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Abstract. We apply the Global Modeling Initiative (GMI)
chemistry and transport model driven by NASA’s MERRA
assimilated meteorological data to simulate the seasonal vari-
ations in two radionuclide aerosol tracers (terrigenous >!°Pb
and cosmogenic 'Be) at the WMO-GAW station of Mt. Ci-
mone (44°12'N, 10°42" E; 2165 m a.s.L.; Italy), which is rep-
resentative of free-tropospheric conditions most of the year,
during 2005 with an aim to understand the roles of transport
and precipitation scavenging processes in controlling their
seasonality. The total precipitation field in the MERRA data
set is evaluated with the Global Precipitation Climatology
Project (GPCP) observations, and generally good agreement
is found. The model reproduces reasonably the observed sea-
sonal pattern of 210py, concentrations, characterized by a win-
tertime minimum due to lower >’Rn emissions and weaker
uplift from the boundary layer and summertime maxima re-
sulting from strong convection over the continent. The ob-
served seasonal behavior of 7Be concentrations shows a win-
ter minimum, a summer maximum, and a secondary spring
maximum. The model captures the observed 'Be pattern in
winter—spring, which is linked to the larger stratospheric in-
fluence during spring. However, the model tends to underes-
timate the observed ’Be concentrations in summer, partially
due to the sensitivity to spatial sampling in the model. Model
sensitivity experiments indicate a dominant role of precipita-
tion scavenging (vs. dry deposition and convection) in con-
trolling the seasonality of 2'°Pb and 7Be concentrations at
Mt. Cimone.

1 Introduction

The use of atmospheric radionuclides to understand at-
mospheric dynamics, pollution transport and removal pro-
cesses has a long history (e.g., Junge, 1963; Reiter et al.,
1971; Giggeler, 1995; Arimoto et al., 1999; Turekian and
Graustein, 2003; WMO-GAW, 2004; Dibb, 2007; Rastogi
and Sarin, 2008; Froehlich and Masarik, 2010; Lozano et
al., 2012). It has been recognized that natural radionuclides
are useful in a global monitoring network for atmospheric
composition to support global climate change and air qual-
ity research, and therefore they are measured at many of
the regional, global, and contributing-partner stations in the
Global Atmosphere Watch (GAW) network of the World Me-
teorological Organization (WMO) (WMO-GAW, 2004). In
particular, terrigenous 2!°Pb and cosmogenic ’Be natural ra-
dionuclides are helpful in the understanding of the roles of
transport and/or scavenging in controlling the behaviors of
radiatively active trace gases and aerosols (Feichter et al.,
1991; Balkanski et al., 1993; Koch et al., 1996), as well as
their anthropogenic (vs. natural) origin (e.g., Graustein and
Turekian, 1996; Arimoto et al., 1999; Liu et al., 2004; Cuevas
et al., 2013). They are routinely monitored at WMO-GAW
stations around the world (Lee et al., 2004). Although 210py
and "Be have long (1998-2011) been measured at the Global
WMO-GAW station of Mt. Cimone (Italy), their seasonal be-
havior has not been thoroughly elucidated (Lee et al., 2007;
Tositti et al., 2014). Here we apply a state-of-the-art global
chemistry and transport model (CTM) to the simulation of
210ph and "Be, with an objective to better understand the
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roles of transport and precipitation scavenging processes in
controlling their seasonal variations at Mt. Cimone.

Because of their contrasting natural origins, >'°Pb and
"Be have been used as a pair to study the vertical trans-
port and scavenging of aerosols (Koch et al., 1996). 21°Pb
(half-life 71/ =22.3 years) is the decay daughter of 222Rn
(t1/2 = 3.8 days), which is emitted from soils by decay of
226Ra. The oceanic input of 2>’Rn is about 2 orders of mag-
nitude less than the continental input and, because of the
continental origin of 222Rn, 2!%Pb is considered a tracer of
air masses with continental origin (Baskaran, 2011). "Be
(t1/2 = 53.3 days) is a cosmogenic radionuclide generated
by cosmic ray spallation reactions with nitrogen and oxy-
gen (Lal et al., 1958). Most (~ 67 %) of "Be is produced in
the stratosphere and the remaining (~ 33 %) is generated in
the troposphere, particularly in the upper troposphere (John-
son and Viezee, 1981; Usoskin and Kovaltsov, 2008). "Be
is thus considered a tracer of stratospheric influence (Viezee
and Singh, 1980; Dibb et al., 1992, 1994; Liu et al., 2004,
2016) and subsidence (Feely et al., 1989; Koch et al., 1996;
Liu et al., 2004). Once produced, both radionuclides rapidly
attach to ubiquitous submicron aerosol particles in the am-
bient air (Papastefanou and Ioannidou, 1995; Winkler et al.,
1998; Gaffney et al., 2004; Ioannidou et al., 2005) and are
removed from the atmosphere mainly by wet and secondar-
ily dry deposition (Kulan et al., 2006). The concentrations
of these radionuclides in surface air thus depend on their
sources, transport, wet and dry removal, and radioactive de-
cay (in the case of Be). Rainfall scavenging processes are
generally more effective on 2!°Pb than on "Be concentrations
(Koch et al., 1996; Caillet et al., 2001; Likuku, 2006; Dueias
et al., 2009; Lozano et al., 2012).

Observational studies have previously been conducted
to examine the factors influencing surface >'Pb and "Be
concentrations in Europe, the Middle East, and northern
Africa. Different synoptic and mesoscale patterns are asso-
ciated with the ranges of 2'Pb and "Be activity concen-
trations (Lozano et al., 2012, 2013). In southwestern Spain
(El Arenosillo), for instance, low 210pp values are strongly
linked to air masses from the Atlantic Ocean, whereas the
highest values are associated with air masses clearly under
the influence of continents, such as the Iberian Peninsula and
North of Africa (Lozano et al., 2012). As for "Be, the high-
est 'Be activity concentrations over the southwestern Iberian
Peninsula are related to the arrival of air masses from middle
latitudes, and in particular from the Canary Islands, the west-
ern Mediterranean Basin, and the north of Africa (Duefas et
al., 2011; Lozano et al., 2012).

With respect to 2'Pb and "Be spatial variability, 2!°Pb
concentrations in surface air are strongly dependent on
whether it is located over land or ocean, whereas 'Be con-
centration is mainly latitudinally dependent, due to their
different production mechanisms. Generally speaking, in
the Northern Hemisphere, higher "Be concentrations are
present at middle latitudes (20-50° N) because of the mix-
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ing of stratospheric air into the upper troposphere along
the tropopause discontinuity in midlatitude regions and sub-
sequent convective mixing within the troposphere, which
brings "Be-rich air masses into the planetary boundary layer
and to the Earth’s surface (Kulan et al., 2006). Lower 'Be
concentrations are towards the pole and towards the Equator
(Kulan et al., 2006; Steinmann et al., 2013).

Many studies examined the seasonal behavior of 2!°Pb and
"Be at European midlatitude surface sites (e.g., Cannizzaro et
al., 2004; Ioannidou et al., 2005; Daish et al., 2005; Todor-
ovic et al., 2005; Likuku, 2006; Dueiias et al., 2009; Pham
et al., 2011; Carvalho et al., 2013; Steinmann et al., 2013).
High levels of 21°Pb during summer and low levels in winter
were found, reflecting the differing rates of 2>Rn emanation
from soil above the European land mass during winter (wet
or snow-covered soil) and summer (dry soil) (H6tzl and Win-
kler, 1987; Caillet et al., 2001; Daish et al., 2005; Ioannidou
et al., 2005). At low-elevation sites, monthly "Be averages
are characterized by a well-defined annual cycle with lower
values during winter and higher values during summer. Gen-
erally, the increase in 'Be in ground level air from March to
May is ascribed to the more efficient and higher frequency
stratosphere—troposphere exchange (STE), whereas the fur-
ther increase in ’Be during summer is due to the stronger
convective mixing and higher tropopause (Ioannidou et al.,
2014). The higher tropopause height is associated with an-
ticyclonic conditions, which results in downward transport
from the upper troposphere and reduced wet scavenging dur-
ing these conditions (Gerasopoulos et al., 2001, 2005; Ioan-
nidou et al., 2014). In fact, compensating subsidence associ-
ated with convective mixing enhances downward transport
of "Be from the upper troposphere (rather than direct in-
put of stratospheric air) down to the lower troposphere and
ground level (Zanis et al., 1999; Gerasopoulos et al., 2001,
2005; Ioannidou et al., 2005; Likuku, 2006; Steinmann et al.,
2013).

High-elevation sites such as Jungfraujoch (Switzerland),
Zugspitze (Germany), and Mt. Cimone (Italy), typically ly-
ing above the planetary boundary layer (PBL), are charac-
terized by lower 21°Pb concentrations and higher "Be due
to direct influences of air masses from the free troposphere
(Zanis et al., 2000). The observed seasonal 210py pattern
at the high-altitude sites of Puy de Dome (1465ma.s.l.,
France) and Opme (660 m a.s.1., France) is characterized by
maximum concentrations in spring and autumn and mini-
mum concentrations in winter. This is due to higher radon
emissions during the dry season (summer) than during the
wet season (winter), and lower PBL height during winter
(Bourcier et al., 2011). The latter results in weaker upward
transport of 2?Rn and 2!°Pb at high-altitude sites. Simi-
lar to low-elevation sites, higher "Be values are observed in
summer due to convection-forced exchange with the upper
troposphere and the higher tropopause height, which leads
to more efficient vertical transport from the upper to lower
troposphere (Reiter et al., 1983; Gerasopoulos et al., 2001;
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Bourcier etal., 2011). At high-altitude sites a secondary max-
imum of 7Be during cold months (December-March) is gen-
erally observed and attributed to the increase in stratosphere-
to-troposphere events during this season (e.g., James et al.,
2003; Stohl et al., 2003; Trickl et al., 2010). The higher
frequency of rapid subsidence in winter at Northern Hemi-
sphere midlatitudes can be ascribed to the intensity of baro-
clinic systems, which is greatest in the wintertime. In fact,
well-developed tropopause folds and rapid deep intrusions
are most likely to occur in the wake of intense cyclogenesis,
usually limited to the wintertime storm track regions (James
et al., 2003).

Numerical models have been used to analyze 2!°Pb and
"Be observations at high-elevation sites. One-dimensional
model simulations of surface "Be have shown higher concen-
trations at high-elevation sites (Jasiulionis and Wershofen,
2005; Simon et al., 2009) but have also suggested that the
diffusion of "Be was affected by the seasonal variation in
meteorological conditions. Balkanski et al. (1993) examined
the transport of 2!°Pb in a global 3-D model and reported a
weak decrease in 2!°Pb concentrations between the continen-
tal mixed layer and the free troposphere: simulated concen-
trations at 6 km altitude were about 50 % of those in the con-
tinental mixed layer over much of the Northern Hemisphere
in summer, and over large areas of the tropics year around, a
result consistent with the few observations available for the
free troposphere at that time (Moore et al., 1973). Rehfeld
and Heimann (1995) compared the 3-D model simulated
seasonal pattern of surface 2!°Pb and ’Be concentrations
with the observations at several sites in both hemispheres.
At Mauna Loa (19.47° N, 155.6° W; 3400 m a.s.l.; Hawaii)
210pp seasonality was characterized by high concentrations
in spring and summer and lower ones in winter, as opposed
to the seasonal pattern found at higher latitudes, where the
219ph maximum concentrations in winter are attributed to the
advective transport of 21°Pb aerosols from midlatitudes. This
behavior is due to the elevation of the site, representative of
the conditions of the free troposphere rather than those of the
PBL. As for "Be, the comparison between the model and the
observations at Rexburg (43.8° N, 111.83° W; 1483 ma.s.1.;
USA) showed systematically lower model values, due to the
much higher precipitation rates in the model.

Previous studies have examined surface ’Be observations
at Mt. Cimone with respect to the role of STE in surface
ozone increases (Bonasoni et al., 1999, 2000a, b; Cristo-
fanelli et al., 2003, 2006, 2009a, 2015; Lee et al., 2007)
within the framework of European projects such as VOTALP
(Vertical Ozone Transport in the Alps) and STACCATO (in-
fluence of Stratosphere-Troposphere exchange in A Chang-
ing Climate on Atmospheric Transport and Oxidation ca-
pacity). These studies led to the assessment of a higher in-
cidence of STE events during the period from October to
February relative to the warm season, when thermal convec-
tion and the rising of the tropopause promote vertical mixing,
which acts as a confounding factor in STE detection. Lee et
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al. (2007) and Tositti et al. (2014) reported the seasonal pat-
terns and frequency distributions of 2'°Pb and "Be measured
at Mt. Cimone, and highlighted higher concentrations of both
radionuclides in the summertime due to the higher mixing
height and horizontal transport by regional airflows. During
winter, a general increase in "Be is associated with a decrease
in 219Pb, due to the dominant effect of STE and subsidence
in the free troposphere. At the time of this work, no model
analyses of 2!°Pb and "Be observations at the site have been
conducted.

In this paper, we conduct simulations of 2!°Pb and "Be
at Mt. Cimone with a state-of-the-art global 3-D chemistry
and transport model (GMI CTM) driven by assimilated me-
teorological fields for the year of 2005. Our objectives are a
better elucidation of the seasonal variations in >!°Pb and "Be
concentrations and an improved understanding of the roles
of transport and precipitation scavenging processes in their
seasonalities at Mt. Cimone.

The remainder of this paper is organized as follows. Sec-
tion 2 describes the measurement site, the radioactivity mea-
surements at Mt. Cimone, and the GMI CTM. Section 3 eval-
uates the model performance in reproducing the observed
wind and precipitation fields. Section 4 evaluates the sea-
sonal 21°Pb and "Be concentrations in the model with those
observed. Section 5 examines the sources and seasonal vari-
ations in the simulated radionuclide activities, followed by a
summary and conclusions in Sect. 6.

2 Data and methods
2.1 Radionuclide measurements at Mt. Cimone

Mt. Cimone station (44°12'N, 10°42’E, 2165ma.s.l.) is a
global WMO-GAW station managed by the Meteorological
Office of the Italian Air Force, which hosts the research plat-
form “Ottavio Vittori” of the Institute of Atmospheric and
Climate Science of the National Council of Research (ISAC-
CNR). The station is located on top of the highest peak of
the Italian Northern Apennines, with a 360° free horizon and
an elevation such that the station lies above the PBL dur-
ing most of the year: the Mt. Cimone measurements are con-
sidered representative of the southern Europe/Mediterranean
free troposphere (Bonasoni et al., 2000a; Fischer et al.,
2003; Cristofanelli et al., 2007), although during the warmer
months an influence of PBL air can be detected due both to
convective processes and to mountain/valley breeze regimes
(Fischer et al., 2003; van Dingenen et al., 2005; Tositti et
al., 2013). Note in this framework that southern Europe and
the Mediterranean Basin are considered a hot-spot region in
terms of both climate change (e.g., Forster et al., 2007) and
air quality (Monks et al., 2009), as well as a major cross-
road of different air mass transport processes (Li et al., 2001;
Lelieveld et al., 2002; Millan et al., 2006; Duncan et al.,
2008; Tositti et al., 2013).

Atmos. Chem. Phys., 17, 1061-1080, 2017
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At Mt. Cimone station, 219Pb, 7Be, and aerosol mass load
in the form of PMjg have been regularly measured in the
period of 1998-2011 with a Thermo Environmental PM;g
high-volume sampler. PM is sampled on rectangular glass
fiber filters (Whatman, 20.3cm x 25.4cm, with an effec-
tive exposure area of about 407 cm?), which were manually
changed every 2-3 days, depending on weather conditions,
failures of the sampling equipment, and/or of the power sup-
ply and personnel on site. The average flow rate was about
1.13m3 min~"! at standard temperature and pressure, with an
average volume of air collected on each filter equal to 3000-
4000 m? (about 48 h of sampling, 115—175 samples per year).

Airborne radionuclides travel attached to particulate mat-
ters and, as a consequence of their physical origin, tend to
populate the fine fraction (< 1.0 yum) (Winkler et al., 1998;
Gaftney et al., 2004). The PM( samples were subjected to
non-destructive high-resolution y spectrometry for the deter-
mination of airborne radiotracers >'°Pb and "Be. The charac-
teristics of the two hyper-pure germanium crystal detectors
(HPGe) detectors are as follows: one p-type coaxial detec-
tor by Ortec/Ametek with a relative efficiency of 32.5 % and
full width at half maximum (FWHM) 1.8 at 1332keV and
one planar DSG detector with an active surface of 1500 mm?
and FWHM of 0.73 at 122 keV, for higher and lower energy
ranges (100-2000 and 0-900 keV), respectively.

Spectra were accumulated for at least 1 day to optimize
peak analysis and then processed with a specific software
package (GammaVision-32, version 6.07, Ortec). Efficiency
calibration was determined on both detectors with a blank
glass fiber filter traced with accurately weighted aliquots of
a standard solution of mixed radionuclides (QCY48, Amer-
sham) supplemented with 2'°Pb, homogeneously dispersed
dropwise over the filter surface. Once dried under a hood un-
der ambient conditions, the calibration filter was folded into a
polystyrene container in the same geometry as the unknown
samples. Quantitative analysis on samples was carried out by
subtracting the spectrum of a blank filter in the same geom-
etry, while uncertainty on peaks (k = 1, 68 % level of confi-
dence) was calculated propagating the combined error over
the efficiency fit previously determined with the counting er-
ror. Minimum detectable activity was calculated making use
of the traditional ORTEC method (ORTEC, 2003) with a
peak cut-off limit of 40 %. Activity data were corrected to
the midpoint of the time interval of collection and for the de-
cay during spectrum acquisition. For our analysis, we used
monthly averages of 2'Pb and "Be data at Mt. Cimone in
2005.

2.2 GMI model

The Global Modeling Initiative (GMI, http://gmi.gsfc.nasa.
gov) is a NASA-funded project aiming at improving assess-
ments of anthropogenic perturbations to the Earth system;
in this framework, a CTM appropriate for stratospheric as-
sessments was developed (Rotman et al., 2001). It was firstly
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used to evaluate the potential effects of stratospheric aircraft
on the global stratosphere (Kinnison et al., 2001) and on the
Antarctic lower stratosphere (Considine et al., 2000). The
recent version of the GMI CTM includes a full treatment
of both stratospheric and tropospheric photochemical and
physical processes and is also capable of simulating atmo-
spheric radionuclides 222Rp, 210pp, 7Be, and 1°Be through-
out the troposphere and stratosphere (Considine et al., 2004,
2005; Rodriguez et al., 2004; Liu et al., 2016). Details of the
model are described in Duncan et al. (2007, 2008), Strahan
et al. (2007), and Considine et al. (2008).

In this work, we simulate 222Rn, 219Pb, "Be, and 19Be us-
ing a version of the GMI model with the same basic structure
as described by Considine et al. (2005) and Liu et al. (2016),
including parameterizations of the important tropospheric
physical processes such as convection, wet scavenging, dry
deposition, and planetary boundary layer mixing. Meteoro-
logical data used to drive the CTM at 2° latitude by 2.5°
longitude resolution, e.g., horizontal winds, convective mass
fluxes, and precipitation fields, are the Modern-Era Retro-
spective analysis for Research and Applications (MERRA)
assimilated data set from the NASA Global Modeling and
Assimilation Office (GMAO) (Rienecker et al., 2011).

The flux-form semi-Lagrangian advection scheme and a
convective transport algorithm from the CONVTRAN rou-
tine in NCAR CCM3 physics package are used in the model.
The wet deposition scheme is that of Liu et al. (2001): it
includes scavenging in wet convective updrafts, as well as
first-order rainout and washout from both convective anvils
and large-scale precipitations. The gravitational settling ef-
fect of cloud ice particles included in Liu et al. (2001) is
not considered here. Dry deposition of aerosols is computed
using the resistance-in-series approach. For the simulations
of radionuclides, each simulation was run for 6 years, recy-
cling the MERRA meteorological data for 2005, to equili-
brate the lower stratosphere as well as the troposphere (Liu
et al., 2001). The sixth-year output was used for analysis.

A uniform 222Rn emission of 1.0 atom cm™2 s~! from land
under nonfreezing conditions is assumed (Liu et al., 2001).
Following Jacob and Prather (1990), the flux is reduced by a
factor of 3 under freezing conditions. The flux from oceans
and ice is null. Although a large variability in 2*2Rn emission
from land is observed, the above emission estimate is thought
to be accurate to within 25 % globally (Turekian et al., 1977)
and to within a factor of 2 regionally (Wilkening et al., 1975;
Schery et al., 1989; Graustein and Turekian, 1990; Nazaroff,
1992; Liu et al., 2001).

Following Brost et al. (1991) and Koch et al. (1996), we
used the Lal and Peters (1967) "Be source for 1958 (solar
maximum year), as it best simulated stratospheric "Be con-
centrations measured from aircraft (Liu et al., 2001). The
rates of "Be production reported more recently by Usoskin
and Kovaltsov (2008) broadly agree with those of Lal and
Peters (1967) with slightly (about 25 %) lower global pro-
duction rate and will be tested in a separate model study. The
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Lal and Peters (1967) source is represented as a function of
latitude and altitude (pressure) and does not vary with season
(see Fig. 1 of Koch et al., 1996). No interannual variability in
the "Be source is considered in the model (Liu et al., 2001).
This may lead to an underestimate of tropospheric 'Be con-
centrations, especially at high latitudes during a solar mini-
mum (or near minimum) year. Lal and Peters (1967) reported
that the relative amplitude of the "Be production rate over a
11-year solar cycle is about 13 % below 300 hPa at latitudes
above 45°.

Because of the coarse horizontal resolution of the model
(2° latitude by 2.5° longitude), the model representation of
the topography at the site is poor. The elevation of Mt. Ci-
mone in the model is only 298 m, whereas in reality the
mountain is 2165 m (a.s.l.) high (Fig. 1). For this reason, the
model output was not sampled at ground level but instead
at the grid box corresponding to the elevation of the site.
In order to see the sensitivity of model-observation compar-
isons to spatial sampling, the model was sampled not only
for the grid corresponding to the latitude and longitude of
Mt. Cimone but also for the eight adjacent grids. To better
understand the sources and seasonality of radiotracers in the
model, we examine model output not only for 210pp, 7Re,
and their ratio (7Be / 210pp an indicator of vertical trans-
port; Koch et al., 1996), which can be directly compared to
the measurements taken at Mt. Cimone, but also for other ra-
diotracers and quantities, e.g., 222Rn and °Be / "Be (a STE
tracer; Zanis et al., 2003).

Year 2005 was chosen for analysis because of the avail-
ability of the observational data and model output at the time
of this work. As discussed later, the seasonal behavior of
210pp and Be radionuclides during year 2005 was “typical”
for Mt. Cimone. Monthly averages of 2'°Pb and "Be data at
Mt. Cimone were calculated for comparison with model re-
sults. To better compare the seasonalities of 2!°Pb and "Be
between the model and the observations, monthly percent-
age deviations from the annual mean concentration were also
calculated.

3 Seasonal variations in transport and precipitation at
Mt. Cimone: observations vs. model simulations

Mt. Cimone is the windiest meteorological station in Italy
and the prevailing local winds blow from SSW and NNE di-
rections (Ciattaglia, 1983; Ciattaglia et al., 1987; Colombo
et al., 2000). The wind observations at Mt. Cimone during
the period of 1998-2011, when radionuclide measurements
were performed at the station (Tositti et al., 2014), agree with
the climatology of local wind intensity and direction during
the period of 1946-1999 as reported by the Italian Air Force
(Colombo et al., 2000). NNE directions are more significant
during the cold period, and fluxes from SW are more typi-
cal of the warm period. While winds blowing from the SSW
sector generate a sea air inflow, a continental air inflow is ob-
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Figure 1. Surface elevations (km) in the model. The white
dot indicates the location of Mt. Cimone (44°12'N, 10°42'E;
2165ma.s.l.).

served when winds come from the NNE sector (Ciattaglia et
al., 1987).

However, when considering the lifetimes of 210pp (about
one week) and "Be (about 3 weeks) aerosols (Liu et al.,
2001), it is apparent that regional and long-range trans-
port has a much more important role than local transport.
On a large scale, about 70 % of background air masses
reaching Mt. Cimone in the period of 1996-1998 came
from Atlantic and Arctic areas, with a smaller contribution
from the Mediterranean Basin and the eastern area, as es-
timated by Bonasoni et al. (2000b). A more recent and ex-
tended study of advection patterns at Mt. Cimone (Brat-
tich et al., 2017), analyzing clusters of 4-day kinematic
back-trajectories calculated for the period of 1998-2011
with the HYSPLIT (HYbrid Single-Particle Lagrangian In-
tegrated Trajectory) model driven by the NCEP/NCAR (Na-
tional Centers for Environmental Prediction/National Cen-
ter for Atmospheric Research) meteorological reanalysis,
shows that the air masses advected to Mt. Cimone (55 %) ar-
rive from the western Atlantic—-North America sector, while
the remaining air masses (from the Arctic, eastern Mediter-
ranean, and Mediterranean Basin—northern Africa) together
represent 45 % of trajectories. Seasonal transport to Mt. Ci-
mone in the model is shown in Fig. 2, representing winds
at the elevation of Mt. Cimone (winds are weaker at the
model bottom layer). In agreement with the description of
advection patterns at the site, prevailing model winds (Fig. 2)
blow from the western Atlantic sector. Slow summer winds
suggest the stronger influence of regional/local transport at
Mt. Cimone during the period (e.g., Lee et al., 2007; Mari-
noni et al., 2008; Tositti et al., 2013, 2014; Brattich et al.,
2015).
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2%Pb & winds, 2005
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In the model, Mt. Cimone appears to be in a location
where there is a large horizontal gradient of wind (trans-
port) during 2005. Long-range transport from western Eu-
rope, North America, and the Arctic region prevail during
the cold period, while regional transport appears more im-
portant in summer. The model is able to capture relevant fea-
tures of pressure systems and seasonal circulation patterns
of the North Atlantic, Mediterranean, and African regions,
such as the semi-permanent high-pressure system located in
the North Atlantic with different positions during different
seasons (Bermuda/Azores High), a semi-permanent system
of high pressure centered in northeastern Siberia during the
colder half of the year (Siberian High), and the Intertropi-
cal Convergence Zone (ITCZ) in the summer/autumn sea-
son. However, due to the coarse resolution of the global me-
teorological reanalysis that we use to construct the model
winds, the more than 50 local-scale wind systems present in
the Mediterranean and surrounding regions are not resolved
(Burlando, 2009). In northern Europe, in fact, there are ap-
proximately two main states for the atmosphere, the westerly
or zonal flows modulated by the advection of Atlantic lows,
and the long-lived blocking anticyclonic configurations over
North Sea or Scandinavia (easterly) (Burlando et al., 2008).

In the Mediterranean region, the main cyclones during
winter are essentially sub-synoptic lows triggered by the
major North Atlantic synoptic systems affected by the lo-
cal topography of the northern Mediterranean coast (Trigo
et al., 2002), whereas in summer cyclones develop because
of thermal effects, orography (e.g., the Atlas Mountains),
and increase in low-level thermal gradients (Trigo et al.,
2002; Campins et al., 2006). Again, due to the coarse resolu-
tion of the meteorological data we use, these sub-synoptic
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processes are not resolved. For instance, northern African
lows and Sahara depressions (also referred to as Atlas lee
depressions) and the resulting SSW wind (sirocco) (Re-
iter, 1975), potentially linked to 210py variations at Mt. Ci-
mone, appear to be an important feature missing in the de-
graded MERRA data, where they appear only during Octo-
ber/November. However, MERRA is able to capture the sum-
mertime north-northeasterly winds in the eastern Mediter-
ranean (Aegean Sea), known as the Etesians. The Etesians
are the most persistent localized wind system in the world
as a result of a sharp east—west pressure gradient manifested
by large-scale circulation features (i.e., low pressure over the
eastern Mediterranean/Middle East and high pressure over
central and southeastern Europe) (Dafka et al., 2016).

We evaluate the MERRA precipitation with that from
the GPCP (Global Precipitation Climatology Project, https:
/lprecip.gsfc.nasa.gov/) satellite and surface observations in
2005. Figure 3 shows the MERRA and GPCP monthly pre-
cipitation for the region defined by 0-75°N and 90° W-
90° E. Good agreement between the MERRA and the GPCP
precipitations averaged over the region was found. In par-
ticular, summer precipitation patterns are very similar. The
geographical distribution of precipitation in MERRA shows
some important features in agreement with the observed cli-
matology precipitations: the desert climate in North Africa,
with very low precipitation all year long; the ITCZ, with
high precipitation during the summer and autumn seasons;
the North Atlantic region, with high precipitation especially
during the winter and autumn seasons; and Europe, where
the seasonal pattern of precipitation is similar to that in the
North Atlantic region but precipitation is lower.

Atmos. Chem. Phys., 17, 1061-1080, 2017


https://precip.gsfc.nasa.gov/
https://precip.gsfc.nasa.gov/

1068
723_) P‘reciypitat'ion ;t Mt. Cip'\oqe (ij) _
MERRA
GPCP
A
T
[~}
E35
£
£
0.0 . . . . . . . . . .
1 2 3 4 5 6 7 8 9 10 11 12
Month
780) Precipitation at Mt. Cimone (i-1j-1)
MERRA
_ GPCP
=
€
g
53.5— -
E

8 9

7
6Mcmth

E. Brattich et al.: Processes controlling the seasonal variations in 2!°Pb and "Be

7(0br) S Prgcip_itatipn a’t Mt.‘ Cin:\ong (ij-r1) ~
MERRA
B GPCP
=
T
£
E3.5
£
0.0 . . . . . . . .
1 2 3 4 5 6 7 8 9 10 11 12
Month
(d) Precipitation at Mt. Cimone (i+1j+1)

7.0

MERRA
GPCP

mm month™

0.0L . . PR P

7 1 1 12
6Mon(h 8 0 0

Figure 4. Comparison of the seasonal precipitation at Mt. Cimone in the MERRA meteorological data set with that in the GPCP observations

I135tt}

for (a) the model grid box (“ij”) corresponding to the location of Mt. Cimone, (b) the model grid box (“ij —

1) to the west of “ij”, (c¢) the

model grid box (“i1 — 1j — 1”) to the southwest of “ij”, and (d) the model grid box (“i+ 1j + 17) to the northeast of “ij”.

Figure 4 shows the comparison of the GPCP and MERRA
precipitation seasonality at Mt. Cimone. Since Mt. Cimone
is located in a region with a large horizontal gradient in pre-
cipitation, we also show in the figure the comparisons for
three adjacent grid boxes. The MERRA precipitation is gen-
erally lower than that of GPCP at two grid boxes (except for
summer, Fig. 4a, b), but in good agreement at the other two
grid boxes (Fig. 4c, d). The agreement between the MERRA
and GPCP precipitation seasonality is reasonable, with the
squared correlation coefficient R? varying between 0.56 (at
the grid to the northwest of “ij””) and 0.89 (at the grid to the
southeast of “ij”). Large differences between the MERRA
precipitation and that locally observed at the station are in-
stead present. While the daily mean observed 2005 precipi-
tation is 0.81 mm, which is close to the corresponding pre-
cipitation (0.73 mm) in MERRA at the “ij” grid (i.e., a nega-
tive bias of —0.08 mm), the model bias is positive and much
higher (0.31-1.28 mm) at adjacent grids. This bias may very
well reflect again the fact that the observed surface precipi-
tation is localized, whereas the satellite and MERRA precip-
itations correspond to a much larger scale (about 200 km).
Moreover, as Colombo et al. (2000) previously pointed out,
different from the surrounding area, where the climate is de-
fined as temperate-continental, the climate at the mountain-
top is classified as alpine because of the high elevation. In
fact, in agreement with the GPCP precipitation in 2005, the
observed climatology in the region shows a maximum dur-
ing November (secondary maximum in spring) and an ab-
solute minimum in July (secondary minimum in January),

Atmos. Chem. Phys., 17, 1061-1080, 2017

whereas on the top of the mountain the precipitation is max-
imal during summer. The MERRA precipitation shows in-
creased amounts during April and August-December, with
minimum in June—July. As the local precipitation at the site is
important to the scavenging of radionuclide aerosol tracers,
this difference between the local and regional precipitation
could contribute to any biases in our simulations. However,
as we will show below, the ratio ’Be / 2!°Pb may cancel out
the errors associated with precipitation scavenging (Koch et
al., 1996).

Low 2!1°Pb concentrations are seen over the Atlantic
Ocean, due to the negligible emissions of 2?>Rn from the
oceans and strong precipitation scavenging, and in north-
ern and western Europe, especially during the cold season
(Fig. 2a). High 2'9Pb concentrations appear over the Sahara
and northern Africa, as a result of low precipitation in this
area, and also over the Middle East and southern Asia. 2!°Pb
concentrations over southern Europe appear higher during
the transition seasons, especially autumn, and peak during
summer when the minimum precipitation and slow winds
from west are observed in the region. Low 'Be concentra-
tions are simulated along the equator where convective scav-
enging is strongest (Fig. 2b). High "Be concentrations are
seen over the Sahara due to a combination of low precip-
itation and subsidence in this region. Elevated values also
occur over the Middle East, North America, and Greenland.
"Be concentrations over southern Europe appear higher dur-
ing spring and peak during winter, when model winds are
stronger and transport ’Be aerosols from North America and

www.atmos-chem-phys.net/17/1061/2017/



E. Brattich et al.: Processes controlling the seasonal variations in 2'°Pb and "Be

(a)

#0pp, jj
070 ""model
— —o— Observation
€
o
1]
§0.35
o
&
0.00 .
1 2 3 4 5 6 7 8 9 10 11 12
Month
(C) 22Rp i
2200 T 7
€
o
1]
€ 13200  ...--
=
2
440 .
1 2 3 45 6 7 8 9 10 1112
Month
(e)
0.30

1069

(b)

"Be, ij

N
=)

————— Model
—o— Observation

Be (mBq m™)
w
~

0.4
1 2 3 4 5 6 7 8 9 10 11 12
Month
(d) °Be/"Be, ij
0.15 L
o | e
@
;0.107 -
a
eoO5_ . . . . . . . . .
1 2 3 4 5 6 7 8 9 10 11 12
Month

Strat 'Be/ total "Be, ij

Strat 'Be/ total ‘Be
o
S
[3,]
T

0.00.

1.2 3 4 5 6
Month

7 8 9 10 11 12

Figure 5. Comparison of GMI-simulated (black dotted line) monthly (a) 210py, and (b) "Be activities with those observed at Mt. Ci-
mone (solid lines) in 2005. Also shown are GMI-simulated monthly activities of (c) 222Rp, (d) 10ge / "Be ratios, and (e) stratospheric
"Be / total’Be ratios. Model values are for the “jj” grid box corresponding to the location of Mt. Cimone. Vertical bars indicate the uncer-

tainty in observed activities.

Greenland regions, where "Be production is highest (Beer et
al., 2012).

4 Seasonal variations in 21°Pb and "Be at Mt. Cimone:
observations vs. model simulations

The seasonality and frequency distributions of 2!°Pb and "Be
concentrations measured at the Mt. Cimone station were pre-
viously examined by Lee et al. (2007), while more recent
analyses of the 12-year record were presented in Tositti et
al. (2014) and Brattich et al. (2016). Generally, both radionu-
clides show a marked seasonal maximum in the summer-
time, a behavior shared by PMjo (Tositti et al., 2013) and
O3 (Bonasoni et al., 2000b). The 21°Pb summer maximum
is mainly due to the higher mixing height and enhanced up-
lift from the boundary layer as a result of thermal convec-
tion. The seasonal fluctuation of "Be is more complex and
characterized by two relative maxima, one during the cold
season associated with stratosphere-to-troposphere transport,
and the other during the warm season mainly associated
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with tropospheric subsidence balancing lower-tropospheric
air masses ascent occasionally accompanied by STE (Tositti
et al., 2014). The 210ph and "Be measurements in 2005 are
consistent with this description (Fig. 5): 2°Pb concentrations
are characterized by two maxima during the warm period
(July and September); "Be concentrations are characterized
by one absolute maximum during summer (July) and one
secondary maximum during spring (March).

Figure 5a and b compare the simulated monthly 2!°Pb
and "Be activities with the observations at Mt. Cimone in
2005. The comparisons for the monthly percentage devia-
tions from the annual mean concentration are available in the
Supplement (Figs. S1-S2). The seasonality of >1°Pb is well
captured by the model. The model reproduces the presence
of two seasonal maxima in the 219Pb observations, with the
maximum observed in July shifted to June in the simulation.
The squared correlation coefficient R% between observed and
simulated 2'9Pb activities is equal to 0.83 at the “ij” grid and
varies between 0.42 and 0.82 for adjacent grid boxes (to the

north and to the west of “ij”, respectively), confirming the

Atmos. Chem. Phys., 17, 1061-1080, 2017
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good performance of the model in reproducing the 2'°Pb sea-
sonal pattern.

As for "Be, the model well captures the March maxi-
mum (i.e., secondary maximum in the observations) and the
month-to-month variation during the cold and transition sea-
sons (January—April, October—December). However, during
the warm period, the simulated "Be concentrations are lower
by a factor of 2 than the observed. A better agreement was
found at some adjacent model grid boxes (e.g., to the south
and to the southwest of “ij”; Fig. 6 vs. Fig. 5). The correlation
between observed and simulated monthly “Be activities also
increases from R? =0.03 at “ij” to R?> =0.11-0.60 at ad-
jacent model grid boxes. The largest value of R? = 0.6 was
obtained at the “ij — 1" grid box to the south of “ij” (Fig. 6).
This improvement is due to the large horizontal gradient in
the simulated "Be concentrations near the site (Fig. 2).

5 Sources and seasonality of 21°Pb and "Be at
Mt. Cimone: a model analysis

In this section, we quantify the sources of 2!°Pb and "Be and
determine the processes governing their seasonality in the
GMI model. Additional tracers as simulated by the model
are used to aid in the interpretation. Model sensitivity exper-
iments are conducted to examine the roles of transport and
precipitation scavenging in the seasonality.

As discussed in Sect. 4, the model reproduces the 210py,
seasonality well, with minimum in the cold period and max-
imum in the warm period. The '°Pb seasonality (Fig. 5a)
can be linked with the seasonal pattern of its precursor 22?Rn
(Fig. 5c¢). It is seen that the summer 210pp maximum is due
to stronger (thermal) convection, which uplifts more 2*’Rn
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out of the boundary layer (e.g., Lee et al., 2007; Tositti et
al., 2014; Brattich et al., 2015). This uplift of 2*>Rn from
the boundary layer is minimum in the cold period, and the
minimal level of 2!°Pb in this period can be considered rep-
resentative of the free troposphere. The 2!°Pb summer in-
crease appears to be associated with short-range and regional
transport, as suggested by the model simulations (Fig. 2a).
As expected, long-range transport is more typical of the
winter/spring seasons because of stronger horizontal winds,
while regional effects are more important during summer,
when convection gets stronger.

In a similar manner, the source of the “Be March maxi-
mum can be investigated with model tracer simulations. Fig-
ure 5d and e also show the simulated seasonal patterns of the
19Be / 7Be activity ratio and of the fraction of "Be originat-
ing from the stratosphere (strat 'Be / total "Be). The simu-
lated seasonal pattern of the '°Be / 7Be ratio is very similar to
the observations at Jungfraujoch (Switzerland, 3580 ma.s.1.)
(Zanis et al., 2003), characterized by a clear seasonal cy-
cle with peak ratios in spring. The usefulness of 'Be / "Be
ratio as a stratospheric tracer is due to the fact that both
10Be and "Be cosmogenic radionuclides attach to the same
aerosols and share therefore the same removal mechanism.
Moreover, due to the much longer physical half-life of '°Be
(t12=15x 100 years) compared to "Be (t1/2 = 53.3 days),
their concentration ratios in the stratosphere (about 3—4) are
much higher than in the troposphere (about 2 or even less)
(Koch and Rind, 1998). The simulated '°Be / ’Be ratio be-
havior indicates that deep stratosphere-to-troposphere (STT)
peaks during winter, while shallower STT has a spring max-
imum, consistent with previous analyses of stratospheric in-
trusions at Mt. Cimone (Cristofanelli et al., 2006, 2009a), and
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more generally with the climatology of STE at the North-
ern Hemisphere midlatitudes (James et al., 2003). Altogether
the simulated high strat 7Be /total "Be, high "Be /2!Pb
(Fig. 7), and low '°Be / "Be ratios during December—January
indicate strongest STE during this period, followed by spring
with slightly weaker stratospheric influence on surface ’Be.
However, the model tends to overestimate the observed
"Be concentrations and ’Be / 219Pb ratios during December—
February, suggesting that stratospheric influence and/or sub-
sidence in the model is probably too strong in this region at
this time of the year. It is noted that globally integrated STT
mass fluxes in the MERRA reanalysis are actually smaller
than in some other reanalyses, e.g., ERA-Interim, JRA-55,
and MERRA-2 (Boothe and Homeyer, 2016).

The use of the "Be production rate of Lal and Pe-
ters (1967) for a solar maximum year (1958) may partly ex-
plain the lower annual mean ’Be in the model (3.4 mBgqm ™3
annual mean at the “ij” grid) than in the observations
(4.2mBqm™3). In fact, the sunspot number in 2005 (29.8)
was quite low (slowly decreasing from 2000, a solar maxi-
mum year, and reaching minimum in 2008), especially com-
pared to the 1958 value of 184.8. Sunspot number data are
available from the World Data Center for the production,
preservation and dissemination of the international sunspot
number (Sunspot Index and Long-term Solar Observation,
SILSO, Royal Observatory of Belgium, Brussels, http://sidc.
oma.be/sunspot-data/, 2016).

During the winter period, associated with the simulated
and observed "Be increases (Figs. 5-6), strong long-range
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transport was dominant in the European region (Fig. 2b).
Transport from higher-latitude regions (Arctic, northern Eu-
rope, and North America) appears particularly important dur-
ing this period (Fig. 2b); such transport from high-latitude
regions, where the Be production rate is highest (Beer et
al., 2012), has typically been observed during STE events
at Mt. Cimone in many studies (e.g., Bonasoni et al., 1999,
2000a, b).

The discrepancy between the simulated and the observed
"Be concentrations during the warm period is partly due to
the sensitivity to spatial sampling in the model. As seen from
the map plots of 2'Pb and "Be concentrations at the ele-
vation of Mt. Cimone (Fig. 2), the sampling site appears to
be located in a region where the N-S gradient of concentra-
tions is large (especially for “Be). An elevated gradient in
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the region surrounding Mt. Cimone was also seen for winds,
as transport plays a critical role in determining the distribu-
tions of these tracers. The sensitivity to spatial sampling in
the model is therefore ascribed to this observed strong gradi-
ent in the N-S direction. In fact, while the grids to the south
and southwest of “ij” are better for summer ’Be comparisons
(Fig. 6), the grids to the northeast, north, and northwest of
“ij”” are better for winter (not shown).

The model underestimate of 'Be levels in the warm
months may also suggest the mixing of air masses between
the PBL and the lower free troposphere is likely too weak.
Previous observational analyses indicated that such mixing is
higher in summer at Mt. Cimone due to enhanced convection
and mountain wind breeze (e.g., Fischer et al., 2003; Cristo-
fanelli et al., 2007). Weaker entrainment of free-tropospheric
air into the PBL would result in lower Be concentrations at
the surface.

The model annual average biases are about 8 % for 2!°Pb
and about 19 % for "Be, respectively. By contrast, the model
average bias for "Be / 2!OPb ratios is about —13 % (Fig. 7).
The smaller model bias for "Be / 2!OPb ratios than for "Be
concentrations reflects the fact that the ratio cancels out
the errors in precipitation scavenging (Koch et al., 1996)
that contribute to the underestimate of 2!°Pb and "Be ac-
tivities. On the other hand, the negative model bias for the
"Be /2'0Pb ratio again points to weak downward mixing
from the free troposphere.
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If one compares the month-to-month variation in 2!°Pb
and "Be (Figs. 5 and 6) and precipitation in the model
(Fig. 4), the maxima/minima of precipitation appear to be
in phase with those of both radionuclides’ activities. This re-
flects the effects of precipitation scavenging on radionuclide
aerosols.

We conducted model sensitivity experiments where either
convection (transport and scavenging), wet scavenging due
to both large-scale and convective precipitation, or dry depo-
sition processes are turned off to examine the roles of these
processes in controlling the seasonality of 2!°Pb and "Be at
Mt. Cimone. Figure 8 shows the results for the standard and
sensitivity runs at the “grid to the south of “ij”, for which the
simulated tracer seasonal variations are similar to those ob-
served, while the monthly percentage deviations from the an-
nual mean concentrations are shown in Fig. S3. Figures 9-12
show maps of simulated changes in >'°Pb and "Be concen-
trations when convection or wet scavenging is turned off.

Turning off dry deposition does not significantly change
the simulated 2'°Pb and "Be concentrations, partly due to
sampling the higher vertical grid box in the model (larger
effects are seen at the bottom model layer). With convection
turned off (i.e., with neither convective transport nor convec-
tive scavenging), the simulated "Be seasonality also remains
nearly the same. This suggests the compensating effects be-
tween subsidence (increasing ’Be) associated with convec-
tive transport and scavenging (decreasing ’Be) due to con-
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Figure 12. Same as Fig. 11 but for the difference between a sensitivity run without wet scavenging and the standard run.

vective precipitation. In the case of >!'OPb, turning off con-
vection does not change the seasonal pattern but generally
results in larger 2!°Pb concentrations and particularly dur-
ing summer/autumn, when convective transport is more im-
portant at the site. In fact, no convective transport of 2*2Rn
(Fig. S5) results in less 222Rn (and 2!0Pb) being transported
to the free troposphere, as well as more >!°Pb being avail-
able in PBL lifted to the free troposphere by large-scale ver-
tical transport; on the other hand, the lack of convective scav-
enging of 2'Pb increases its concentration in the free tro-
posphere. Turning off convection therefore results in an in-
crease in 2'°Pb concentrations in the free troposphere. Both
surface >2>Rn concentrations at the elevation of Mt. Cimone
(Fig. S4), as well as a map of changes in 2!°Pb concentrations
due to convection in the model (Fig. 9) show that convection
in the region is more important during summer and autumn
but is not negligible during spring, possibly due to thermal
inertia.

The model run without scavenging suggests that, apart
from downward transport from the upper troposphere and
lower stratosphere, wet scavenging is mainly responsible for
the seasonal variation in 'Be (Fig. 8, bottom panel). None of
our simulations is able to describe the observed "Be sum-
mertime peak, suggesting that local and regional circula-
tions in this region with complex topography may not be
resolved by the coarse-resolution model. For 2!°Pb (Fig. 8,
top panel), it appears that wet scavenging plays a more im-
portant role during August-December than during January—
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July. This appears to be associated with the seasonality of
precipitation, which shows prolonged elevated values during
August—-December, as well as a maximum during April, as
previously discussed (Fig. 5). A plot of changes in 2!°Pb con-
centrations due to scavenging in the model (Fig. 10) confirms
that the scavenging effect is larger during autumn and, to a
lesser extent, during summer. At Mt. Cimone, the scavenging
effect is not minimal during July (month of minimum pre-
cipitation, Fig. 4), suggesting the influence of precipitation
scavenging elsewhere in the region on the site.

6 Summary and conclusions

We have used a global 3-D model (GMI CTM) driven by
the MERRA assimilated meteorological data from NASA’s
GMAO to simulate the 2'°Pb and "Be observations from the
Mt. Cimone (44°12'N, 10°42’ E; 2165 m a.s.1.; Italy) WMO-
GAW station in 2005. The two natural atmospheric radionu-
clides originate from contrasting source regions (lower tro-
posphere and upper troposphere/lower stratosphere, respec-
tively), attach to submicron particles, and are removed from
the troposphere mainly by wet deposition. Our objective
was to examine the roles of horizontal advection, vertical
transport (large-scale and convection), and wet scavenging
in determining the seasonality of >'°Pb and "Be at Mt. Ci-
mone. The observed 2!°Pb concentrations are characterized
by maxima in summer and minima during the cold period.
The seasonality of ’Be is more complex, with a major peak
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in summer, a secondary peak in spring and a minimum in
winter. This is the first modeling study of 2!°Pb and "Be
observations at Mt. Cimone. This site is representative of
free-tropospheric southern Europe/Mediterranean conditions
most of the year, and thus the comparison between measure-
ments and simulations can serve as an indication of short-
comings in the model or in the meteorological data.

Precipitation and wind fields are important to the model’s
performance in representing the transport and scavenging
processes. We evaluated the MERRA precipitation field used
by GMI CTM against the GPCP satellite and surface ob-
servations, and generally good agreement was found. The
seasonality of precipitation at Mt. Cimone shows increased
amounts during April and the period of August—-December,
and minimum in June—July. The MERRA assimilated winds
at the low-resolution version we used captured the main cir-
culation patterns (e.g., location of the Azores high-pressure
system, location of the ITCZ) in the Northern Hemisphere.
However, some local-scale winds and pressure systems,
which are important for transport to the sampling site, were
likely not well resolved at the coarse resolution we used.
Generally good agreement was found between the MERRA
assimilated wind fields and the main advection patterns at
the site (e.g., prevalence of long-range transport from west-
ern Europe, North America, and the Arctic region during the
cold season, as opposed to the prevailing regional transport
during the warm season).

The model reproduced the observed 2!°Pb seasonality
well: 219Pb maxima during the warm period were attributed
to the stronger (thermal) convection, which uplifts more
222Rn (and 2!°Pb) from the boundary layer. The model is
less successful in reproducing the observed "Be seasonality.
"Be was better represented during the cold period, while the
observed summer "Be maximum was underestimated by the
model. The model underestimate of ’Be levels in the warm
months is partly due to the sensitivity to spatial sampling in
the model, but also suggests that the mixing of air masses be-
tween the PBL and the lower free troposphere (e.g., via con-
vection and compensating subsidence) is likely too weak dur-
ing summer, when the Mt. Cimone station is located within
the PBL. This suggests that additional work comparing the
model results with more surface observations is needed in
order to better understand this effect. The simulated lower
annual average 'Be concentration relative to the observation
is also partly attributed to the fact that the model used the
"Be production rate for a solar maximum year, while in 2005
(our simulation year) the solar activity was rather low.

By examining the wind fields and horizontal distribution
of radiotracers in the model, we noted that the sampling site
is in a location where there is a large gradient, especially
in the north—south direction. Accordingly, we investigated
the sensitivity of model results to spatial sampling. A better
agreement between the model and the observations at some
adjacent grid boxes was found. The "Be March maximum
was linked to the large stratospheric influence during win-
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ter/spring. The model tends to underestimate the summer-
time 2!°Pb and "Be but better simulates the "Be / 2°Pb ratio
because the model errors due to precipitation scavenging ap-
pear to be canceled out in the ratio.

We have conducted a series of model sensitivity experi-
ments to further examine and quantify the roles of wet scav-
enging, dry deposition, and convection (transport and scav-
enging) in controlling the seasonality of 2!°Pb and "Be at
Mt. Cimone. Dry deposition does not have a significant effect
on the magnitude and seasonality of 2/°Pb and "Be concen-
trations at the site. The relatively weak combined effects of
convective transport and convective scavenging on the radio-
tracer seasonality were attributed to the compensating effects
of convective transport and convective scavenging on tracer
concentrations in the lower free troposphere (at the elevation
of Mt. Cimone). Convection appears to be more important
to the regional distribution of both radiotracers during sum-
mer and autumn, although it is also significant during spring.
Finally, scavenging is found to be the most important pro-
cess controlling the seasonal variations in 21°Pb and "Be at
Mt. Cimone. For 2!9Pb, precipitation plays a more impor-
tant role during August-December than during January—July.
This was attributed to the seasonality of local and regional
precipitation, which shows prolonged elevated values in the
period of August-December.

While our simulations demonstrated some capabilities of
the model to reproduce the seasonality of 2!°Pb and "Be,
they highlight the weaknesses of the model in reproducing
local features, presumably due to its coarse resolution. Model
simulations at a higher resolution would improve this model
analysis of 2!°Pb and "Be observations at Mt. Cimone, a
high-elevation site. The understanding of downward trans-
port associated with convection during summer also requires
improving. Therefore, 2!°Pb and "Be tracers will prove to
be very useful in our understanding of seasonal behaviors of
other environmentally important trace gases and aerosols at
Mt. Cimone. Since other aerosols and trace gases (e.g., black
carbon, CO, O3) are also measured at the station, we plan to
conduct comparisons between model simulations and those
measurements to corroborate or contrast with the radionu-
clide results.

7 Data availability

A description of the observational data and model out-
put used in this paper can be found in Sect. 2 and
they are available upon request by contacting Laura
Tositti (laura.tositti@unibo.it) and Hongyu Liu (hongyu.liu-
1@nasa.gov), respectively.

The Supplement related to this article is available online
at doi:10.5194/acp-17-1061-2017-supplement.
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