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Abstract. A global three-dimensional transport model of the atmosphere, having
a grid resolution of 7.83° (latitude) x 10° (longitude) x 19 layers in the vertical
and driven by European Centre for Medium Range Weather Forecasts (ECMWF)
wind field analyses of 1990, is used to simulate the distribution of natural (?'°Pb,
"Be, 1°Be) and artificial (®*Sr), radioactive, water-soluble, aerosol-borne tracers.
Because of their well-known source-sink distribution these tracers build an ideal
tool to depict transport processes in the whole atmosphere and to test the models
ability of reproducing these. In particular, this paper focuses on mass exchange
between stratosphere and troposphere, using the concentration ratio !°Be/”Be as an
indicator. In general, the agreement between observations and model results is quite
good, except in polar regions. Modeled arctic 2!°Pb and “Be concentrations are
overestimated and the annual cycle is underestimated. The modeled antarctic annual
cycle of 1°Be/"Be shows maxima in winter and spring, whereas the observations
exhibit a summer maximum. These discrepancies are attributed to deficiencies in
ECMWF wind fields, to differences between observed and model used precipitation,

and to the employed parameterization schemes of dry and wet deposition which

may be inadequate in the cold polar regions.

Introduction

Natural and artificial, radioactive, water-soluble, aer-
osol-borne tracers are an ideal tool to study atmospheric
transport processes. The source distribution of these el-
ements is relatively well known; they are removed from
the atmosphere only by radioactive decay as well as by
dry and wet deposition, and many observations exist to
be compared with transport model results. Radioactive
tracers in the atmosphere may be divided into three
groups [Junge, 1963]: (1) natural radioactivity from
emissions out of the Earth’s surface; (2) natural radioac-
tivity produced by cosmic radiation; and (3) artificial
radioactivity introduced by nuclear weapon tests.

We choose from the first group 21°Pb, which is a de-
cay product of the water-insoluble inert gas 222Rn, em-
anating from ice-free land surfaces into the atmosphere.
From the second group, “Be and 1°Be are selected. Two
thirds of the production of "Be and !°Be takes place in
the stratosphere, one third in the troposphere [Lal end
Peters, 1967]. %°Sr, selected from the artificial radioac-
tivity group, has a stratospheric input.

The isotopes 21°Pb, “Be, 1°Be and °°Sr become quick-
ly attached to aerosols after their formation [Junge,
1963]. The radii of these aerosol particles lie between
2x1072 and 1 um [Graustein and Turekian, 1986; Ture-
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kian et al., 1977; Feichter et al., 1991; Junge, 1963;
Brost et al.,, 1991; Feely et al., 1966]. The atmospheric
lifetime of these aerosols, which can be defined as the
ratio of atmospheric tracer mass to their deposition rate
[Ehhalt, 1973), is investigated in this paper.

Because of the source distribution and short lifetime
of 222Rn, its long-lived decay product 2°Pb is predomi-
nantly produced in the continental planetary boundary
layer. It allows an investigation of transport and re-
moval processes in the lower troposphere, for example,
the monsoon circulation or the transport from midlati-
tudes into the polar regions [Lambert et al., 1990].

Four processes influence the surface concentration of
"Be [Feely et al., 1988]: wet deposition, mass exchange
between stratosphere and troposphere, vertical trans-
port in the troposphere, and horizontal transport from
subtropics and midlatitudes into the tropics and polar
regions. The relative importance of these processes for
an observed "Be surface concentration is difficult to de-
termine [Feely et al., 1988].

However, the concentration ratio 1°Be/"Be is an ideal
tool to indicate stratospheric air mass intrusions into
the troposphere [Raisbeck et al., 1981]. The source dis-
tributions of “Be and °Be are identical and both ele-
ments are transported and deposited in the same way,
that is, the concentration ratio °Be/"Be is indepen-
dent of deposition. At the time of production the ratio
10Be/"Be is approximately 0.5 [Lal and Peters, 1967],
but it increases rapidly, because the radioactive half
life of “Be is much lower than that of 1°Be. Since the
lifetime of a water-soluble tracer in the stratosphere is
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much larger than in the troposphere, stratospheric air
masses are characterized by high values of 1°Be/"Be.
Their transport through the tropopause into the tro-
posphere causes a marked increase of the tropospheric
10Be/"Be concentration ratio.

The artificial °°Sr serves as both a tracer for strato-
spheric circulation and the examination of air mass ex-
change between stratosphere and troposphere.

The transport model used in this study is driven
by wind fields of the year 1990 assimilated by the
European Centre for Medium Range Weather Fore-
casts (ECMWF). This allows for a direct comparison
of model results with observations from 1990.

In the following section the transport model is pre-
sented. Afterward the three aforementioned radioactive
tracer groups are described, and finally the simulation
results are given.

Transport Model

The transport model numerically solves the continu-
ity equation for the concentration of a tracer on a three-
dimensional grid spanning the whole global atmosphere.
The horizontal resolution of this grid is 7.83° in latitude
(24 grid points) and 10° in longitude (36 grid points)
[Heimann, 1995]. The present model version contains
19 layers using a hybrid coordinate system in the verti-
cal dimension [Rehfeld, 1994].

The model is driven by observed 6-hourly horizontal
wind data from 1990, analyzed by the ECMWF [Reh-
feld, 1994]. The derivation of the air mass fluxes in
zonal and meridional direction, which are needed by
the model as input, from the ECMWF wind field anal-
yses, together with an adjustment procedure ensuring
the conservation of mass, is described by Heimann and
Keeling [1989]. The vertical air mass flux is calculated
in the transport model by mass continuity.

The model uses a numerical time step of 2 hours. In
each time step, transport by advection is calculated by
the numerical ”slopes scheme,” developed by Russell
and Lerner [1981].

Two important subgrid scale vertical transport pro-
cesses, cumulus convection and vertical turbulence, are
parameterized in the transport model. Parameteriza-
tion of vertical turbulence follows the scheme of Louts
[1979], which is based on the calculation of the Richard-
son number. Cumulus convection is parameterized ac-
cording to the scheme of Tiedtke [1989)], which calculates
the vertical convective mass flux in a cloud by the differ-
ence of entrainment and detrainment rates. The scheme
is applied to three different types of convection (deep
convection, typical for the tropics; shallow convection
like the trade wind cumauli; convection in extratropical
cyclones). The 6-hourly ECMWF analyses of geopo-
tential, temperature, specific humidity, and horizontal
wind components from 1990 are used as grid resolved
variables.

The dry deposition flux of a tracer can be described as
the product of a dry deposition velocity and the tracer
concentration in the bottom model level. However, dry
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deposition is a very complicated process which depends
on the meteorological condition of the atmosphere, the
tracer properties and the type of the Earth’s surface
(ocean, land, vegetation). No generally accepted for-
mulation of the dry deposition velocity exists [Sehmel,
1980]. Although some sophisticated dry deposition pa-
rameterization schemes have been developed [Giorgi,
1986; Slinn, 1976; Slinn et al., 1978; Chang et al., 1987],
we follow a very simple approach in prescribing a con-
stant dry deposition velocity of 0.1 cms™? for all simu-
lated radioactive tracers [Feichter et al., 1991; Brost et
al., 1991]. Since the wet deposition is the primary re-
moval process of the radioactive species regarded here
[Small, 1959; Todd et al., 1989; Feichter et al., 1991;
Brost et al., 1991], this approach seems to be justified.
However, in dry areas like the subtropics or polar re-
gions, the percentage of dry deposition will increase,
and the very simple parameterization employed here
could no longer be appropriate.

Wet deposition of a tracer is a very complex process.
The incorporation of aerosol particles by cloud droplets
is a microphysical process, whereas the final removal
of these aerosols by precipitation may reach synoptic
scale dimensions. Basically, the wet removal rate of
a tracer out of a grid box is described as the prod-
uct of the tracer concentration in the grid box and a
so-called ”scavenging-efficiency” [Junge and Gustafson,
1957). The wet deposition parameterization schemes for
global transport models reported so far [e.g., Levy and
Mozim, 1989; Giorgi and Chameides, 1986; Joussoume,
1990; Kasibhatla et al., 1991] are based on this assump-
tion. Merely different expressions for the scavenging-
efficiency are used.

The scheme of Kasibhatla et al. [1991], which is ap-
plied in this study, sets the scavenging-efficiency A as
follows :

A = Rp,/LH
where

R precipitation rate out of a grid column, ms™};

pw density of water, kgm~3;
L cloud liquid water content, kgm~3;
H  vertical extension of precipitation, m.

The scheme distinguishes between stratiform and con-
vective precipitation. For stratiform precipitation we
set L = L, = 1.5x10~3 kgm~3, for the convective
one L = L, = 2.5x1073 kgm™3. These values are
higher than those originally used by Kasibhatla et al.
[1991] (Ls = 0.5x10 3 kgm~3, L. = 2x10~3 kgm~3)
as their values would result in too much scavenging
in our model. Nevertheless, our values for L are still
consistent with observations [Warneck, 1988; Mason,
1957]. The stratiform precipitation height is fixed at
H = H, = 3170 m (seventh model level), the convective
one at H = H, = 8680m (eleventh model level). The
precipitation fields used are daily 36-hour ECMWF pre-
dictions of stratiform and convective precipitation for
the year 1990 with a horizontal resolution of 1.125 deg,
integrated onto the transport model grid [Arpe, 1991].
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The radioactive decay of a tracer is accounted for at
every model time step through an adjustment of tracer
concentration and the three spatial gradients within ev-
ery grid box.

Radioactive Tracers in the Atmosphere

Natural Radioactivity Emitted From the Earth’s
Surface (Radon 222 and Lead 210)

The Earth’s crust contains the radioactive element
2387 which decays over 22°Ra to the radon isotope
222Rn. This element emanates out of the Earth’s crust
into the atmosphere. Radon 222 (mean radioactive life-
time of 5.52 days) is a water-insoluble inert gas which is
lost from the atmosphere by radioactive decay to 2!°Pb
only [Junge, 1963]. Lead 210 atoms (mean radioac-
tive lifetime of 32.3 years) become quickly attached to
aerosol particles and are removed from the atmosphere
primarily by dry and wet deposition.

The emission rate of 222Rn depends on the concen-
tration of its precursor in the decay chain (?2°Ra) in
the Earth crust, the meteorological conditions and the
properties of the soil like water content, porosity, snow
cover, and frost [Mattsson, 1970; Dérr, 1984; Martell,
1985; Dérr et al., 1993]. The estimations of the global
mean ?22Rn - emission vary between 0.72 [Lambert
et al., 1982] and 1.2 atomscm=2s~! [Turekian et al.,
1977]. The oceanic *2?Rn emissions are about 2 orders
of magnitude smaller than the continental emissions as
a result of a smaller 22°Ra content of the ocean. Only
approximately 2% of the atmospheric 222Rn mass is of
oceanic origin [Wilkening and Clements, 1975; Peng et
al., 1979].

90.
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In global transport models of the atmosphere the
oceanic 222Rn emission is usually neglected, and a con-
stant emission rate from ice-free land surfaces is as-
sumed [Feichter et al., 1991; Heimann and Feichier,
1990]. This simple approach is justified on the grounds
that local differences in the emission rate are assumed
to average out over the large surface area of a model
grid box [Feichter et al., 1991]. We use a ?22Rn emis-
sion rate of 1 atom cm~2s~! in our simulation.

This is in agreement with the standard 222Rn emis-
sion flux from land areas used by Jacob and Prather
[1990]. However, they introduced a deviation from this
standard value when changes in surface pressure, which
generate a net flow of air through the soil, and soil freez-
ing occur. In the case of freezing the standard 222Rn
emission flux is reduced by a factor of 3, based on a time
series of 222Rn emission flux measurements. A possible
influence of evapotranspiration from vegetation and soil
moisture content on the 222Rn emission rate is neglected
by Jacob and Prather [1990].

A quantitative interpretation of 226Ra soil content
in terms of 222Rn emission is difficult because only a
fraction of the decaying 225Ra atoms releases 22?Rn to
the soil gas. This fraction depends on the location of
226Ra in the soil, that is, the soil type, and varies over
a wide range from 10 to 50% [Jacob and Prather, 1990].

Many station observations of monthly 2'°Pb concen-
tration are available and can be compared with model
results. Figure 1 shows the locations of these observ-
ing sites. Solid circles mark stations with observa-
tions from 1990 [Larsen and Sanderson, 1991; Com-
missariat a I’Energie Alomique, 1990a, b, ¢; D. Wa-
genbach, private communication, 1993]; crosses denote
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Figure 1. Monthly station observations of 2!°Pb concentration. Solid circles mark stations with
measurements from 1990; crosses denote sites with observations from other years (see text).
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Figure 2. Locations of monthly “Be concentration observing sites (solid circles).

measurement sites with observations from other years
[Gopalakrishnan et al., 1973; Tsunogai et al., 1988].

Natural Radioactivity Produced by Cosmic
Radiation (Beryllium 7 and Beryllium 10)

The primary cosmic radiation, which is of galactic
origin, consists primarily of protons and to a smaller
degree of alpha particles and nuclei with atomic weights
higher than 82 [Friedlander, 1989). These cosmic par-
ticles penetrate into the atmosphere of the Earth. Be-
cause of the geomagnetic field this penetration is weak
in the tropics but becornes more intense in polar regions
[Hillas, 1972]. The zonal variation is weak [Friedlander,
1989].

The primary cosmic particles interact with atmo-
spheric gas atoms during their penetration into the at-
mosphere [Lal and Peters, 1967]. Neutrons are formed
by this process, and their interaction with atmospheric
oxygen and nitrogen atoms produces “Be (mean ra-
dioactive lifetime: 76 days) and !°Be (mean radioactive
lifetime: 3.6 x 108 years), about two thirds in the strato-
sphere and one third in the troposphere [Lal and Peters,
1967]. After their formation, “Be and !°Be atoms are
attached to aerosol particles (radii between 0.025 and
1 pm [Brost et al., 1991]) and are removed from the
atmosphere by dry and wet deposition [McHargue and
Damon, 1991].

The inverse proportionality between the 11-year cy-
cle of solar activity and the “Be (°Be) production rate
has been measured directly [Lal and Peters, 1967; Hotzl
et al., 1991; Beer et al., 1990; Lal, 1987]. The decrease
of "Be (1°Be) production from a sunspot minimum to a
sunspot maximum varies between 70% in polar regions
above 100 hPa and 7% in the lower equatorial atmo-
sphere [Lal and Peters, 1967]. The calculation of the

source distribution of "Be and '°Be by Lal and Peters
[1967], which is adopted here, is based on a period of
high sunspot number (1948/1949), while the year 1990,
observations used in this study, is also characterized by
high solar activity [Hétzl et al., 1991].

While many station observations of monthly “Be con-
centration from 1990 are available (Figure 2) [see Larsen
and Sanderson, 1991; Commissariat a I’Energie Atom-
ique, 1990a, b, ¢; Abe et al, 1993; D. Wagenbach,
private communication, 1993] !°Be measurements are
very sparse. The 1°Be concentration measured in the
snow at the Georg-von-Neumayer station in the antarc-
tic (70.58°S, 8.3°W), averaged over the period 1983 un-
til 1986, is the only one available at the time of this
study (D. Wagenbach, private communication, 1993).
A thorough verification of model results against 1°Be
observations is therefore impossible at present. Nev-
ertheless, the model results of 1°Be/?Be concentration
distribution are a valuable tool to visualize the mod-
els air mass exchange between stratosphere and tropo-
sphere.

Artificial Radioactivity Due to Nuclear Weapon
Tests (Strontium 90)

Systematic testing of nuclear weapons in the atmo-
sphere began in the 1950s by the United States, the
Soviet Union, and the United Kingdom [Staley, 1982).
The strongest tests occured in 1961/1962. After a
longer period of no or insignificant testing (1963 - 1966),
France and China resumed testing until the end of the
1970s [Staley, 1982], but the strength of these later tests
was much smaller than that in the 1950s and early 1960s
[Enting and Pearman, 1987]. One of the fallout prod-
ucts of these tests was %9Sr (mean radioactive lifetime
of 39.9 years).
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Figure 3. Locations of monthly °°Sr concentration observing sites (solid circles).

Depending on the location and intensity of the test,
a fraction of °°Sr is deposited as local fallout, a further
fraction is distributed within the troposphere, while
some of the 9°Sr reaches the stratosphere [Junge, 1963].
Machta and List [1959] state that a test intensity of at
least 1 MT TNT equivalent is needed to bring traceable
amounts into the stratosphere.

After their formation, the °Sr atoms become at-
tached to atmospheric aerosols (radii between 0.02 and
0.15 pm [Feely et al., 1966]). The tropospheric °°Sr is
removed due to dry and wet deposition within a time
interval of 1 - 2 months [Machte and List, 1959]. The
stratospheric °°Sr has a much longer atmospheric life-
time. It is transported through the tropopause into the
troposphere and is finally removed by dry and wet de-
position.

The fact that 9°Sr was brought into the atmosphere
almost arbitrarily in time, space, and magnitude makes
it difficult to use it as a tracer of atmospheric motions.
Therefore we choose a period of no or insignificant test-
ing for our tracer model simulation, that is, the pe-
riod from 1963 to 1966. An initial stratospheric %°Sr
distribution must be derived from stratospheric %9Sr
measurements. Initial tropospheric °Sr concentrations
can be neglected because of their removal within 1 - 2
months.

We constructed an initial %°Sr distribution for Jan-
uvary 1963 based on the measurements of the strato-
spheric %9Sr concentration by the U.S. Atomic Energy
Comission [1966]. All measurements from January 1963
are marked in a latitude-height coordinate system. A
longitudinal dependence is ignored; that is, it is as-
sumed that the zonal circulation of the stratosphere has
eliminated any zonal inhomogenities introduced by the

final tests at the end of 1962. Each hemisphere is di-
vided into four latitude bands (0° - 15.65°, 15.65° -
39.13°, 39.13° - 62.61°, 62.61° - 90°). Within each
zonal band all observations from the same height are
averaged. A mean tropopause height, ranging from
8.8 km in the polar regions to 16.3 km in the trop-
ics [Holton, 1979], is ascribed to each latitudinal band.
Then the measurements were fitted within each band
to a parabolic function with height. At tropopause
height their value and the first derivative is set to 0
(boundary condition, neglection of tropospheric con-
centrations). The uppermost two model layers (index
18 and 19 at heights of 22 and 34 km, respectively) lie
above the range of measurements and were set equal
to the values of the 17 model level (19.5 km). Since no
measurements are available for the latitudes south of
62.61°S, the results of the zone from 39.13°S to 62.61°S
were extended to the south pole.

Figure 3 gives an overview about the measurement
network of monthly surface °°Sr concentration. All
observing sites are located in the western hemisphere
[Feely et al., 1981; Cambray et al., 1963, 1964, 1965,
1966, 1967].

Simulation Results

The model simulations presented in the following sec-
tion are always based on the ECMWF wind and pre-
cipitation fields from the year 1990. If possible, the
simulated tracer concentrations are compared with ob-
servations from 1990. The model results of ?1°Pb are
also compared with climatological 2!°Pb data records.
The °Sr simulation results are compared with observa-
tions from the investigated period 1963 - 1966.
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Natural Radioactivity Emitted From the Earth’s
Surface (Radon 222 and Lead 210)

We have performed a 2-year model run, starting with
an initial concentration of zero for 222Rn and 2!°Pb.
The results presented here are based on the second
model year when a stationary state is reached. One
atom 22?Rn decays directly to one atom 2'°Pb within
the model time step of 2 hours since the isotopes in the
reaction chain between 222Rn and ?!°Pb are very short
lived [Junge, 1963].

Figure 4 shows the yearly mean of 219Pb aerosol life-
time in the lowest (lower panel) and eleventh model
layer (320 hPa, upper panel). In the lowest model level,
lifetimes are everywhere less than 1 day since both dry
and wet deposition work. In the eleventh model level a
strong spatial variability of aerosol lifetime exists. The
tropics and midlatitudes are characterized by low life-
times due to high convective (tropics) and stratiform
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(midlatitudes) precipitation rates. Lifetimes in midlat-
itudes are generally less than 10 days and in the trop-
ics even less than 5 days. On the other hand, the dry
subtropics and polar regions show much higher aerosol
lifetimes which can reach values of more than 100 days.

Figure 5 shows the percentage of dry 2!°Pb deposition
with respect to total 21°Pb deposition. This percentage
remains low (under 10 percent) over the oceans, but
is much higher over land areas. This is a result of the
210Pb source distribution. In the very dry regions of the
subtropics and antarctica the dry 21°Pb deposition be-
comes the dominant removal mechanism. However, dry
deposition is parameterized very simply in our model.
Therefore the calculated aerosol lifetimes in these dry
regions may be regarded as questionable.

Figure 6 reveals the seasonality of aerosol lifetime.
Figure 6 shows the zonal and vertical mean 21°Pb aer-
osol lifetime against latitude for January (solid line) and
July (dashed line). The short lifetimes in the tropics
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Figure 4. Yearly mean of ?!°Pb aerosol lifetime (days) in the (upper) eleventh model level

(320 hPa) and in the (lower) lowest model level.
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Figure 5. Percentage of dry 21°Pb deposition with respect to total 2:°Pb deposition.

and midlatitudes and the long lifetimes in the subtropi-
cal and polar regions are evident. The seasonal shifting
of the intertropical convergence zone (ITCZ) and mid-
latitude low-pressure trough causes the seasonality of
the meridional pattern of the aerosol lifetime.

Figure 7 shows the 21°Pb concentration distribution
in the lowest model layer for January (upper panel)
and July (lower panel). The highest concentrations are
found over land areas as a result of the 222Rn source
distribution, the lowest ones in the antarctica which
is far away from any source region. Concentrations in
the arctic are more than a factor of 2 higher in winter
than in summer. This is due to an advective horizon-
tal 219Pb aerosol transport from midlatitudes which is
also responsible for the arctic haze phenomenon [Rahn,

35 T T T T T
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o

Pb-210 aerosol lifetime [days]
N
o

308 0

0 . . .
90S 60S 30N 60N 90N
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Figure 6. Zonal and vertical mean of 2!°Pb aerosol
lifetime (days) against latitude for January (solid line)
and July (dashed line).

1981]. In spring the transport regimes change and 21°Pb
aerosols are removed by precipitation preferably in mid-
latitudes [Barrie et al., 1981].

The monsoon circulation becomes evident by looking
for the 2!°Pb concentrations in southeast Asia and In-
dia. In winter the northeast monsoon carries dry and
210Phrich air masses to this region whereas in sum-
mer the southwest monsoon removes 2'°Pb aerosols ef-
ficiently due to its high precipitation amounts.

Figure 8 shows a comparison of modeled and observed
210Ph concentration at six different locations (left col-
umn) together with a comparison of the ECMWF pre-
dicted precipitation rate, used by the transport model
as input, and the observed precipitation rate (right col-
umn). No observed precipitation rates (WMO observ-
ing sites, data are supplied by the German weather

service) from 1990 at the ?'°Pb monitoring sites are
available. If possible, measurements from a nearby site
are used. Otherwise the precipitation climatologies of
Jaeger [1976) and Legates and Willmoit [1990] are taken.

Thule in Greenland represents an arctic station. The
210pp concentrations are high in winter and low in sum-
mer. As stated above (Figure 7), these high winterly
concentrations are connected with an advective aerosol
transport from midlatitudes (arctic haze). This trans-
port regime changes in spring when the atmosphere be-
comes more convective. The transport model underesti-
mates systematically this seasonality; that is, the mod-
eled concentrations in summer are too high. This dis-
crepancy is noticed also at other arctic stations (Point
Barrow and Constable Point, not shown).

Four possible reasons can be suggested for these mod-
el deficiencies: Discrepancies between model used and
observed precipitation, a wet deposition parameteriza-
tion scheme which is too simple for the conditions in the
cold arctic, neglecting of spatial and temporal variation
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Figure 7. Lead 210 concentration distribution (uBqm=2) in the lowest model level in (upper)

January and (lower) July.

in 222Rn emission and deficiencies in modeled aerosol
transport from midlatitudes toward the arctic.

The model used ECMWTF precipitation at the nearby
site Egedesminde is often higher than the observed pre-
cipitation, but it results not in lower modeled %°Pb
concentrations. However, since precipitation shows a
high spatial variability the results at Egedesminde may
not be representative for Thule. Besides the rather
simple formulation of wet deposition as employed here
which might not be suitable for cold arctic precipitation
regimes (snow, hail, sleet), also dry deposition becomes
more important at low precipitation rates (Figure 5).
Their simple parameterization could contribute to the
discrepancies between observed and modeled 2'°Pb val-
ues. A consideration of seasonality in the 222Rn emis-
sion due to varying snow cover [Dérr, 1984] might also
improve the simulation.

Okushiri (Japan) and Nagpur (India) are two observ-
ing sites which are strongly influenced by the monsoon
circulation (right column of Figure 8). High precipita-
tion amounts are found during the southwest monsoon
in summer (June - September) whereas the northeast
monsoon in winter (December - March) is very dry.
At Nagpur the two precipitation climatologies and the
ECMWF precipitation prediction compare very well,
but at Okushiri the data set of Legates and Willmott
[1990] shows an abnormal behavior (high winterly pre-
cipitation amounts). However, tha data set of Jaeger
[1976] shows a good correspondence with the model
used precipitation. In correspondence to this precipi-
tation seasonality high 2!°Pb concentrations are found
in the dry winter season and low 2!°Pb concentrations
exist in the wet summer season. The agreement between
observed and modeled concentrations is quite good.
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Figure 8. Comparison of observed and modeled monthly mean 2!°Pb concentration (uBqm~2)
at six different locations (left column). The solid line represents the modeled values, the points
denote observations. The error bars correspond to two standard deviations. The r value denotes
the correlation coefficient. All measurements were carried out in 1990 with the exception of
Okushiri (average over 1981 - 1983 [T'sunogai et al., 1988]) and Nagpur (average over 1963 - 1966
[Gopalakrishnan et al., 1973]). In the right column model used ECMWF precipitation forecasts
(solid line) and observed precipitation rates (mm d~!) are compared. No observations from 1990
at the stations are available. If possible, measurements from 1990 (WMO observing sites, data
are supplied by the German weather service) at a nearby site are used (circles). Otherw1se, the
precipitation climatologies of Jaeger [1976] (dotted line) and Legates and Willmott [1990] (dashed
line) are plotted. The first 6 months are repeated after the end of the year in order to reveal the
seasonal cycle more clearly.
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Figure 8. (continued)

At Mauna Loa a 2!°Pb seasonality exists with high
concentrations in spring and summer and lower ones
in winter which is reverse to the seasonality found at
higher latitudes. Because of its high elevation of 3400 m
above sea level this station reflects the conditions in the
middle troposphete rather than those in the planetary
boundary layer (PBL). In summer the higher convective
activity of the atmosphere decreases the 2'°Pb concen-
trations in the PBL but increases them in the middle
troposphere. Conversely, in winter the elevated Mauna
Loa station is screened from the 21°Pb-rich lower tro-
pospheric air masses. The model used ECMWF precip-
itation rate at the nearby station Hilo is considerably
lower than the observed one. However, modeled and ob-
served 21°Pb concentrations at Mauna Loa are in good
agreement. Probably the high observed precipitation
amounts at Hilo are caused by a local effect, like the
orography, and are not representative for the Mauna
Loa station.

At Perth, high 219Pb concentrations exist in southern
hemisphere summer (December - February) and low val-
ues in winter (June - August). This station is primarily
influenced by the seasonality in precipitation (low sum-
mer and high winter values). The agreement between
model used ECMWF precipitation and the observations
is quite good.

The antarctic South Pole station shows a 2!°Pb max-
imum in summer (December) and a minimum in winter
(August). The seasonal cycle at this station is mainly
influenced by transport processes from midlatitudes
since the local 222Rn (?1°Pb) input is small (ice or wa-
ter covered surfaces). In summer increasing amounts of
210pb aerosols are carried to the upper troposphere and

are transported from midlatitudes toward the antarctic
[Lambert et al., 1990]. The precipitation rate at this sta-
tion seems to be very uncertain. The two climatologies
are much different. Legates and Willmott [1990] exhibit
practically no precipitation, whereas Jaeger [1976] in-
dicates a constant level of approximately 0.2 mmd~!
throughout the year. The model used ECMWF pre-
cipitation shows much more variability from month to
month. However, the absolute precipitation amounts
are very small and may have only a secondary effect on
the local 2'19Pb concentrations.

Natural Radioactivity Produced by Cosmic
Radiation (Beryllium 7 and Beryllium 10)

We have started the transport model with an initial
concentration of zero for “Be and 1°Be and let it run
for 8 years (because of the long stratospheric lifetime of
10Be) after which a stationary state is reached on annual
average. The resulting concentration distributions of
“Be and '°Be were stored and used as initial fields for
a final 1 year model run.

Figure 9 shows the “Be concentration distribution
in the lowest model layer for January (upper panel)
and July (lower panel). High concentrations are always
found in the subtropics, especially over the Sahara. A
combination of low precipitation and sinking air motion
1s responsible for that. Likewise high concentrations ex-
ist over the Himalaya as a result of its high elevation.
Minima are found in the midlatitudes of the southern
hemisphere (high stratiform precipitation amounts) and
around the intertropical convergence zone (high convec-
tive precipitation rates). A pronounced seasonality ex-
ists over southeast Asia. High concentrations in winter
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Figure 9. Beryllium 7 concentration distribution (mBqm~3) in the lowest model level for

(upper) January and (lower) July.

are connected with the dry northeast monsoon, whereas
the low concentrations in summer are caused by the
high rainfall rates of the southwest monsoon.

The usefulness of the concentration ratio °Be/”Be
in showing stratospheric mass intrusions into the tropo-
sphere becomes evident in Figure 10. It shows a merid-
ional cross section of modeled zonal mean concentration
ratio 1°Be/"Be for March (upper panel) and October
(lower panel). The stratospheric values of °Be/”Be
are much greater than the tropospheric ones due to the
longer stratospheric tracer lifetime. Minima exist in the
upper tropical troposphere. A strong vertical gradient
characterizes the transition from troposphere to strato-
sphere, indicating the air mass exchange barrier at the
tropopause. The low 1°Be/?Be values are caused by the

upward tropospheric air mass transport in the domain
of the ITCZ.

A much different feature is found in midlatitudes.
The strong vertical gradient at the tropopause vanishes
and the values of 1°Be/"Be are much higher than in
the tropics. This indicates a more intense mass ex-
change between stratosphere and troposphere due to
tropopause foldinig events. A pronounced seasonality
of this mass transfer through the tropopause exists, es-
pecially in the northern hemisphere. In spring (March

- in northern hemisphere and October in southern hemi-

sphere, respectively) the values of 1°Be/Be are much
higher than in autumn (October in northern hemisphere
and March in southern hemisphere, respectively). This
seasonality is due to a vertical shifting of the tropopause
height [Staley, 1982] and also to changes in the circula-
tion [Reiter, 1975].

In spring the tropopause rises, so that decay prod-
ucts like “Be and °Be are transfered to the upper tro-
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Figure 10. Meridional cross section of modeled zonal mean concentration ratio °Be/"Be for

(upper) March and (lower) October.

posphere and rapidly mixed downward. In autumn the
reverse process occurs [Staley, 1982]. The transport of
tropospheric air through the tropopause into the strato-
sphere by the tropical branch of the Hadley cell is high-
est in the winter season and lowest in summer. For rea-
sons of continuity, the same amounts of stratospheric
air will return into the troposphere in middle and high
latitudes, thus contributing to the spring maximum in
10Be/"Be [Reuter, 1975]. Furthermore a seasonality in
mass exchange between the stratosphere and the tro-
posphere is introduced by the seasonal shifting of the
subtropical and polar jet streams [Reiter, 1975].

Figure 11 shows the concentration ratio 1°Be/"Be in
the lowest model level for March (upper panel) and Oc-
tober (lower panel). Obviously, the seasonality of air
mass exchange between stratosphere and troposphere is
not confined to specific longitudes since the zonally dis-
tribution of the concentration ratio 1°Be/”Be is rather
homogeneous.

Figure 12 further elucidates the seasonality of air
mass exchange between stratosphere and troposphere.
It depicts the zonal mean concentration ratio °Be/"Be

as a function of latitude and season in the lowest (lower
panel) and eleventh model layer (320 hPa, upper panel).
Two marked spring maxima occur in the lowest model
level, one in each hemisphere. However, the structure
south of 60°S with two maxima (July and October) is
not confirmed by the observations of °Be/"Be (concen-
trations were measured in the snow) at the Georg-von-
Neumayer station (70°S) in the antarctic (D. Wagen-
bach, private communication, 1993) as discussed later
in this section.

In the eleventh model layer the northern hemisphere
maximum occurs 1 month earlier (February) compared
to the lowest model level. Stratospheric radioactive de-
cay products which penetrate here into the troposphere
require approximately one month to be mixed down-
ward to the surface [Raisbeck et al., 1981]. Afterward
they are transported horizontally toward the tropics
and subtropics as well as the polar regions.

Figure 13 shows a comparison of modeled and ob-
served "Be concentration at six different locations (left
column). In the middle column the predicted °Be/?Be
concentration ratio at the measuring site is shown. On
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Figure 11. Concentration ratio '°Be/"Be in the lowest model level for (upper) March and
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the right-hand side the model used ECMWF precipita-
tion forecasts are compared with the observed precipi-
tation rates (Figure 8).

At Barrow in Alaska a characteristic annual cycle
with high winterly and low summerly “Be concentra-
tions exists which is a little bit underestimated by the
transport model. As stated already for 21°Pb, this cycle
is due to an advective aerosol transport in winter from
midlatitudes. The seasonality of modeled °Be/"Be
looks very similar to that of “Be concentration, that is,
stratospheric 1%Be-rich air masses which penetrate into
the troposphere in midlatitudes are transported toward
the arctic. The model used ECMWF precipitation is
often higher than the observations, but because of the
generally low precipitation amounts the effect on the
“Be concentrations should be small.

Rexburg is a continental station in the western cen-
tral United States. A pronounced seasonality of "Be
concentration is evident with a maximum in summer
and a minimum in winter. Modeled values are system-
atically lower than the observed ones, perhaps due to
the much higher model used precipitation rate (nearby
station Helena). The maximum in summer is caused by
the higher convective activity by which much more “Be
aerosols are transported downward out of their source
region [Feely et al., 1988]. These "Be aerosols are not
of stratospheric origin since the 1°Be/?Be concentration
ratio reaches a minimum in summer (middle column).
The °Be/"Be concentration ratio has a maximum in
spring and it is reflected by a small secondary “Be con-
centration maximum in March (left side).

Miami is a subtropical station which is mainly in-
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Figure 12. Zonal mean concentration ratio 1°Be/?Be as a function of latitude and season in the
(upper) eleventh model level (320 hPa) and (lower) lowest model level.

fluenced by the precipitation seasonality [Feely et al,
1988]. The "Be concentrations are high in winter (low
rainfall rates) and low in summer (high rainfall rates).
The modeled seasonality of “Be concentration is much
stronger than observed, although model used precipi-
tation seasonality is obviously not (right panel). The
modeled annual cycle of 1°Be/?Be corresponds to that
of “Be concentration. The °Be-rich stratospheric air
masses enter the troposphere in midlatitudes and be
advected toward the subtropics. It appears that the
modeled seasonality of this transport is too strong thus
causing the large amplitude in “Be concentration.
Lima in the southern hemisphere subtropics is obvi-
ously a station with a very dry climate [Feely et al.,
1988]. There was practically no precipitation mea-
sured in 1990, but the ECMWF precipitation predic-

tions, used by the model, show a distinct seasonality
with high summer (December - March) and low win-
ter (June - September) values, maybe due to the sea-
sonal shifting of the ITCZ. Because of this discrepancy
a good agreement between modeled and observed "Be
concentrations cannot be expected. The modeled “Be
concentration seasonality seems to be primarily deter-
mined by the model used precipitation seasonality and
to a lesser degree by the spring maximum (October) of
10Be¢/7Be, that is, intrusion of stratospheric “Be into the
troposphere. Feely et al. [1988] stated that the observed
high “Be concentration in the southern hemisphere sum-
mer is due to stratospheric mass intrusions into the
troposphere and intense vertical mixing in the tropo-
sphere. During the winter months wet mists, called
garuas, cover the Pacific coast line. Air masses from
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Figure 13. Comparison of observed and modeled monthly mean “Be concentration (mBqm™3)
at six different locations (left column). The solid line represents the modeled values; the points
denote observations. The error bars correspond to two standard deviations. In the middle column
the modeled concentration ratio of 1°Be/”Be at the station is plotted (solid line). The observed
ratio of 1°Be/"Be (measured in the snow and averaged from 1983 to 1986) at the Georg-von-
Neumayer station is shown by points with error bars representing two standard deviations. The
r value denotes the correlation coefficient. In the right column model used ECMWF precipitation
forecasts (solid line) and observed precipitation rates (mmd—") are compared. If possible, ob-
servations from 1990 (WMO observing sites, data are supplied by the German weather service),
at or nearby the observing site, are used (circles). Otherwise, the precipitation climatologies of
Jaeger [1976] (dotted line) and Legates and Willmott [1990] (dashed line) are plotted. The first 6
months are repeated after the end of the year in order to reveal the seasonal cycle more clearly.
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Figure 13. (continued)

the Pacific experience some washout before they reach
the observing site downwind at Lima, therefore lowering
the winter "Be concentration values [Feely et al., 1988].
This subgrid scale phenomenon cannot be resolved by
our coarse transport model.

Lower Hutt in New Zealand shows a quite good agree-
ment between modeled and observed “Be concentration
values, although the model used ECMWTF precipitation
is much lower than the observed precipitation. Low
concentrations in southern hemisphere winter (June -
September) correspond to high rainfall rates and vice
versa. The fact that the discrepancy between model
used and observed precipitation resulis in no discrep-
ancy between modeled and observed “Be concentra-
tions might be explained with different precipitation
regimes in Lower Hutt and the nearby station Hokitika.
The higher convective activity in summer (January -
March) also increases the “Be concentration level at
surface. The modeled 1°Be/"Be ratio shows the afore-
mentioned feature of two maxima (winter and spring,
see Figure 12), as it is also obtained at the Georg-von-
Neumayer station (see discussion below).

At the Georg-von-Neumayer station in the antarctic a
large discrepancy between the observed 1°Be/”Be (mea-
sured in the snow) and the modeled concentration ratio
10Be/"Be is obvious. The transport model shows two
maxima, one in winter (June) and one in spring (Oc-
tober) (see Figure 12), whereas the observations show
a maximum in southern hemisphere summer (Febru-
ary) and a minimum in spring (October). Since the
concentration ratio °Be/"Be is independent of removal
processes this discrepancy may point to deficiencies in
model transport regimes. Most probably the air mass

exchange between stratosphere and troposphere is not
accurately resolved in the antarctic ECMWF wind field
analyses. However, it cannot be ruled out that also
local meteorological effects like katabatic winds, which
are not resolved by the transport model, are responsible
for the discrepancy between the modeled and observed
10Be/7Be time series.

The modeled “Be concentration seasonality resembles
the modeled °Be/”Be seasonality. The observed “Be
concentration shows a secondary maximum in summer
(February), in correspondence to observed '°Be/"Be,
but also a maximum in spring (November) which is in
contrast to observed 1°Be/?"Be. However, the employed
precipitation rates might be also inaccurate as indicated
by the large discrepancies between the two climatologies
and the ECMWF prediction for 1990.

Artificial Radioactivity Due to Nuclear Weapon
Tests (Strontium 90)

We have started the transport model with the strato-
spheric °°Sr concentration distribution of January 1963
and let 1t run for 4 years, that is, simulating the tracer
development through the period from 1963 until 1966.
Because of lack of adequate meteorological data, the
transport model thereby was repeatedly cycled through
the wind fields from the year 1990. This inconsistency
might not be critical for our examination of the sea-
sonality of air mass exchange between stratosphere and
troposphere.

One point of interest is the time development of
stratospheric ®°Sr mass which allows the determination
of circulation regimes in the stratosphere. Figure 14
shows the development of northern stratospheric (up-
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Figure 14. Time development of (upper) northern
stratospheric and (lower) southern stratospheric %°Sr
mass (10'® Bq) during the 4-year simulation period
from 1963 until 1966. The solid line represents the

model; the points denote observations compiled by Sia-
ley [1982].

per panel) and southern stratospheric (lower panel) °°Sr
mass during the 4-year simulation period. The solid line
represents the model; the points denote observations
compiled by Staley [1982].

At the beginning of 1963 the northern stratospheric
908r mass is about 1 order of magnitude larger than the
southern stratospheric °Sr mass. It decreases continu-
ally as a result of mass transport through the tropopau-
se and across the equator into the southern strato-
sphere. Southern stratospheric °°Sr mass increases until
October 1963 before it decreases just as in the northern
stratosphere, that is, during the first 10 months of sim-
ulation the interhemispheric mass transport from the
northern stratosphere is greater than the mass exchange
through the tropopause into the southern troposphere.
However, the 9°Sr mass decreases not continually since
October 1963 but shows a seasonality with a temporary
increase in southern hemisphere winter. This is due to
the seasonality in air mass exchange between strato-
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sphere and troposphere which is much more intense in
spring and summer (see discussion below).

Although radioactive decay products are not dis-
tributed homogeneous in the stratosphere and tropo-
sphere, a simple four-box model (stratosphere and tro-
posphere of northern and southern hemisphere) may be
employed to summarize the global °°Sr dispersal [Sta-
ley, 1982]. Expressions for the mean residence lifetime
of mass transfer through the tropopause T and across
the equator Tk, respectively, can be derived [Staley,
1982]. This mean residence lifetime gives the time in-
terval during which an initial tracer mass input into a
box is reduced to a fraction 1/e (Table 1).

The agreement between model and observations rel-
ative to interhemispheric mass exchange is quite good,
whereas the modeled mass transport through the tropo-
pause is slower than observed (Figure 14).

Figure 15 shows the zonally averaged ratio of the
monthly mean %°Sr concentration with respect to the
yearly mean °°Sr concentration as a function of latitude
and season. The upper panel represents the conditions
in the lowest model layer; the lower panel shows the
surface observations. All measurements within 10 deg
latitude bands were averaged, assuming that they are
representative for that zonal band. The ratio is aver-
aged over the time period 1964 - 1966.

A characteristic northern hemisphere spring maxi-
mum and autumn minimum of this ratio is obtained in
the model as well as in the observations; that is, the air
mass exchange between stratosphere and troposphere
reaches its maximum during spring time and is mini-
mal in autumn. The observations show a distinct time
delay of this maximum with increasing latitude which
is much weaker in the model. In the southern hemi-
sphere a spring maximum (October) is also modeled
and observed for latitudes north of 40°S. South of 40°S
the model shows a structure of two maxima (winter and
spring), which was also found for °Be/“Be (Figure 12),
whereas the observations between 40° and 50°S seem to
indicate a surnmer maximum (February). However, no
observations are available from southern polar latitudes;
that is, there is no evidence that the observed °°Sr sea-
sonality is similar to the °Be/“Be seasonality at the
Georg-von-Neumayer station.

Conclusions

A global three-dimensional transport model of the
atmosphere was used in this study to simulate the dis-
tribution of natural (2'°Pb, “Be, °Be) and artificial

Table 1. Mean Residence Lifetimes for Stratospheric
90Gr Mass Exchange Through the Tropopause T and
Across the Equator Tg

Staley [1982] Transport Model
T 1.4 1.93
Tg 3.9 3.97

Lifetimes are in years.
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Figure 15. Zonal averaged ratio of the monthly mean %°Sr concentration with respect to the
yearly mean %°Sr concentration as a function of latitude and season. The upper panel represents
the conditions in the lowest model layer; the lower panel shows the surface observations. All
measurements within 10 deg latitude bands were averaged, assuming that they are representative
for that zonal band. The ratio is averaged over the time period 1964 - 1966.

(°%Sr), radioactive, water-soluble, aerosol-borne tracers
in order to depict atmospheric transport processes and
to test the models ability of reproducing these. The ra-
dioactive tracers have a well-known source-sink distri-
bution and many observations are available to be com-
pared with model results.

210pp, the decay product of the water-insoluble,
short-lived inert gas 222Rn emanating out of the Earth’s
crust, permits the investigation of transport processes
in the lower troposphere. The cosmic “Be and 1°Be
are useful for the examination of transport phenom-
ena in the whole troposphere. The concentration ratio
10Be/7Be is an ideal tool to point out stratospheric air

mhass intrusions into the troposphere. The artificial °Sr
serves as a tracer for stratospheric circulation regimes
and is useful to investigate air mass exchange between
stratosphere and troposphere. The attachment of these
radioactive isotopes to aerosols allows the investigation
of their lifetime in the atmosphere.

In general, the model reproduces the obsetved dis-
tributions reasonably well except for the polar regions.
Modeled arctic 2!°Pb and “Be concentrations are too
high, while the seasonality is underestimated, especially
for 219Pb. In the antarctic a strong discrepancy between
modeled and observed concentration ratio 1°Be/"Be is
found. The observations show a maximum of 1°Be/"Be
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in summer whereas the model shows two maxima, one
in winter and one in spring.

Several reasons may be suggested for these discrep-
ancies in polar regions: (1) Deficiencies in the ECMWF
wind fields by which the transport model is driven,
(2) differences between true and model used precipi-
tation, (3) inadequate dry and wet deposition param-
eterization schemes which are too simple to reproduce
the conditions in the cold polar regions and (4) uncer-
tainties in the tracer source distributions.

On the basis of our model simulations we conclude
that the air mass exchange between stratosphere and
troposphere may be not accurately resolved in the
ECMWF wind field analyses south of 60°S and causes
therefore the discrepancy between the observed and
modeled concentration ratio of 1°Be/"Be.

We believe that the ECMWF precipitation forecasts
represent the best data set available at present for carry-
ing out such simulations of water-soluble tracers. How-
ever, the German weather service currently is preparing
precipitation fields which take into account all observa-
tions of a particular year. These precipitation fields
might help to improve the results in the arctic and
antarctic.

Obviously, more sophisticated wet deposition param-
eterization schemes are needed. The scheme used in
this study might be improved if informations about the
vertical distribution of water vapour condensation were
available. Furthermore, orographic effects on precipita-
tion, as they occured for instance in the western part of
the Andes (Lima), should be taken into account. These
refined wet deposition parameterization schemes must
be tested with the radioactive tracers to look for a possi-
ble improvement of simulations, especially in the polar
regions. However, this paper has shown that reason-
able tracer concentration and deposition distributions
can be obtained even with a rather simple wet deposi-
tion parameterization scheme.

A refinement of the dry deposition parameterization
(consideration of surface type, meteorological condi-
tions, and tracer properties) with particular emphasis
on polar regions and the subtropics is needed as the
percentage of dry deposition with respect to total de-
position increases in the arctic and antarctic due to low
precipitation.

A consideration of seasonality in 222Rn emission in-
stead of prescribing a uniform emission rate might also
improve the 2!°Pb model results in the arctic. An an-
nual cycle of 222Rn emission probably exists due to a
frozen surface in winter and a thawing one in summer.

Evidently, the validation of three-dimensional global
model simulations requires extensive data sets. While
the presently existing database of “Be and 21°Pb is suffi-
cient to investigate the model performance in many key
areas, there nevertheless exist large gaps mostly in po-
lar and tropical regions. As demonstrated in this paper,
especially, the 1°Be/”Be ratio constitutes an interest-
ing tracer to assess exchanges between the stratosphere
and the troposphere. Compared to other stratospheric
tracers (e.g., ozone) it has the advantage of not be-
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ing subject to chemical reactions. Unfortunately, °Be
measurements are still very sparse but would be very
valuable in future model validation studies.
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