg is based on the standard Marshall

and Palmer raindrop size distribution parameters (describe
in Appendix A), but we note possible large variations of this
parameter and sensitivity of results will be shown below.

4.2 Sensitivity calculations
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—e— Observations

—o—Observations ——Model N=4+10°m™

J— -T.= — 84108 m*
Model Ta T5 Cc —— Model N,=8*10"m

——Model T, - T = —— Model N;=1610°m™

——Model T -T_=
a s

._\
S

Model T_-T_=5"C
a_ s

,a
S,

Scavenging coefficient, L(dp) (s‘l)
Scavenging coefficient, L(dp) (s‘l)

10t 10°
Aerosol diameter, dp (nm)

Aerosol diameter, d_ l(?:m)
Fig. 10. Sensitivity of model results to temperature difference be- Fig. 11. Sensitivity of model results to Marshall and Palmer rain-
tween ambient air and raindrop surfa@®,—7;. The two black  drop size distribution intercept paramete¥y. The two black
dashed lines represent the uncertainties of the scavenging coeffdashed lines represent the uncertainties of the scavenging coeffi-
cient from observations. cient from observations.

sults in significant enhancement of the scavenging coeffiisons with calculations based on MP RSD shows that Gamma
cient especially for UFP diameters smaller than 100 nm. Theunction gives larger model scavenging coefficients. This
contribution of phoretic effects remains uncertain because ofuggests that variations in the RSD function and its parame-
possible large fluctuations 87" and relative humidity close ters is a source of significant uncertainty in calculated scav-
to raindrop surface. In real rain events, a falling raindrop hasenging coefficients.
a temperature different from the ambient air due to its ori- Finally, Fig. 13 illustrates the change in aerosol size dis-
gin at higher altitudes in cloud and due to raindrop surfacetribution due to scavenging for two cases. Case 1 is based
cooling by evaporation. The rate of evaporation depends oron Leg corresponding to parameters used in the reference
the relative humidity near raidrop surface. From our analysisrun illustrated in Fig. 6. Case 2 is based on enhanched
of RH values at Hyy#ila, some of the lowest values corre- scavenging coefficientes, determined for several parame-
spond to the warmest periods, when also more convectivéer values selected from the upper range values used in sen-
precipitation are possible. Low RH favors rapid evaporationsitivity simulations. Thus, for Case 271=0.15, E;¢=0.8,
of raindrops, which can lead to largé&f =T, —T, and more ~ Np=16x10°m~* and 7,—T,=5°C, while the other param-
intense phoretic effects. eters have values as those used in Case 1. The initial UFP
Figure 11 illustrates model sensitivity ¢ with respect  size distribution is the median aerosol size distribution from
to Ng, the intercept parameter of the Marshall-Palmer sizeall observations taken during rain events. For Case 1, we
distribution of raindrops. The standard value fé§ is con-  note that after 1 h, there are notable changes, especially for
sidered representative and stable for long term averages gfarticles with smaller diameters, and after 3 h the effect is
the widespread precipitation. Field data show tNgtcan  enhanced. For Case 2, there is a major change overall sug-
vary significantly (Pruppacher and Klett, 1998), and we il- gesting that scavenging during 1-3 h can significantly reduce
lustrate the impact on model results caused by variations otJFP number concentration for all sizes.
one order of magnitude. Generallygc is quite sensitive The model results shown above, indicate a range of calcu-
to Nop, which is reflected in the overall estimate bfs, es-  lated Lesr, quite sensitive to the assumed parameters. These
pecially for UFP withd,, <100 nm. So far, results were pre- values are comparable with the observed vallggor the
sented using the Marshall and Palmer RSD. We note that MRJFP scavenging coefficient, within model parameters uncer-
RSD overestimates the number of very small and very largegainties and experimental errors. We must keep in mind the
raindrops. Other RSD functions have been proposed to fitimitations of the modeling framework used here, including
observations, and one common choice is Gamma functiomuncertainties in the vertical mixing, simplified treatment of
with three parametersy (D,)=N,, D}, exp(—AgD,). For  cloud droplet activation, lack of detailed knowledge of rain-
ng=>0 this RSD has the MP shape. Zhang et al. (2001) asdrop size distribution, and parameters controlling phoretic
sumed a RSD as a Gamma function and they determined thand electric charge effects. It is interesting to note that
three governing parameters from radar measurements: rether attempts to determink, from ground measurements
flectivity, differential reflectivity and a constrained relation of changes in aerosol size distribution have been published.
between the shape:() and slope 4,) parameters derived Table 2 showsL, reported from several field experiments
from disdrometer observations. RSD foy=2, 3,4 are used  in various places. Discrepancies between values in differ-
here to calculatd.ef and are compared in Fig. 12. Compar- ent experiments are about one order of magnitude and can
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——Model =3
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——Model Case 1 t=3h
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Fig. 12. Sensitivity of model results to raindrop size distribution Fig- 13. Model calculated changes in the ultrafine particle size dis-
function. Comparison of results for Marshall and Palmer RSD andtribution. The initial size distribution is the median of all observa-
a Gamma function RSD, for three values of the shape parametelions during rainy periods. Changes are shown after 1 and 3h, for
(1) based on data from Zhang et al. (2001). The two black dashedWo cases: Case 1 corresponds/igs calculated with model pa-

lines represent the uncertainties of the scavenging coefficient fronfameters used in the reference run described in Fig. 6, and Case 2
observations. corresponds to model parameters for more intense estinigigd

(f1=0.15,E;¢=0.8, Ng=16x10° m—4, T,—T,=5°C).

be caused by the rainfall intensity range, precipitation type,
different mixing conditions, variations in other environmen- tivation and in-cloud scavenging. The importance of each
tal parameters and experimental errors. Future work will beprocess is determined by the mixing between BL and cloud
needed to determine the role of each relevant factor and imelements. If rates of mixing are reduced, then the below-
prove methodologies for scavenging coefficient determina-<loud scavenging caused by raindrop collection becomes im-
tion using ground based measurements during rain events. portant. However, for typical mixing during rain event, the
in-cloud processes prevail, and can impact directly the over-
all UFP scavenging from the BL.
5 Conclusions Simulations with the new model show that ultrafine par-
ticle removal from the BL by rain depends on aerosol size,
Scavenging coefficients with median values in the rangerainfall intensity, mixing processes between BL and cloud el-
[7x1076-4x1075]s7!, were reported by Laakso et ements, the in-cloud scavenged fraction, the in-cloud collec-
al. (2003a) from six years of ultrafine particle (UFP) obser- tion efficiency, and in-cloud coagulation with cloud droplets.
vations during rain events at a boreal forest site in South-The chemical composition and aerosol history of chemical
ern Finland. These values are comparable with results fronprocessing can impact the growth factor, possibly affecting
similar experiments, for the same rainfall rates, but are genthe scavenged fraction of those particles that reach supersat-
erally higher than model calculations based only on below-uration conditions. Other effects related to electric charge
cloud processes (Brownian diffusion, interception, and typi-may affect also the overall scavenging by increasing the ef-
cal phoretic and charge effects). ficiency of collection. Their role needs to be further inves-
In order to understand the possible role of various physicatigated by direct measurements and by refining of current
factors involved UFP scavenging during rain events, a modemodels of scavenging.
is presented, based on these processes: (1) UFP below-cloudFuture work to improve characterization of the scaveng-
scavenging by falling raindrops; (2) UFP mixing in-cloud ing coefficients, and our ability to estimate the loss of BL
and nucleation scavenging; and (3) UFP in-cloud collectionaerosol by precipitation, needs to include measurements of
and in-cloud coagulation with cloud droplets. Results from properties of cloud hydrometeors, such as vertical profiles of
the model show overall reasonable agreement with observerhinfall, raindrop size distributions, and electric charge. It is
values (within the range of experimental uncertainties). Nev-particularly important to use more detailed models with ex-
ertheless, significant sensitivity to parameters related to mixplicit aerosol transport and microphysics to evaluate the role
ing and cloud microphysics is found in sensitivity tests. of various terms illustrated here. Mesoscale models can be
These results are applicable to predominant stratiform preused to infer rates of mixing between BL and cloud region
cipitation that is not too intensek-1 mmht1). Our results  and determine the role of vertical and horizontal mixing in
suggest that the net loss of UFP near the ground during &FP changes near ground. The work needs also to be ex-
rain event is the outcome of below-cloud scavenging due taended for snowfall precipitation, which is relevant for win-
aerosol collection by raindrops, mixing, cloud droplet ac- tertime geographic regions that can cover large areas, moun-
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Table 2. Range of reported aerosol scavenging coefficient determined from measurements of the size distribution during rain events.

L, R Location Reference

s (mmh1)

2x1075-1x10~% 1-3 Lexington, Kentucky, USA  Davenport and Peters (1378)
7x107%-4x10"° 0.5-10 Hyytala, Finland Laakso et al. (2008a)
1x1075-8x10~4 1-46 Pune, India Chate and Pranesha (2004)
4x1075-1x1074 1-20 Princeton, New Jersey, USA  Maria and Russell (2H05)

@ Experiments were conducted during three rain events on 1 September, 25 October and 30 October 1976. The rain events were widesprea
precipitation. Aerosol measurements were limited to two subranges of the size distribution: owl Wwitthe range [7-22] nm, and the

other withd, >400 nm.

b Measurements were taken during May—October months, 1996-2001. Aerosol size distribution meaglyréa thee 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-monsoor
during October and November 1997. Eight aerosol particle sizesdyith the range [13—750] nm were used in the experiment. Precipita-

tions were dominated by strong convective activity and thunderstorms.

d Observations were conducted during 10-day period in August 2003. Particle sizes measured ranged between 10 nm and 20 000 nm. Pre
cipitation rate varied between 1 and 20 mrith

tainous and high latitude regions. Such studies will be ad- The thermophoresis contribution to collection efficiency is

dressed during the International Polar Year 2007—2008. )

o _ 42+ 06RZP) (T, — 1)
T U(D,)D,

(A3)
Appendix A
2CC(ka+5g—‘,’)kp)ka
5P (1465 ) (2ka+kp+1055 kp)

Prandtl number for air.
The diffusionphoresis effect on collection efficiency is

i ici Cpla
Scavenging coefficient where o = and P’:';c_a is

The below-cloud scavenging coefficiehgc has expression

oo
T
Lpc(dp) Z/o ZDIZ,U(Dp)EBC(Dp,dp)N(Dp)de(Al) 482+ O.6R3/2S3/3)(’%? _ pE’TRH)
E — w s a A4
d UD,)D, (A4)

where,U (D)) is the raindrop terminal velocityy (D)) is
the raindrop size distribution, aftgc (D), d),) is the below-
cloud collection efficiency, assumed equal with the collision
efficiency (Slinn, 1983). The raindrop terminal velocity is i ) ) D, Upa
taken ag/ (D,)=cx D}, with c=3.778 and/=0.67 (with U Other notations in the above equations ake=—3"
inms~t andD,, in mm) (Atlas and Ulbrich, 1977). The rain- is the raindrop Reynolds numbes, =24 is the aerosol
drop size distribution is described by an empirical Marshall Schmidt number, o, and u, are the air density and
and Palmer (1948) fitN (D,)=Noexp(—A D), where Ng viscosity, D=’3‘7’;’Z—1§; is aerosol diffusivity in air,kp is
and A depend on rainfall rat& and can exhibit variability = the Boltzmann constant], is the air absolute tempera-

whereﬁ:%(’,‘é—:)”2 ands., =L is the Schmidt num-
ber for water vapor in air. ’

from case to case. ture, Ty is the absolute temperature of raindrop surface,
For UFP, the below-cloud collection efficiency is C. is the Cunningham slip correction factor to account
for non-continuum effects associated with small particles,

4 .
Epc(Dp,dp) = ﬁ(l + 0.4R61/ZS}/3 + 0.16Rel/2561/2)—|- Cc.=1+2dk—p“[1.257+0.4 exp— 1'215” )], and, is the mean free

ere path of air moleculesk, andk, are the thermal conductivity
4dp Ha 1/2 dp . . f . .o
——[—+@A+2R,)—1+E;+E;s+ E, (A2) of air and aerosol particldy,, is the diffusivity of water va-
Dp pw Dp por in air, p, p? are water vapor pressure at temperataes

where the first six terms represent the Brownian diffusionandTS' P is total air pressure\,, and M, are the molecular

and interception contributions to the collection efficiency Weght of water and air. _ _
(Slinn, 1977, 1983), and the last three terms represent the 1h€ t&rME, is based only on Coulomb interaction be-
thermophoretic, diffusionphoretic and electric contributions tWeen charged aerosols and raindrops and is given by this

2,2
(Davenport and Peters, 1978). expressiome:%, with K=9x10°Nm? C2s71,
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a=0.83x10"% « is an empirical parameter in the rela- Appendix B

tions Q=axa D3, andg=axad? are the average charges

on raindrop and aerosol particle (in C unit®).can be var- Notations
ied between 0, which corresponds to neutral particles, to
~7, which corresponds to highly electrified clouds, associ- dP
ated with thunderstorms (Pruppacher and Klett, 1998; An- D“
dronache, 2004).

E
The scavenging coefficient due to in-cloud collection by p

falling raindrops is Dy

00 f1

L% ):/ X p2U(D,)E;cN(D,)dD (A5) f2

1c \9p o 4P P p)dtp GF
ka, kp

where Ejc is the in-cloud collection efficiency between

cloud droplets (of diameter 10m) and raindrops.E;¢ is K (de, d))

in the range 0.5-0.8 for soluble aerosol scavenged by lig- L

uid drops. For snow, the collection efficiendy;¢~0.2-0.3 L,

(SCOtt, 1982) My, My,
The scavenging coefficient due to in-cloud coagulation be- "(dp)

tween UFP and cloud droplets is ne(de)
N(Dp)
coag ® = No
(dp) = /0 K., dp)”c(dc)ddc (A6) Nog
P
where E(dc,dp) is the Brownian coagulation kernel be- pes p¢

tween UFP and cloud dropletg. is the cloud droplet Py
diameter. The coagulation kernel is based on Fuchs
(1964). The cloud droplet size distribution is given by oy
ne(d.)=Ad?x exp(—Bd,), with A_M _, whered. R,
is the average cloud droplet d|ameter aNgi is the to- Se
tal number concentration of cloud droplets (Pruppacher and °<
Klett, 1998).

The calculations are carried out at aerosol particle diame-
ter corrected by a growth factoGF), determined from ob- T,
servations as a function of particle diametgrand ambient wp

relative humidity RHG F is defined a$;F=L%—RH'1)), where ra

d,(RH) is the aerosol diameter at ambient relative humidity Ha
RH andd,(RHp) is the dry aerosol diameter as measured by He

the DMPS instrument at RER20%. A fit of G F that repro- f\"' by
duces observations, valid for RE99%, is given by: Ag
GF(RH, d,)=[1-RH/100*“») (A7)

dp

wheree (d,)=—3.11x10°x 7~ —0.0847, andd,,o=1 m. For

ultrafine particles (UFP) diameter
cloud droplet diameter

raindrop diameter

collection efficiency

aerosol diffusivity in air

water vapor diffusivity in air

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

thermal conductivity of air, aerosol
Boltzmann constant

Brownian coagulation kernel

effective scavenging coefficient
scavenging coefficient from observations
molecular weight of air, water

aerosol size distribution

cloud droplet size distribution
raindrop size distribution (RSD)
Marshall and Palmer RSD parameter
Gamma RSD parameter

atmospheric pressure

vapor pressure of water at temperatfize 7
Prandtl number for air

rainfall rate near ground

rainfall rate in-cloud

relative humidity

raindrop Reynolds number

aerosol Schmidt number

Schmidt number for water vapor in air
raindrop terminal velocity

air temperature in Celsius degrees
absolute temperature of air

absolute temperature of raindrop surface
entrainment velocity at cloud base
mean free path of air molecules

air viscosity

Gamma RSD parameter

density of air, aerosol

Marshall and Palmer RSD parameter
Gamma RSD parameter
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log1o(Lo/L,) = a+b8~* +c6 3 +ds 2+ e L + f(R/Rp)°*®

(A8) Edited by: M. G. Lawrence

where:  8=logio(dp/dpo), L,=1s7Y, Ro=lmmh?,
dpo=1m. The coefficients, b, ¢, d, e, f are fitting param-
eters: a=27435758, b=33283959273, c=22665657259,
d=5800591340,,=658838582, f =0.244984.
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