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[1] Transport of radon-222 and methyl iodide by deep convection is analyzed in the
Geophysical Fluid Dynamics Laboratory (GFDL) Atmospheric Model 2 (AM2) using two
parameterizations for deep convection. One of these parameterizations represents deep
convection as an ensemble of entraining plumes; the other represents deep convection as
an ensemble of entraining plumes with associated mesoscale updrafts and downdrafts.
Although precipitation patterns are generally similar in AM2 with both parameterizations,
the deep convective mass fluxes are more than three times larger in the middle- to upper

troposphere for the parameterization consisting only of entraining plumes, but do not
extend across the tropopause, unlike the parameterization including mesoscale
circulations. The differences in mass fluxes result mainly from a different partitioning
between convective and stratiform precipitation; the parameterization including mesoscale
circulations detrains considerably more water vapor in the middle troposphere and is
associated with more stratiform rain. The distributions of both radon-222 and methyl
iodide reflect the different mass fluxes. Relative to observations (limited by infrequent
spatial and temporal sampling), AM2 tends to simulate lower concentrations of radon-222
and methyl iodide in the planetary boundary layer, producing a negative model bias
through much of the troposphere, with both cumulus parameterizations. The shapes of the
observed profiles suggest that the larger deep convective mass fluxes and associated
transport in the parameterization lacking a mesoscale component are less realistic.
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1. Introduction

[2] Deep convection, characterized as it is by rapid
motions between the planetary boundary layer (PBL) and
middle and upper troposphere, plays a unique role in the
vertical transport of surface emissions. Early tracer transport
models treated this transport as enhanced diffusion, despite
the clearly non-local character of deep convection. Gidel
[1983] departed from these approaches by representing deep
convection as an ensemble of entraining plumes, an ap-
proach consistent with the representation of the thermody-
namic effects of deep convection that had been developed
by Arakawa and Schubert [1974]. Unlike tracer profiles
produced by representing deep convection as enhanced
diffusion, Gidel’s [1983] entraining plumes generated in-
creasing concentrations with height for some gases with
surface sources. Subsequent studies have examined the role
of convection in transporting particular species in chemical
transport models and confirmed the behavior modeled by
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Gidel [1983]. Feichter and Crutzen [1990] and Li and
Chang [1996] found that convection could play a dominant
role in transporting radon-222 to the upper troposphere.
Allen et al. [1996] and Stockwell and Chipperfield [1999]
found that the extent of this transport was sufficiently large
that C-shaped profiles of radon-222 were produced in their
chemical transport models, with maxima for surface-source
radon-222 both near the surface and in the upper tropo-
sphere. However, comparison with observations has sug-
gested that these chemical transport models may convect
too much tracer into the upper troposphere, as noted by
Stockwell and Chipperfield [1999] and, for carbon monox-
ide, by Allen et al. [1997].

[3] The possibility that deep convection is important in
the tracer budget of the stratosphere has been investigated
using conceptual models [Sherwood and Dessler, 2003],
cloud-resolving models [Lu et al., 2000; Mullendore et al.,
2005], general circulation models (GCMs) [Gray, 2003],
and observations [Ridley et al., 2004; Hegglin et al., 2004;
Ray et al., 2004]. The modeling studies have suggested
multiple mechanisms for both upward and downward trans-
port associated with convection around the tropopause,
while the observational studies generally suggest convec-
tion plays a role in the stratospheric tracer budget, with
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variation among reported cases as to whether convection
directly injects tracers into the stratosphere.

[4] The locations and intensities of centers of deep
convective activity change in association with interannual
variability. Gilliland and Hartley [1998] and Lintner et al.
[2004] have shown that interannual variability in the pat-
terns of deep convection can induce changes in interhemi-
spheric transport of tracers.

[5] Deep convection also affects the concentrations of
aerosols and soluble gases through wet scavenging. For
instance, Liu et al. [2001] and Considine et al. [2005]
evaluated wet scavenging in their models using radionuclide
tracers lead-210 (produced by radioactive decay of radon-
222) and beryllium-7 (produced by cosmic ray spallation
mostly in the stratosphere). Liu et al. [2001] found surface
air observations of these species were sensitive to the
magnitude of wet deposition. Considine et al. [2005] found
that the relative magnitudes of convective transport and
scavenging of lead-210 depended on the details of the
chemical transport model and cumulus parameterization.

[6] In global chemical transport models and GCMs, the
unresolved scale of deep convection requires its parameter-
ization. Cumulus parameterizations remain plagued by
fundamental uncertainties. Mahowald et al. [1995] and
Folkins et al. [2006] found that these uncertainties propa-
gate into the distribution of tracers transported by convec-
tion in global models. Olivie et al. [2004] computed mass
fluxes with two different cumulus parameterizations, one
interactively in a GCM and the other diagnostically with
analyzed model fields, and noted differences in radon-222
and ozone distributions obtained using these mass fluxes in a
chemical transport model. Using two cumulus param-
eterizations, rather than seven parameterizations, as had
Mahowald et al. [1995], Josse et al. [2004] noted less
dependence of tracer distribution on the method of param-
eterizing cumulus convection.

[7] These studies of convective transport of tracers indi-
cate the importance of convection in determining tracer
distributions in the troposphere and stratosphere, including
their time-mean, interannual, and interhemispheric variabil-
ity. The studies also suggest a dependence of these results
on the method of parameterizing convection and a tendency
for at least some parameterizations to transport excessively
into the upper troposphere. The purpose of this paper is to
examine tracer transport by a cumulus parameterization
which explicitly includes two characteristics not present in
the earlier studies and which may directly influence the
extent of vertical transport and tracer injection into the
stratosphere: mesoscale updrafts and downdrafts associated
with deep convection. Extensive detrainment from deep
convective cells occurs in the middle troposphere, and more
of the latent heat release required to maintain atmospheric
stability occurs in middle- and upper-tropospheric stratiform
cloud systems than in a version of this parameterization
with the mesoscale circulations inactive [Donner et al.,
2001]. Convective mass fluxes are consequently lower
when mesoscale circulations are present, and, generally,
this suggests excessive mass fluxes if mesoscale circulations
are not parameterized as a part of convective systems.
Donner’s [1993] parameterization also includes vertical
velocities for the members of its cumulus ensemble, in
contrast to earlier mass-flux methods. The vertical velocities
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are inferred by solving a momentum equation, which allows
convective updrafts to overshoot their levels of zero buoy-
ancy. Parameterizations based on mass fluxes without
vertical velocities lack a basis for including this overshoot.
Overshooting updrafts have the potential to change strato-
spheric tracer budgets relative to those whose tops are
restricted to the level of zero buoyancy.

[8] We compare distributions of radon-222 and methyl
iodide in two integrations of an atmospheric GCM, one
using the Donner [1993] parameterization including meso-
scale circulations and overshooting convective cells and the
other using a parameterization which does not include them.
Radon-222 has been used extensively in tracer studies in
chemical transport models [Feichter and Crutzen, 1990;
Mahowald et al., 1997; Stockwell et al., 1998; Dentener et
al., 1999; Considine et al., 2005] and has a source that is
fairly uniform over lower- and middle-latitude continents.
By contrast, methyl iodide is emitted from marine areas, as
well as from some sub-tropical and tropical continental
regions, and provides a means of examining convection
over oceanic areas [Cohan et al., 1999; Bell et al., 2002].
Both radon-222 and methyl iodide are insoluble and not
subject to wet deposition; using them in this study places
the focus on transport by convection. The paper will focus
on vertical profiles during July (radon) and August through
September (methyl iodide). These are periods when occur-
rence of deep convection over source regions is especially
pronounced, with convective maxima in the Northern
Hemisphere over continental radon sources and peak methyl
iodide emissions around 20°N in the late northern summer.
The parameterization which includes mesoscale circulations
consistently detrains more radon and methyl iodide in the
middle troposphere, and less in the upper troposphere, than
the parameterization lacking these circulations, in better
agreement with most observations. At the tropopause, the
penetrative deep cells in the Donner [1993] parameteriza-
tion can transport more radon and methyl iodide into the
stratosphere than the parameterization based only on mass
fluxes.

[9] Section 2 describes the GCM, cumulus parameter-
izations, and emissions. Section 3 examines the distribu-
tions of radon and methyl iodide and links differences
between the GCM integrations to basic features of the
cumulus parameterizations, and section 4 compares GCM
results with observations.

2. GCM Configurations

[10] The atmospheric component AM2 of the Geophys-
ical Fluid Dynamics Laboratory (GFDL) coupled climate
model CM2 [Delworth et al., 2006] is used for these tracer
transport studies. Its finite-volume dynamical core [Lin,
2004] is used for large-scale advection of radon and methyl
iodide, as is its sub-grid diffusion.

2.1. Cumulus Parameterizations

[11] Cumulus convection in AM2 is treated using a
relaxed Arakawa-Schubert parameterization [Moorthi and
Suarez, 1992] with modifications described in GFDL Glob-
al Atmospheric Model Development Team [2004]. This
parameterization represents cumulus convection as an en-
semble of entraining plumes characterized by mass fluxes.
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