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Measurements were conducted at three sampling sites located at different altitudes in the
centre of France during two years, both in the rain and aerosol phases. The rain was sampled at
a boundary layer site while the aerosol particles were collected at two different altitudes,
which allow a better characterization of the vertical atmospheric column being washed out.
Various chemical analyses were performed to characterize reactive (NO3

−, SO4
2−, NH4

+ and K+)
and inert (7Be, 210Pb and 137Cs) species transfer from the aerosol to the rain phase. This set-up
was ideal to calculate the washout ratio (WR) using different concentrations of the aerosol
phase. Using the classical WR calculated with the aerosol concentration sampled at the same
altitude than the rain collectors, we observed a seasonality of WR, with higher value in winter
and lower value in summer for radionuclides. At the higher altitude site, local contaminations
do not influence the aerosol concentration, which then should be representative of the whole
atmospheric column. The annual variability is high at this site maybe because aerosol
concentrations can be less concentrated than the whole atmospheric column when this later
one is not well mixed. In order to increase the reliability of theWR, we propose a newmethod for
calculating washout ratio from measurements at the rain collector level. This new calculation
takes into account the height of the boundary layer, we observed that it decreased the variability
of the washout ratio (for 7Be, 210Pb and NO3

−), with less dependence to the season.
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1. Introduction

Pollutants emitted into the atmosphere or formed there
by chemical reactions or radioactive decay may be deposited
to the ground by wet and dry removal mechanisms. Wet
removal is the most efficient process of the two. The rain-
water composition may have different compositions reflecting
the atmospheric pollution level, which may result in various
environmental consequences such as acid rains.

The rainwater composition results from two series of
mechanisms operating consecutively (Junge, 1963; Codina and
Lorente, 1993). The first process, termed ‘rainout’, corresponds
to mechanisms that occur within the cloud (i.e. condensation
of water vapour on aerosol particles, incorporation of gases and
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aerosol particles in cloud droplet). The second process refers
to the ‘washout’ mechanism that occurs in the below-cloud
atmosphere during precipitation events when the raindrops
carry and incorporate particles and gases along their fall
(Seinfeld and Pandis, 2006).

Washout is the second most important mechanism for the
wet removal of atmospheric particulate pollutants from the
atmosphere after rainout. Murakami et al. (1983) calculated
from field studies that below cloud scavenging contributes to
about 30% of the total aerosol mass in rain water. Similar
results are found using modelling tools by Schumann et al.
(1988) and Flossmann (1994). For highly soluble tracers,
Barth et al. (2001) found that the below-cloud scavenging
was three orders of magnitude smaller than the in-cloud
scavenging. Previous experimental studies have shown that
the washout process is predominant at the beginning of the
rain event; while the rainout is more important from the
middle to the end of the rain (Makhon'ko, 1967; Magono et
al., 1974; Murakami et al., 1981, 1983; Ishikawa et al., 1995).

In order to characterize the below cloud scavenging of
pollutants, former studies on particles scavenging by precip-
itation have focused on the dependence of the scavenging
processes on the particles size (Frank and Tschiersch, 1992;
Volken and Schumann, 1993; Sparmacher et al., 1993;
Andronache, 2003). Other investigations have pointed out
the influence of the raindrop size on the chemical content in
precipitation (Baechmann et al., 1993, 1995). Relationships
between ion concentration and rainfall rate have been
reported (Gatz and Dingle, 1971) and relationships between
rain concentrations and meteorological conditions have been
studied (André et al., 2007).

The processes controlling the composition of rain are
complex and difficult to study experimentally in the natural
atmosphere. Thus, attempts to directly relate aerosols con-
centrations to the rain composition has been performed in
the past by defining the scavenging coefficient (Λ) (Mircea et
al., 2000; Laakso et al., 2003; which is dc/dt=−Λc) and the
washout ratio WR (Jaffrezo and Colin, 1988; McNeary and
Baskaran, 2003). The washout ratio is commonly defined as
the ratio of the concentration in precipitation collected at
ground level to concentration of the same chemical com-
pound in air at some convenient altitude. Thus, it includes
both the rainout and washout processes. The most appropri-
ate atmospheric concentration data would refer to air at the
level where scavenging occurs (i.e. the whole air column
below cloud), but for practical considerations, concentrations
in air near the surface are usually used.

Since radionuclides such as 7Be and 210Pb have been
widely used as useful non-reactive tracers for the study of
global atmospheric processes (Dueñas et al., 2009), we
present an experimental study of the washout ratio of both
inorganic compounds and radionuclides sampled in the
vicinity of Clermont-Ferrand, France, with a new set-up that
involves three different measurement sites.

2. Measurements

2.1. Sampling sites

Measurements were conducted at three sampling sites:
Cézeaux, Opme and the puy de Dôme (pdD). These three
sampling sites are separated by a maximum of 12 km hori-
zontally and 800 m vertically.

Cézeaux (394 m a.s.l.) lies within the planetary boundary
layer (PBL) and is classified as a near city background site
following Putaud et al. (2004). It is located at the south-east of
Clermont-Ferrand. The temperature varies between −8 and
15 °C during winter and between 8 and 35 °C during summer.
Sampling was performed from the roof of a building (ca. 12 m
a.g.l.).

Opme is a measurement site with rural features according
to the site classification of Putaud et al. (2004). It is located at
660 m a.s.l., and 7 km from Clermont-Ferrand. Considering its
lowaltitude, it also usually lieswithin the PBL. The temperature
varies between−10 and 15 °C during thewinter and between
5 and 30 °C during the summer. The samplers were located in a
restricted area, only accessible to scientists who visited the site
once a day.

The pdD (1 465 m a.s.l.) is a middle altitude site, located
16 km west of Clermont-Ferrand. Previous studies have
shown that it lies within the PBL during daytime and in the
free troposphere/residual layer during night-time, with PBL
periods being longer during summer compared to winter
(Venzac et al., 2009). The temperature varies between −10
and 10 °C during winter and between 5 and 20 °C during
summer. The station is a restricted area during winter. During
summer, only buses are allowed to access to the summit and
car access is permitted only from March to June and from
September to November. Sampling devices are located within
a military area, not accessible to the public.

2.2. Sampling methods

2.2.1. Aerosol phase
Aerosol particles were sampled on a 3–4 d basis with total

Teflon filters for further analysis of their water soluble
inorganic composition.

At Cézeaux, sampling was performed from March 2007
to March 2008; with a flow rate of 8 lpm and no cut-off
concerning the diameter of sampled aerosol particles. Aerosol
sampling inlet was located on the roof of the institute (i.e.
1 m above the institute's roof, i.e. >13 m a.g.l.).

At pdD, the aerosol particles sampling period is from
November 2005 to October 2007 with a flow rate of 30 lpm.
Aerosol sampling inlet (1 m above the station roof, i.e. >2.5 m
a.g.l.) was designed to sample during clear sky conditions as
well as during cloudy conditions using a whole air inlet (WAI)
which ensures efficient sampling of both cloud droplets
residues and interstitial aerosol in the presence of clouds.
Wind speed is decreased in the vicinity of theWAI by a series of
metallic fences ensuring efficient sampling even at elevated
wind speed. Based upon theoretical considerations, the WAI is
capable of efficiently (50% efficiency) sampling dropletsb35 μm
for wind-speedb10 m s−1. During cloudy conditions, intersti-
tial aerosols and cloud droplets residues were sampled simul-
taneously at a relative humidity close to 50% bymean of heating
coil. After collection by theWAI, an additional PM1 cut-off limits
the filter aerosol sampling to sub-micron particles.

The radionuclides were sampled in the frame of OPERA
network (Permanent Observatory of the Radioactivity, IRSN)
with very high volume samplers (300 m3 h−1 at Opme and
700 m3 h−1 at pdD) for further determination of the activity



levels of 7Be, 210Pb and 137Cs. Aerosol sampling inlets are
about 1.5 m a.g.l. Sampling was performed from November
2004 to July 2008 within the PBL station and from October
2005 to December 2007 in the altitude station.

2.2.2. Rainwater collection
The rainwater was collected on a monthly basis (only

for radionuclides), in the frame of OPERA network, from
November 2004 to December 2007 with a 3 m2 rain collector.
It was also collected on a daily basis (for inorganic ions) at
Opme from November 2005 to September 2007 with an
automatic precipitation collector (Eigenbrodt NSA 181/KHS),
details provided in Bertrand et al. (2008). In the present
study, we calculated a monthly volume-weighted mean from
the inorganic daily concentrations (from 4 to 18 samples per
month) to facilitate the comparison with the radionuclides
monthly concentrations. Data quality was first checked from
the electroneutrality (e.g. Appelo and Postma, 1994; Bertrand
et al., 2008), which is respected in most water samples
(Fig. 1) but with a more pronounced deviation in the more
concentrated samples. This deviation lies with the fact that
these samples usually correspond to high bicarbonate con-
tent and that this element was analyzed on the field through
the Gran method, less precise than ionic chromatography and
because of possible CO2 degassing between rain event and
sampling.

The rainfall rate and the volumic diameter of rain droplets
were measured by mean of an impact disdrometer installed
at Opme from April 2006 to January 2007.

Sampling periods of aerosol and rain overlapped from
November 2005 to September 2007 for water soluble inorganic
ion analysis at pdD, from March 2007 to September 2007 for
water soluble inorganic ions in PBL and from October 2005 to
December 2007 for radionuclides analysis (both sites).

2.3. Analysis

Teflon filters and rainwater were analyzed with ionic
chromatography (IC), to determine the concentrations of
nitrate (NO3

−), sulphate (SO4
2−), ammonium (NH4

+) and
potassium (K+). The method used was adapted from one of
Ricard et al. (2002). The filter sample were extracted with
methanol and pure water and then, analyzed with the IC. The
rain samples were diluted 10 times before being analyzed
with IC and the same analytical protocol. When concentra-
tion is lower than the detection limit, the level was set at the
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Fig. 1. Anions versus cations (in μeq l−1) relationships in the rain samples
collected at Opme. The 1:1 relationship represents the relation in case of
electroneutrality (complete analyses).
detection limit for the calculation, which is therefore upper
limit. More details can be found in Bourcier et al. (2012).

Radionuclide analysis was performed by γ spectrometry at
the LMRE (Laboratory of Measurement of Radioactivity in the
Environment, IRSN) at Orsay, France. The aerosol samples
preparation is described in Bourcier et al. (2011) and samples
were analyzed according to themethod described by Kerlau et
al. (1999). The liquid samples were evaporated and analyzed
following the method of Gurriaran et al. (2004).

3. Washout ratio calculation

The washout ratio is classically calculated with the formula
(Jaffrezo and Colin, 1988; McNeary and Baskaran, 2003):

WR ¼ ρ⋅Crain

Cair
ð1Þ

where the air density (ρ) is constant at 1.2 kg m−3 (T=
20 °C); Crain is the concentration (μBq kg−1 or μg kg−1) of
compounds in the rainwater and Cair is the concentration
(μBq m−3 or μg m−3) of compounds in the aerosol particle
phase.

Since the measured concentrations in the rain result from
both rainout and washout processes, WR describes implicitly
andwithout distinction the rainout and thewashout processes.

4. Results

4.1. Radionuclides

The mean atmospheric levels of 7Be and 210Pb were
respectively 6900±1800 μBq m−3 and 750±220 μBq m−3

at pdD and 4500±1300 μBq m−3 and 640±130 μBq m−3 at
Opme. We observed a seasonal behaviour with a summer
maximum and a winter minimum at both sites (Fig. 2). More
details are given in Bourcier et al. (2011). In the rainwater,
the activity levels of 7Be and 210Pb are 1400±330 mBq l−1

and 180±70 mBq l−1 respectively. As for the aerosol, the
7Be presents a seasonal behaviour with a summer maximum
whereas the 210Pb does not present seasonal pattern.

The WR values presented in Fig. 2 are obtained from
Eq. (1). In order to study the influence of the aerosol sampling
site, we calculated WR (for radionuclides) on a monthly basis
with aerosol particle concentrations either sampled at the
rain collector level (Opme) and at the cloud level (pdD). The
mean values of WR are given in Table 1 for both sites.

When calculated with the rain collector level aerosol
concentrations, the WR of 7Be and 210Pb are (380±200 and
300±150 respectively), which is of the same order than
those of Ishikawa et al. (1995) and Dueñas et al. (2005) and
references therein. The WR of 137Cs calculated from aerosol
sampled at rain collector level are higher than the ones
reported in Facchinelli et al. (2002) (WR=610; value issued
from a deposition model during the Chernobyl period) and
Cambray et al. (1987) (WR comprised between 230 and more
than 23000; the month after the Chernobyl accident).

The value of WR(7Be) and WR(137Cs) are higher when
calculated from the aerosol concentrations calculated at rain
collector level than when calculated from the high altitude
concentrations, in agreement with the fact that 7Be and 137Cs
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Fig. 2. Monthly mean for a 2 y period of the washout ratio for 7Be (a) and 210Pb (b), the rain activity, the rain quantity and the atmospheric concentrations from
November 2005 to December 2007. The particle concentration has been sampled at rain collector level (Opme) and at cloud level (pdD).
aerosol concentrations are higher at pdD than at Opme
(Bourcier et al., 2011). For 210Pb, as expected due to equiva-
lent activity levels at both sampling sites, the WR is equiva-
lent at both sites.
Table 1
Mean and standard deviation (variability) WR calculated with the aerosol
sampled at cloud level (pdD) and at rain collector level (PBL) for radionuclides
and inorganic compounds on a monthly basis.

pdD PBL

7Be 230±110 (48%) 380±200 (54%)
210Pb 270±170 (62%) 300±150 (51%)
137Cs 750±450 (61%) 1800±2000 (113%)
NO3

− 13000±12000 (90%) 2900±1900 (63%)
SO4

2− 2200±2200 (104%) 780±310 (40%)
NH4

+ 2700±2800 (105%) 240±70 (28%)
K+ 84000±63000 (75%) 18000±6400 (36%)

N.B.: theWR for ions in the PBL has been calculated only on a 7 month period.
We observe that the variability of thewashout ratio of 137Cs
is lower when the aerosol activity levels are issued from the
altitude site sampling. This can be explained by the fact that
the 137Cs activity levels are highly influenced by long-range
transport occurring mainly at high altitudes (such as Saharan
dust events), and they are occasionally higher at the pdD
station than at the rain collector level site (Bourcier et al.,
2010). On those occasions, the activity levels of 137Cs found in
the rain are mainly influenced by the high activity levels
measured at high altitude than of the low activity level present
in the rain collector level. The same is found for 7Be, which is
also mostly influenced by high altitude sources. On the
contrary, the variability of the washout ratio of 210Pb is higher
when calculated from the pdD measurements than when
calculated from the rain collector site. Although 210Pb is well
mixed in the atmosphere, its sources are locatedwithin the PBL
and the rain composition is more reliably linked to the PBL
aerosol activity levels than to the pdD aerosol activity levels.
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Fig. 3. Monthly mean for a 2 y period of the atmospheric concentrations of
NO3

−, SO4
2−, NH4

+ and K+ at pdD.
Because 137Cs measurements require large sampling
volumes and hence are not always possible, we investigated
if there were any similar behaviour between the WR of 137Cs
and the WR of some inorganic ions. Surprisingly, it has been
observed that the 137Cs had a behaviour similar to the one of
K+ in aerosol phase and in the rainwater (Bourcier et al.,
2010) but not in the way it is transferred from the aerosol to
the rain since their WR are different. This is possibly because
of the different vertical gradient that the two species have.

Besides being well mixed in the atmosphere, 210Pb has
other advantages that make it a valuable tracer for atmo-
spheric processes from aerosols to rain water. It is not present
in the gas phase and thus it is mainly integrated in the liquid
phase from the particulate phase, and once it is present in the
liquid phase it does not react with other compounds. As a
consequence, we can use the washout ratio of 210Pb as a
reference for assessing other processes involved in the
apparent washout ratio of other compounds.

Figs. 2 show that WR is not constant throughout the year,
indicating that it does not reflect a combination of constant
transfer functions (particle to cloud droplet, cloud droplet to
rain drop, rain drop from cloud level to ground level). WR has
a seasonal behaviour with lower values during summer. This
behaviour can be due to: (1) the seasonal variation of the
atmospheric radionuclide activity levels and (2) the seasonal
variation of the rainwater activity levels or (3) a combination
of both with different amplitudes.

We will hereafter investigate these possibilities.

(1) Be−7 and the 210Pb exhibit a seasonal behaviour in the
aerosol phase, with a summer maximum at both sites,
which can partly explains that WR is minimum during
this season.

(2) In the rainwater, 7Be activity levels are higher in
summer and the 210Pb activity levels do not present
any seasonal behaviour. Hence, for 7Be, the activity
levels in the cloudwater also contribute to the seasonal
variation of WR while for 210Pb only the activity levels
in the aerosol phase is the main driving parameter of
WR variability. The concentrations in the rainwater are
themselves influenced by the concentration in the
aerosol phase, but also by other parameters, such as the
typology of rain. We investigated the influence of the
rain typology, rain droplet diameter, rainfall rate and
integrated amount of rain water. No significant rela-
tionship of the rain water concentration with rain
droplet diameter, neither with the rainfall rate was
observed. However, we can notice that during winter,
there is less than 35 mm of rain whereas in summer,
we observe up to 90 mm of rain. When plotted against
the integrated amount of rain monthly collected, WR

shows a decreasing tendency indicating that the inte-
grated amount of rainwater is influencing the value of
WR.

The WR is higher with low amount of rain, which is
consistent with the fact that the concentrations are usually
higher at the beginning of the rain event (Seymour and Stout,
1983; Ali et al., 2011). For higher rain quantities, the WR is 3
to 4 times smaller compared to low amounts of rain. Because
no correlation with the rain drops diameter were found,
dilution does not seem to be the cause of lower WR for high
rain quantities.
4.2. Inorganic ions

Themean atmospheric concentrations at pdD of NO3
−, SO4

2−,
NH4

+ and K+ are 0.6 μg m−3, 1.0 μg m−3, 0.2 μg m−3 and
0.02 μg m−3 respectively. At the Cézeaux (from March to
September 2007), the mean atmospheric concentrations of
NO3

−, SO4
2−, NH4

+ and K+ are 1.5 μg m−3, 2.4 μg m−3,
1.0 μg m−3 and 0.1 μg m−3 respectively. The particulate
concentration of NO3

− does not present any clear seasonal
pattern at pdD for the period of study (November 2005–
September 2007). The sampling at the Cézeaux continued till
March 2008. Even if not adapted to our rain data set, it
permitted us to observe that NO3

− has a seasonal behaviour
at rain collector level with higher concentrations in winter,
possibly due to stronger sources and/or pollution trapping
within a thinner PBL duringwinter. On the contrary, SO4

2−, NH4
+

and K+ show a late spring–summer maximum (Fig. 3) at pdD
and no clear seasonal behaviour at rain collector level. At the
Cézeaux, in the rainwater, NO3

−, SO4
2− and K+ show a summer

maximum (Fig. 4) while NH4
+ is showing a summer minimum.

We can note a secondary maximum NO3
− during winter. The

seasonal variations of the concentrations of inorganic species in
the rain water are different from the ones of the aerosol
concentrations at rain collector level. This clearly indicates that
the rain composition is influenced by other factors than solely
the aerosol concentration at rain collector level.

The values of WR(NO3
−), WR(SO4

2−) and WR(NH4
+) calcu-

lated from the aerosol sampled at rain collector level are
comparable to those observed by Casado et al. (1996) in Spain
(and references therein), which is not the case for K+ (they
observed lower WR due to much higher atmospheric concen-
tration) (Table 1). Nevertheless, we can note that WR(NO3

−)
and WR(K+) are significantly higher than WR(SO4

2−) and
WR(NH4

+), which has also been observed by Casado et al.
(1996). Andronache (2003) showed that the below cloud
scavenging was less efficient for accumulation mode particles
compared to the rainout and was very important for very
small particles (diameterb0.01 μm) and for coarse particles
(diameter>2 μm). SO4

2− and NH4
+ are mostly submicronic

particles while NO3
− can be present in the accumulation and

the coarse mode. In the coarse mode, the nitrate is usually
linked to alkaline sea salt andmineral dust particles (Harrison
and Kitto, 1990; Pakkanen et al., 1996; Zhang et al., 2003;
Hanke et al., 2003; Krueger et al., 2004; Ro et al., 2005;
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Fig. 4. Monthly mean for a 2 y period of the rainwater concentrations of
NO3

−, SO4
2−, NH4

+ and K+ at Opme.
Sullivan et al., 2007). In particular, KNO3 particles are present
in aged smoke (Li et al., 2003).

TheWR of inorganic ions is higher at pdD, opposite feature
of radionuclides, due to lower aerosol concentrations at the
higher altitude (data not shown here).

Concerning the temporal evolution of WR calculated from
aerosol concentration sampled at pdD, WR(K+) does not
present any clear seasonal pattern while WR(NO3

−) is higher
in summer-autumn,WR(SO4

2−) shows a slight seasonal pattern
with a minimum in spring-summer and WR (NH4

+) a marked
spring-summer minimum (Fig. 5). No conclusion can be made
on the seasonal behaviour of WR calculated from aerosol
concentrations sampled at rain collector level since we have
only six months overlap.

As already mentioned, the particulate concentration of K+

presents a slight seasonal pattern at pdD for the concerned
period (November 2005–September 2007) and in the rain-
water. Moreover, the K+ does not have gaseous contribution.
Thus, it seems consistent not to observe clear seasonal
evolution of WR(K+). For the NO3

−, the WR is higher in late
spring-summer, as in the rain while the aerosol concentration
of NO3

− at PdD does not have clear seasonal pattern. This,
together with the fact that WR(NO3

−) is higher than WR(K+),
might indicate that the gaseous contribution of NO3

− to the
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Fig. 5. Yearly mean of WR for a) NO3
−, b) SO4

2−, c) NH4
+ and d) K+. TheWR is calculate

The straight plain line is the average value of WR and the dashed lines are the mea
rainwater is significant. For the SO4
2− and NH4

+, in the aerosol
phase at pdD, the aerosol concentrations showed a spring-
summer maximum (Legrand and Puxbaum, 2007; Bourcier
et al., 2012). In the rain, the NH4

+ concentrations are slightly
higher duringwinter while for SO4

2−, the concentration follows
the same seasonal evolution as the one of aerosol phase.
Interestingly, for the four inorganic compounds we studied, we
observed that above a certain concentration in the aerosol
phase (0.5 μg m−3 for NO3

− and SO4
2−; 0.1 μg m−3 for NH4

+

and 0.02 μg m−3 for K+), WR is low and constant, indicating
that the atmosphere cannot be efficiently scavenged when the
PM concentrations are higher than those limits.

Again from the analysis of theWR of inorganic species, it is
clear that neither the aerosol concentrations of aerosols at
the rain collector level nor the aerosol at the cloud level are
completely determining the WR and that other parameters
should be taken into account. To investigate the influence of
the rain typology (rain droplet diameter and rainfall rate), we
relatedWR with the data provided by the impact disdrometer
installed at Opme and did not observe any relationship. As
observed for radionuclides, when WR is plotted against the
integrated amount of rain monthly collected, WR shows a
decreasing tendency.

The variability of the washout ratio of inorganic com-
pounds varies according to the altitude of the aerosol sampling.
It is lower at rain collector level, which implies that the aerosol
particle composition at rain collector level is better adapted for
accurately predict the rain composition if an average WR has
to be employed. This is most likely due to the natural gradient
of aerosol concentration in PBL (large aerosol concentration
close to ground level and low concentration at higher alti-
tudes), involving that the concentration of inorganic species
in the rain are more influenced by the lower altitude aerosol
concentrations.

It is possible to evaluate the gradient between the rain
collector level concentrations and the pdD concentrations for
different inorganic compounds. When looking at the gradient
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Fig. 7.WB of 7Be and 210Pb in function of the rain quantity on amonthly basis.
of aerosol concentrations between rain collector level and
pdD, we observed that the ratio slightly differ from one
inorganic specie to the other (79% for NO3

−,22% for SO4
2−, 32%

for NH4
+ and 27% for K+). This indicates that different

average vertical gradients for different chemicals partly
contribute to different average WR values between species.

The vertical gradient is however very different from one
season to the other, due to the seasonal variation of the PBL
height (Bourcier et al., 2012). For the NO3

− and the SO4
2−, the

two compounds with the highest temporal variability, this
vertical gradient might explain 63% and 39% respectively of
the temporal variability of their WR.

Overall, we hypothesize that a major parameter deter-
mining the composition of rainwater is the aerosol concen-
tration integrated over the whole PBL column. Hence, in
order to lower the variability on the WR, the aerosol concen-
trations at the rain collector level should be integrated over
the height of the PBL.

5. A new method for assessing the relationship between
aerosol and rain composition

It should be pointed out that the Eq. (1) is not dimen-
sionless, but is expressed as kg (air)/kg (rain water), which
cannot be considered as mixing ratio by modellers and make
the utilization more difficult. Moreover, the height of the
scavenged atmospheric column is not taken into account.

In order to homogenise the unities of the washout ratio
and to take into account the height of the scavenged atmo-
sphere, we define another formula to estimate the removal of
particles:

WB ¼ Vrain

hbl
� Crain

Cair
ð2Þ

where Crain is still the concentration (μBq L−1 or μg L−1) of
compounds in the rain water and Cair is the concentration
(μBq m−3 or μg m−3) of compounds in the aerosol particle
phase at rain collector level. The air density is replaced by a
term which can be compared to the liquid water content in
the cloud phase. It represents the quantity of rainwater by air
volume in the PBL, assumed to correspond to the total column
under the cloud. It is calculated with Vrain, the amount of rain
water (L m−2) and hbl, the height of the boundary layer (m)
provided from modelling tools. In the following, the hbl value
used is the monthly average.
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Fig. 6. Monthly WB of 7Be (a) and 210Pb (b) in function of
The evolution of WB(7Be) and WB(210Pb) do not present
any clear seasonal pattern (Fig. 6), differently to what we
observed for WR. Thus, the addition of the PBL height would
make easier the use of such washout ratio.

Contrarily to the previous section which showed a
decrease of WR while the rain quantity is increasing, WB is
positively correlated with the amount of rain (Fig. 7).

For the inorganic compounds, the sampling periods did
not allow us to have 1 y overlap between aerosol data from
the Cézeaux and rain data from Opme. Thus, we cannot
conclude on any eventual seasonal behaviour.

The mean value of the WB is reported in Table 2.
As observed for WR, 7Be and 210Pb have the same WB,

lower than WB(137Cs). Moreover, the variability of WB(7Be)
and WB(210Pb) decreases by 14 and 18% respectively com-
pared to WR at rain collector level (Table 2), this calculation
would be more accurate to determine the rain activity levels.

For the inorganic ions, WB(NO3
−) and WB(K+) are again

significantly higher than WB(SO4
2−) and WB(NH4

+) (Table 2).
The variability is lower for NO3

− but there is no improvement
for the other ions.

TheWB of submicron radionuclides is in the same order of
magnitude as WB of submicron inorganic compounds, in
agreement with the fact that below-cloud scavenging is
mainly governed by physical parameters such as droplet size
distribution and aerosol size distribution and not the chemi-
cal properties of compounds. Theoretically, WB(SO4

2−) and
WB(NH4

+) could be influenced by the gas phase (incorpora-
tion of SO2 then oxidized and NH3 acidified in the droplets).
The similar WB with those of radionuclides could mean that
the influence of gas incorporation during the precipitation
event is negligible, which has already been observed by of
Casado et al. (1996).
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Table 2
Monthly mean and standard deviation of the washout ratio calculated with
the new formula – WB – for inorganic compounds and radionuclides.

Compound WB Compound WB

NO3
− 140±70 7Be 27±11

SO4
2− 43±22 210Pb 21±7

NH4
+ 14±8 137Cs 96±77

K+ 950±380
6. Conclusion

Measurements of radionuclides and inorganic ions con-
centrations were conducted at three sampling sites located at
different altitudes in the centre of France during two years,
both in the rain and aerosol phases. This set-up was ideal to
calculate the washout ratio (WR) using concentrations of
the aerosol phase at two different altitudes. Samples were
collected with a high temporal resolution, providing the
opportunity to use of a monthly value for the calculation of
WR instead of an annual mean value, less accurate.

We observe a seasonality of the washout ratio of radionu-
clides withminimum values in summer. TheWR of NO3

−, SO4
2−

and K+ did not present clear seasonal pattern whileWR(NH4
+)

had the same seasonal behaviour as radionuclides. The WR

showed a decreasing tendency with the integrated amount of
rainwater (for both radionuclides and ions). WR(7Be) and
WR(137Cs) are higher at rain collector level and WR(ions) is
higher in altitude. However, WR(210Pb) is equivalent at both
locations. These observations indicate that the washout ratio,
which is usually used as a constant value, depends on many
factors. Additionally to the compound chemical nature, WR

depends on the altitude of sampling and on the season. Because
WR should be a process-based parameter that should be as
stable as possible, we propose to tend to lower the variability of
the transfer function between aerosol and rain phases.

We observed that taking into account the height of the
boundary layer decreased the variability of the washout ratio
(for 7Be, 210Pb and NO3

−), with less dependence to the season,
compared to the classical calculation. It showed that the
atmospheric structure is an important parameter to take into
account to estimate the washout of pollutants that take place
in the whole atmospheric column. Contrarily to WR, WB

showed a positive relationship with the rainwater amount.
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