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[1] In an effort to better understand how uncertainty in simulated convection propagates
into simulations of global trace gas distributions, we have constructed an eight‐member
ensemble of simulations using NASA’s Goddard Earth Observing System Version 5
(GEOS‐5) general circulation model (GCM). The ensemble was created by perturbing
parameters in the model’s moist physics schemes found to strongly influence the
magnitude of convective mass flux. Globally, ensemble spreads in column CO are
typically small (less than 4% of the mean column value) and, in many areas, are not
significantly different from internal model variability. The largest ensemble spreads are
found near source regions and outflow pathways. At the majority of remote surface
monitoring sites, the annual mean ensemble spread is less than 5%, indicating that these
locations, which are often the basis of inversion studies, are relatively insensitive to
uncertainty in the representation of convection. We also examine in greater detail two
simulations in which the magnitude of convective mass flux is significantly altered.
Changes to convective parameters strongly influence grid‐scale vertical and turbulent
transport processes in addition to convective mass flux. Despite large differences in the
magnitude of convective mass fluxes, this compensating behavior by other model
processes results in comparable atmospheric residence times in the two simulations and
largely similar global CO distributions. The results indicate that convective mass flux is
strongly related to other vertical transport processes in a GCM and cannot be viewed as
entirely separate. Future studies of the role of convective transport need to consider the
relationship between convective and total mass flux.
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1. Introduction

[2] Convection is an important mechanism in determining
the spatial distribution of trace gases at both local and global
scales. Strong upward motions associated with storms rapidly
transport gases emitted at the surface to the midtroposphere
and upper troposphere where atmospheric residence times
are typically increased. Stronger winds at high altitudes may
also facilitate transport over greater distances from source
regions than if species had remained near the surface [e.g.,
Pickering et al., 1996; Folkins et al., 1997; Bey et al., 2001a].
Some extreme convective events can cause mixing across
the tropopause [e.g., Stenchikov et al., 1996], altering the
concentrations of radiatively active trace gases in the upper
troposphere and lower stratosphere. A recent modeling study
by Tang et al. [2011] suggests that convection penetrating
the stratosphere can strongly influence upper tropospheric

ozone mixing ratios over the Northern Hemisphere mid-
latitude continents in summer. GCMs are typically run at
resolutions too low to resolve individual convective events
meaning that convective processes must be parameterized;
this remains one of the greatest sources of uncertainty in
weather and climate simulations [Randall et al., 2003].
[3] Much uncertainty surrounds the role of convection in

relation to other transport processes such as turbulence or
advection by the large‐scale atmospheric circulation. Con-
tributing to this uncertainty is the fact that the representation
of convection varies widely among models. For example,
Tost et al. [2006] showed that the use of different convective
schemes in a single GCM could strongly impact the distribu-
tion of precipitation as well as the atmospheric energy
budget. Considine et al. [2005] used three different sets of
meteorological fields to drive offline chemical transport
model (CTM) simulations of radionuclide transport. Their
results showed that the role played by convective transport
varied substantially among the different meteorological fields.
[4] Several studies of the effect of convection on tropo-

spheric ozone underscore the uncertainties associated with
the process. Lawrence et al. [2003] estimated that convec-
tion increases the tropospheric ozone burden by 12% due to
the transport of ozone precursors from the boundary layer to
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the middle and upper troposphere where they are longer
lived and more efficient at producing ozone. In contrast,
Doherty et al. [2005] found that convection decreases the
tropospheric ozone burden by 13% due to the upward
transport of lower ozone air near the surface to altitudes
where the lifetime of ozone is extended and the downward
mixing of higher ozone air to lower altitudes where it is
more rapidly destroyed. Doherty et al. [2005] suggest that
much of the difference between the results of the two studies
may stem from the large differences in the height and
intensity of deep convection. Lawrence and Salzmann [2008]
discuss the difficulties faced by these types of sensitivity
studies, because transport by convection is treated by the
convective parameterization while a component of the large‐
scale flow occurs in convective updrafts such as those found
in the Walker and Hadley cells. In particular, within the
deep convective parameterization, updraft mass fluxes are
balanced by subsidence within the same column while in
reality these motions form part of the large‐scale circulation,
a point also discussed by Salzmann et al. [2004]. As a
consequence, the role of convective transport in determining
trace gas distributions cannot be properly determined by
simply shutting off transport by convective mass flux as in
the Doherty et al. [2005] and Lawrence et al. [2003] studies
because the component of the convection associated with
the large‐scale flow is untreated.
[5] While substantial differences exist between different

convective schemes and their implementation in various
GCMs, significant uncertainty can be introduced into simu-
lated trace gas distributions by the assumptions made within
a single scheme. Bacmeister et al. [2006] showed how
varying parameter settings in the Relaxed Arakawa‐Schubert
(RAS) convection module impacts tropical precipitation
patterns in the Goddard Earth Observing System, Version 5
(GEOS‐5) GCM. Ott et al. [2009] compared simulations of
several thunderstorms observed during different field pro-
jects by cloud‐resolving models (CRMs) and by a single‐
column model (SCM) version of the GEOS‐5 GCM. In
addition to comparisons with cloud‐resolving model results,
the study examined the issue of parameter sensitivity within
the GEOS‐5 moist physics code. The results showed that the
strong impacts of the parameter settings on convective mass
fluxes affect vertical trace gas distributions in the single‐
column model.
[6] In this work, we seek to better understand the role of

convective transport in determining atmospheric CO dis-
tributions, emphasizing the uncertainty introduced into simu-
lations of atmospheric composition through different tunings
(parameter settings) in a single convective scheme. This is
done by analyzing an ensemble of simulations constructed
using alterations to parameter settings in the model’s moist
physics schemes. Section 2 of this paper describes the model
used and details the parameter sensitivity experiments. In
section 3, we examine the impact of parameter sensitivity on
simulated CO distributions. Section 4 presents a summary
and conclusions to be drawn from this work.

2. Model Experiments

2.1. Description of the GEOS‐5 AGCM

[7] The GEOS‐5 atmospheric general circulation model
(AGCM) has been developed as a flexible tool to represent

the atmosphere on a variety of temporal and spatial scales. It
is a central component of the GEOS‐5 atmospheric data
assimilation system [Rienecker et al., 2008], where it is used
with half‐degree spatial resolution for meteorological anal-
ysis and forecasting [Zhu and Gelaro, 2008]. It has also
been developed as a tool for studying atmospheric compo-
sition and climate. The AGCM combines the finite volume
dynamical core described by Lin [2004] with the GEOS‐5
column physics package, summarized by Rienecker et al.
[2008]. The model domain extends from the surface to
0.01 hPa and uses 72 hybrid layers that transition from
terrain‐following near the surface to pure pressure levels
above 180 hPa. In this study, the horizontal resolution is
1° × 1.25° (latitude by longitude) and the time step is 30 min
for physical computations, with more frequent computations
of resolved‐scale transport in the dynamical core. The eight‐
member ensemble of simulations presented in this work
consists of 4 year simulations from 2000 to 2003.
[8] Moist processes in GEOS‐5 are represented by a

convective parameterization and prognostic cloud scheme.
Convection is parameterized using the Relaxed Arakawa‐
Schubert (RAS) scheme of Moorthi and Suarez [1992], a
modified version of the Arakawa‐Schubert scheme [Arakawa
and Schubert, 1974], in which the atmosphere is relaxed
toward quasi‐equilibrium, reducing the convective available
potential energy (CAPE) as it is produced by large‐scale
processes. RAS represents convection as a sequence of
linearly entraining plumes sharing the same base level but
characterized by unique detrainment levels. All levels
between the cloud base and 100 hPa are tested for the
possibility of convection by calculating the cloud base mass
flux for each plume using a CAPE‐based closure. This mass
flux is used to modify environmental temperature and
moisture profiles; subsequent plumes receive the modified
sounding. Consequently, the convective mass flux consid-
ered here represents the collective effect of updrafts pro-
duced by the ensemble of plumes. The effect of each
convective updraft plume on tracers consists of two parts.
In‐plume upward transport directly changes the grid box
tracer value through cloud top detrainment [Moorthi and
Suarez, 1992]. This process can lead for example to the
sudden appearance of boundary layer tracers near the tro-
popause during a single time step. Next, compensating
subsidence in the plume‐free environment induces further
changes through downward advection of tracer. This sub-
sidence is a design feature of mass‐flux convection para-
meterizations and should not be confused with explicit
downdrafts. Convective downdrafts are not included in this
version of the model but are in development for future
versions. RAS calculates profiles of convective condensate
within supersaturated plumes by reducing humidity by the
amount necessary to achieve saturation. The prognostic
cloud scheme contained in GEOS‐5 calculates large‐scale
ice and liquid condensate by assuming a probability distri-
bution function (pdf) of total water. Condensate is removed
from the domain by evaporation, autoconversion of liquid
condensate, sedimentation of frozen condensate, and accre-
tion of condensate by falling precipitation.
[9] The version of GEOS‐5 used in this work includes

transport, emission, and chemical loss of CO. Biomass
burning emissions of CO follow the GFED‐2 inventory
described by van der Werf et al. [2006] which is based on
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TRMM and MODIS observations of hot spots and burned
area; emissions are prescribed monthly and reflect the
interannual variability of fire activity. Fossil fuel emissions
follow Bey et al. [2001b] while biofuel emissions of CO are
described by Yevich and Logan [2003]. Biofuel and fossil
fuel emissions over Asia are increased by 46% to account
for recent increases in emissions [Bian et al., 2007]; this
includes a 39% increase in direct emission of CO and an
additional 7% increase to represent CO produced by
hydrocarbon photochemistry not represented in the simpli-
fied chemistry scheme. These changes were based on the
work of Streets et al. [2003] who analyzed forward and
inverse modeling studies of CO emission and transport over
Asia during several field campaigns. In addition to direct
emissions, CO is produced photochemically from methane
and nonmethane hydrocarbons as described by Bian et al.
[2007]. While CO emissions from biomass burning vary
interannually, monthly emissions from fossil fuels, biofuels,
and hydrocarbon oxidation do not. Loss of CO occurs
through reaction with OH using a prescribed loss frequency.
Monthly mean OH fields are taken from a simulation of the
year 2001 by the GMI model [Kinnison et al., 2001] and are
not affected by reaction with CO. Recent work by Montzka
et al. [2011] suggests that the interannual variability of OH
is small when annual means are considered; they estimate
interannual variability in global tropospheric OH of 0.9 ±
0.8% based on model simulations. Though interannual
variability of OH may be small, differences in OH over
smaller time scales may be considerably larger because OH
is affected by emissions; for example, Duncan et al. [2007]
showed that OH abundance over Indonesia was significantly
altered by CO emissions from the massive 1997 fire out-
break. This simplified treatment of chemistry [Duncan et al.,
2007] allows focus on transport effects, but does limit the
potential for such feedbacks between convective transport
and CO chemistry on the OH distribution.
[10] Trace gases are transported online in GEOS‐5 using

the Lin [2004] dynamical core for resolved scales; turbulent
mixing of CO is performed in the same way as for moisture
(using the Lock et al. [2000] boundary layer turbulence
module); and using RAS for convective transport. Convec-
tive transport is calculated by allowing each plume in RAS
to successively modify the vertical trace gas profiles, in the
same way that environmental temperature and moisture
profiles are modified, to represent the collective effects of an
ensemble of clouds of differing heights which could coexist
within a model grid cell.

2.2. The Control Simulation

[11] Global simulations were carried out using the
GEOS‐5 AGCM in “free‐running” mode. In this mode, the
model reads prescribed sea surface temperatures (SSTs) and
sea ice distributions, which are obtained from observations
[Rayner et al., 2003]. Atmospheric observations are not
assimilated. Such simulations generally produce direct
SST‐forced variations that agree, in monthly and seasonal
means, with the climate for the years of the input SSTs (in
this case, 2000–2003), but do not reproduce specific weather
features such as fronts or storm systems. Such simulations
also do not generally represent extratropical circulations,
such as stationary wave patterns, that are well aligned with

those of any particular year in the real atmosphere. As a
result, we focus on monthly and seasonal average results.
[12] A control simulation was conducted in which the

GEOS‐5 AGCM was configured with default parameter
settings of the GEOS‐5.1.0 version [Rienecker et al., 2008].
Relevant information about this will be discussed in the
context of the ensemble of perturbation experiments.
Atmospheric carbon monoxide, with imposed emissions and
simple atmospheric loss computations, was included in the
AGCM. To set the context for this work, a brief overview of
the simulated CO is presented. Figure 1 shows a comparison
of simulated column CO data from GEOS‐5 with observa-
tions obtained from the Measurements of Pollution in the
Troposphere (MOPITT) [Lamarque et al., 2004] instrument
aboard the EOS Terra satellite. The MOPITT product used
is monthly mean version 4 level 2 data [Deeter et al., 2010]
gridded at 1° horizontal resolution. MOPITT has the greatest
sensitivity to CO located in the midtroposphere, with little
sensitivity to near‐surface CO [Deeter et al., 2003]. Prior
versions of MOPITT data contained significant high biases
in column CO when compared with estimates based on in
situ observations as documented by Emmons et al. [2009].
The version 4 products presented here contain significantly
less bias. Compared to in situ profiles, Deeter et al. [2010]
estimated biases less than 1% at the surface, 700 hPa, and
100 hPa with a larger bias of −6% at 400 hPa. Additionally,
MOPITT data are subject to a bias drift of 2 ppbv per year at
400 hPa and 1 ppb per year at 700 hPa. The column bias
drift was 2 × 1016 molecules cm−2 per year with an esti-
mated uncertainty of 5 × 1015 molecules cm−2 [Deeter et al.,
2010].
[13] In order to ensure that the GEOS‐5 column CO is

comparable to MOPITT, GEOS‐5 column CO is calculated
by regridding model output to the 1° horizontal resolution of
the MOPITT product and applying the MOPITT averaging
kernels as described by Deeter et al. [2009]. In April, the
peak biomass burning season in southeast Asia, GEOS‐5
tends to underestimate column CO relative to MOPITT. The
degree of underestimation is greatest in the Northern
Hemisphere; GEOS‐5 simulations underestimate MOPITT
observations by as much as 20% in some areas, although
underestimates less than 10% are more common. In the
Southern Hemisphere, GEOS‐5 generally compares well
with MOPITT, although column CO is overestimated over
equatorial South America by 10–20%. GEOS‐5 is able to
capture the major feature in the CO distribution during April
which is a strong peak in burning over southeast Asia that is
transported over long distances across the Pacific by easterly
winds. However, the model produces less CO over both the
Pacific and Atlantic oceans which may indicate either
weaker long‐range pollution transport than observed or
errors in CO lifetime due to uncertainty in the prescribed
OH fields.
[14] In October, a time of increased biomass burning in the

Southern Hemisphere, GEOS‐5 tends to underestimate CO in
the Southern Hemisphere. Observed and simulated distribu-
tions of CO are dominated by biomass burning activity evi-
dent over South America and Indonesia and the transport
of biomass burning CO over the Atlantic, Indian, and
Pacific Oceans. The model tends to underestimate column
CO over portions of sub‐Saharan Africa by 10–30% while
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in the south Pacific and Southern Hemisphere midlatitudes
and high latitudes, underestimations are typically 10–20%.
GEOS‐5 tends to overestimate the CO peak due to bio-
mass burning in South America and Indonesia by as much
as 50% in some areas. Globally, GEOS‐5 underestimates
column CO as measured by MOPITT by 3.8% in April
while differences in October are 4.4%. The similarity of
GEOS‐5 results with MOPITT observations demonstrates
that GEOS‐5 is able to produce reasonable CO distribu-
tions. Differences between simulated and observed CO
mixing ratios are likely related to uncertainties in CO
emissions and global OH distributions as well as differ-
ences in simulated and observed atmospheric transport.

2.3. Ensemble Formulation

[15] The basis of this study is an eight‐member ensemble
of simulations that was produced using a range of settings
for various parameters that control deep convection in
GEOS‐5. These parameter settings are based on the work of
Ott et al. [2009], who evaluated profiles of convective mass
flux and trace gases produced by CRMs and a column
version of GEOS‐5. Ott et al. [2009] identified the para-
meters in the moist physics part of GEOS‐5 whose values
exert the greatest control over convective mass flux. Using a
simple set of perturbations in the SCM, Ott et al. [2009]
identified 16 parameters in the moist physics as exerting a
1% or greater change in the time averaged vertically inte-
grated convective mass flux. These 16 parameters were
included in the more rigorous and computationally intensive
screening known as regional sensitivity analysis (RSA),
introduced by Hornberger and Spear [1981] and extended
to include multiple criteria by Liu et al. [2004]. The tech-
nique allows identification of “sensitive” parameters, whose

settings can significantly impact the evolution of the simu-
lations. Ott et al. [2009] conducted a large number of
“Monte Carlo” type SCM simulations of three storms
assuming different parameter values and used the time‐
averaged vertically integrated convective mass flux derived
from CRM simulations as a criterion to identify parameter
sets which produced the most favorable results. In this
manner, Ott et al. [2009] identified five of the 16 parameters
as strongly influencing convective mass flux.
[16] The five parameters identified as sensitive were

RASAL1 and RASAL2 (used to determine the strength and
vertical profile of the relaxation time scale for deep con-
vection), ACRITFAC (a factor used to compute the critical
value of the cloud work function which determines the ini-
tiation of convection), BASE_EVAP_FAC (used to deter-
mine the amount of rain evaporated into the environment
below the cloud base), and AUTOC_CN (used in the cal-
culation of the autoconversion of convective condensate).
These five parameters were varied to construct the eight‐
member ensemble of GEOS‐5 AGCM simulations used in
this work (Table 1). The ensemble consists of one simulation
assuming default parameter settings (shown in Figure 1);
five simulations using these parameter settings, except with
alterations to a single parameter; and two simulations in
which all five of the sensitive parameters are varied to create
the strongest (MaxConv) or weakest (MinConv) repre-
sentations of convection considered reasonable. In addition
to ensuring that a wide range of uncertainty is represented,
the strong and weak convection allow added insight into
how the simulated atmosphere responds when the magni-
tude of convective mass flux is substantially altered.
[17] An important component of these simulations is that

all ensemble members produce representations of convec-

Figure 1. Comparison of (left) MOPITT observed and (middle) GEOS‐5 simulated column CO
(1018 molecules cm−2) in (top) April and (bottom) October averaged from 2000 to 2003. (right) The
difference in column CO (MOPITT–GEOS‐5) is shown. GEOS‐5 results are sampled using the MOPITT
averaging kernels to ensure consistency with the MOPITT monthly data product.
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tion that are reasonable, within the bounds of our knowl-
edge. To ensure that the modified parameter settings pro-
duce reasonable precipitation patterns, we used gridded data
sets from the Global Precipitation Climatology Project
(GPCP) that were compiled from satellite and rain gauge
observations and compared with precipitation estimates
produced by the eight ensemble members. After interpo-
lating monthly mean precipitation rates from the ensemble
to the 2.5° GPCP grid, Pearson correlation coefficients were
computed for all ensemble members and are shown in
Table 1. The annual mean correlation coefficients between
the various simulations and the GPCP data ranged from the
highest values of 0.65, in both the control and MaxConv
simulations, to as low as 0.58 in the MinConv simulation.
Tost et al. [2006] computed correlation coefficients between
the GPCP data set and nine simulations that used different
convective schemes in a single GCM. In their study, cor-
relation coefficients ranged from 0.57 to 0.72 depending on

the convective scheme employed. As in the simulations
presented here, the Tost et al. [2006] simulations used
observed SSTs (without assimilating meteorological infor-
mation). Because the range of correlation coefficients for the
simulations presented are similar to those computed by Tost
et al. [2006], the ensemble at the center of this work is likely
comparable in variability and realism to other studies of
convective parameterization uncertainty.

3. Results

3.1. Ensemble Variability

[18] Because the simulations presented here are free‐
running, small changes such as parameter setting can lead to
different realizations of the atmosphere including divergent
locations of fronts and weather systems; to minimize such
affects and differentiate the impacts of the parameters from
internal model variability, we primarily present comparisons

Table 1. Parameter Settings of Ensemble Members and Correlation Coefficient With GPCP Data Set

Simulation

Parameter Name Correlation
CoefficientRASAL1 RASAL2 BASE_REVAP AUTOC_CN ACRITFAC

Control 1800. 1.0E5 1.0 2.5E‐3 0.5 0.65
Mod_Rasal1 1.0E5 1.0E5 1.0 2.5E‐3 0.5 0.65
Mod_Rasal2 1800. 1800. 1.0 2.5E‐3 0.5 0.58
Mod_Revap 1800. 1.0E5 0.2 2.5E‐3 0.5 0.63
Mod_Autoc 1800. 1.0E5 1.0 1.0E‐4 0.1 0.64
Mod_Critfac 1800. 1.0E5 1.0 2.5E‐3 0.5 0.61
MaxConv 1800. 1800. 1.0 1.0E‐4 0.1 0.64
MinConv 1.0E5 1.0E5 0.2 1.0E‐2 1.0 0.62

Figure 2. (left) Ensemble mean and spread of column CO in (top) MAM and (bottom) SON computed
from 2 year (2000–2001) seasonal averages. (middle) Variability due to convective perturbations
described in section 2.3 and (right) variability due to meteorological perturbations are shown. Shaded
areas indicate regions where differences between the convective and meteorological ensemble spreads are
statistically significant at the 90% confidence level as indicated by the Fisher test of difference in variance.
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of multiannual monthly or seasonal averages in which
monthly output from each ensemble member is averaged
over several years before calculating ensemble statistics
such as means and spreads. Figure 2 shows the ensemble
mean and spread of column CO in MAM and SON based on
2 year (2000–2001) seasonal averages. Perturbations to
parameters in the GEOS‐5 moist physics schemes exert the
greatest influence on column CO abundance near CO source
regions and in nearby outflow pathways. In MAM, the
largest impacts of changes to the model’s representation of
convection are found in southeast Asia over the Bay of
Bengal and the South China Sea. During SON, ensemble
spread is largest over Indonesia, where strong burning
occurs, especially during El Nino years. Elevated variability
is also found over South America to the south and west of
the region of peak column CO associated with biomass
burning. In regions farther removed from CO sources,
changes to moist physics parameters typically play a rela-
tively small role in determining CO distributions. Ensemble
spreads between 3 and 6% can be found in outflow path-

ways transporting Asian and African biomass burning pol-
lution in April. During October, areas where ensemble
spread is greater than 3% extend over portions of the
Southern Hemisphere oceans demonstrating that the model’s
representation of convection can alter transport of CO to
midlatitudes in the Southern Hemisphere.
[19] In order to compare how variability introduced by

changes in the model representation of convection differs
from other types of variability, a second ensemble of eight
simulations was created by initializing simulations with
meteorological fields representing different days in January
2000 following Ott et al. [2010]. These model runs were
integrated for 2 years and multiannual seasonal averages
computed. The fundamental difference between the two
ensembles is that in the meteorological ensemble, different
realizations are produced by altering only the beginning
state of the integration while physical processes are treated
identically in all simulations; in the convective ensemble, all
members start from identical initial conditions, but impor-
tant aspects of the moist physics code have been altered.

Figure 3. (left) Ensemble mean and (right) ensemble spread in MAM for the (top) surface, (middle)
500 hPa, and (bottom) 300 hPa in percentage of ensemble mean mixing ratio computed from 2 year
(2000–2001) seasonal averages. The dashed line at 300 hPa indicates the location of the tropopause
(ensemble mean); points north of this line are located in the stratosphere. Shaded areas indicate regions
where differences between the convective and meteorological ensemble spreads are statistically significant
at the 90% confidence level as indicated by the Fisher test of difference in variance.
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A comparison of the means and spreads of the two ensembles
can be used to assess seasonal variability due to the changes in
the moist physics and seasonal variability due to solely
internal model variability; it should be noted that because
changes in model physics parameters trigger different reali-
zations of simulated meteorology, it is not possible to
entirely separate the two influences. Ensemble spreads for
MAM and SON are shown in Figure 2. In order to separate
differences between the convective and meteorological
ensembles caused by alterations to convective parameters
from internal model variability, we use the Fisher test
(F test) for statistically significant difference in variance.
Globally, the ensemble produced by altering convection
produces slightly larger variability than does the ensemble
representing internal model variability though in both cases,
ensemble spreads are small. In source and outflow regions,
these differences are greater. Areas in which the influence of
convective parameters differs from internal model variabil-
ity tend to occur in regions where strong convection coin-
cides with CO sources (i.e., biomass burning regions in
Africa, South America, and Indonesia). Over midlatitude
source regions such as China or the east coast of the United
States, convective ensemble spreads are small and similar to
background values found in remote regions.
[20] In different layers of the atmosphere, the patterns of

variability introduced into CO mixing ratios by changes in

convective parameters can vary substantially. At the sur-
face in MAM (Figure 3), ensemble spreads exceed 20%
throughout the Bay of Bengal indicating that alterations to
the model representation of convection can influence the
transport of southeast Asian biomass burning pollution.
Transport by low‐level westerlies near the equator is also
affected. In the midtroposphere and upper troposphere dur-
ing April, the greatest variability in CO mixing ratios lies in
southeast Asia and the trans‐Pacific transport pathways of
CO. The transport of CO to Northern Hemisphere high‐
latitude locations near the tropopause is strongly influenced
by convection parameters. CO concentrations in the polar
lower stratosphere also appear to be strongly influenced by
changes in the representation of convection although mixing
ratios in this region are likely to be sensitive to a number of
factors (including tropopause pressure and the timing and
characteristics of stratospheric vortex breakdown) which
may differ between ensemble members. The convective
ensemble contains a larger degree of variability than the
meteorological ensemble in stratospheric air masses (lati-
tudes north of the tropopause line in Figure 3).
[21] In SON (Figure 4), differences among ensemble

members are generally smaller than in MAM. The largest
variability in CO mixing ratios at the surface is not found
near the peak in biomass burning activity in South America.
Instead, a large degree of variability is found near Indonesia.

Figure 4. Same as Figure 3 but for SON.
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At 300 and 500 hPa, stronger variability is found over areas
of South America and the Pacific Ocean near strong biomass
burning activity.
[22] We also examine the impact of changes in moist

physics parameters on CO mixing ratios at a number of
remote surface sites maintained by NOAA’s Global Moni-
toring Division (GMD) Carbon Cycle Greenhouse Gases
(CCGG) observational network (http://www.cmdl.noaa.gov/
ccgg/index.html). Data are collected weekly and are pre-
sented here for a subset of stations. GEOS‐5 model output is
sampled on the same dates that observations were taken and
is then interpolated to station locations and averaged
monthly to produce an equivalent quantity. Using these
monthly means, ensemble spreads are calculated at each
station. It should be noted that the convective ensemble
spread contains both the influence of changes in the model’s
moist physics and internal model variability. Simulated
surface CO is assumed to be the mixing ratio in the lowest
model layer. Simulations begin in January, 2000, but
ensemble means and spreads are not calculated until March
to allow time for differences in convection to alter CO
distributions.
[23] GEOS‐5 is able to reproduce the seasonal cycle of

CO at the GMD stations reasonably well (Figure 5). At
Northern Hemisphere midlatitude and high‐latitude stations
represented here by Alert, Canada (ALT), Storhofdi, Iceland

(ICE), and Shemya, Alaska (SHM), GEOS‐5 tends to
underestimate CO relative to the surface observations in
spring, which is consistent with the comparison with
MOPITT observations shown in Figure 1. At tropical and
subtropical locations such as Assekrem, Algeria (ASK),
Mariana Islands, Guam (GMI), Mahe Island, Seychelles
(SEY) and Ascension Island (ASC, located between Africa
and South America), GEOS‐5 is able to reasonably repro-
duce observed CO mixing ratios throughout the year though
in some locations, peak CO mixing ratios associated with
seasonal biomass burning are underestimated. Perturbations
to parameters in the GEOS‐5 moist physics schemes tend to
have a small impact at the remote surface sites sampled. Of
all the GMD surface sites monitoring CO, changes to moist
physics parameters most strongly affect the Tae‐ahn Pen-
insula (TAP) station located in Korea and strongly influ-
enced by Asian biomass burning and anthropogenic CO.
From 2000 to 2003, the average ensemble spread in monthly
CO was 7% of the mean value with peak spreads exceeding
25%. CO mixing ratios are also strongly affected by the
representation of convection at the ASC and SEY stations
(5% spread from 2000 to 2003). In contrast to TAP,
ensemble spreads at ASC and SEY are largest during bio-
mass burning episodes and relatively small during other
months. Averaged over all GMD sites in the Northern
Hemisphere midlatitudes and high latitudes, the annual

Figure 5. Comparison of GEOS‐5 simulated surface CO mixing ratios with observations (red) at eight
sites maintained by NOAA GMD. The dark blue line shows the convective ensemble mean CO mixing
ratios. The shaded light blue area shows the convective ensemble spread.
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mean ensemble spread in surface CO mixing ratio is 4%; at
locations in the tropics and subtropics of both hemispheres,
variablity is 3% on average while at stations in the Southern
Hemisphere midlatitude and high latitude, variations average
only 1% annually.

3.2. Simulations With Strong and Weak Convective
Mass Fluxes

[24] In addition to analyzing results from the eight‐
member ensemble, we also present a more detailed compar-
ison of the MinConv and MaxConv simulations which
produce representations of convective mass flux that are as
weak and as strong as is considered reasonable based on the
SCM analysis presented by Ott et al. [2009]. To highlight
differences in vertical transport between the two simula-
tions, we show results from the 4 year averages of July. To
place the results of the MaxConv and MinConv simulations
in the context of the ensemble, differences between the two
simulations are compared to the ensemble spread; differ-
ences in multiannual averages greater than the spread are
unlikely to be due to internal model variability alone.
[25] Figure 6 shows mean convective and grid‐scale

vertical mass fluxes calculated during July for the MinConv
and MaxConv simulations in the Northern Hemisphere tro-
pics (0° to 15°N). Profiles are calculated from 4 year (2000–

2003) multiannual monthly mean quantities which include
both convective and nonconvective periods. Large‐scale
mass fluxes are averaged separately for positive and nega-
tive values. The MaxConv simulation shows a large amount
of shallow convective transport occurring below 5 km with
less convective mass flux evident at upper levels. In the
MinConv simulation, alterations to parameters in the model’s
moist physics schemes drastically reduce convective trans-
port below 5 km. However, the grid‐scale upward mass flux
increases at low levels. Downward grid‐scale mass flux also
increased, but by a smaller amount. Above 10 km, grid‐scale
upward mass fluxes are larger in the MaxConv simulation
than the MinConv simulation which may indicate that
stronger convection at low levels facilitates deeper mixing in
the upper troposphere.
[26] Changes in the strength of parameterized convection

also alter horizontal transport in the model. In the MinConv
simulation, convergence below 3 km is slightly stronger in
the Northern Hemisphere tropics than in the MaxConv
simulation (Figure 6). Between 3 and 12.5 km, divergence
increases when convection is weaker. These results indicate
that weaker parameterized convection may increase the
magnitude of grid‐scale horizontal transport at low levels
and midlevels. However, between 12.5 and 16.5 km, more
divergence occurs in the MaxConv simulation. Grid‐scale

Figure 6. Area mean convective (red) and grid‐scale vertical mass fluxes (blue) calculated in July from
2000 to 2003 multiannual averages over all grid cells between 0° and 15°N for the MaxConv and MinConv
simulations. Solid blue lines indicate upward and downward grid‐scale vertical mass fluxes, while the
dash‐dotted line shows the net effect. Mean divergence and CO mixing ratios calculated over the same
region are also shown for the MinConv (dotted black line) and MaxConv (solid black line) simulations.
Asterisks indicate levels where the difference between the MaxConv and MinConv simulations is greater
than the ensemble spread.
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upward mass flux at these levels is 20–30% stronger in the
MaxConv simulation. These differences may be due in part
to differences in tropopause height which is slightly higher in
this region in the MaxConv simulation than in the MinConv
simulation.

[27] Despite considerable changes in convective and grid‐
scale mass fluxes, mean CO profiles calculated from both
simulations over the same region are largely similar.
Between 0° and 15°N during July, zonal mean CO profiles
tend to reflect clean air over the Pacific, Indian, and Atlantic

Figure 7. (top) Vertically integrated grid‐scale upward mass flux, (middle) convective mass flux, and
(bottom) the total upward mass flux (convective plus grid scale) for the (left) MinConv and (right)
MaxConv simulations in July (from 2000 to 2003 multiannual averages). Quantities are calculated
between 2 and 5 km above ground level. Shaded areas indicate regions where the difference between
the MaxConv and MinConv simulations is larger than the ensemble spread.

Figure 8. July mean scalar diffusivity calculated between 0 and 2 km above the surface for (left)
MaxConv and (right) MinConv simulations calculated from 2000 to 2003 multiannual averages. Shaded
areas indicate regions where the difference between the MaxConv and MinConv simulations is larger than
the ensemble spread.

OTT ET AL.: GENERAL CIRCULATION MODEL CONVECTIVE PARAMETER IMPACTS ON CO D21310D21310

10 of 18



Oceans with small contributions from biomass burning over
Indonesia and equatorial Africa and South America. In the
MaxConv simulation, CO mixing ratios are larger between 2
and 10 km due to stronger convective mixing. Above 15 km,
CO mixing ratios are larger in the MaxConv simulation due
to a slightly elevated tropopause height. However, at all
levels, differences are relatively small (less than 10 ppbv).
[28] Figure 6 demonstrated that the largest changes in

mass flux between the MinConv and MaxConv simulations
occurred below 5 km. In Figure 7, differences in mass flux
between the two simulations in the 2 to 5 km layer are
presented in more detail. As is evident in Figure 6, the
changes to parameters in the model’s moist physics schemes

result in large decreases in convective mass flux in the
MinConv simulation. The resulting increases in large‐scale
upward grid‐scale mass flux tend to occur in regions of the
Intertropical Convergence Zone (ITCZ) where convective
mass fluxes have been diminished. The results suggest that
when the magnitude of convection in the tropics is reduced,
large‐scale upward motion in the model compensates to
some extent. While Figure 6 showed that area mean changes
in grid‐scale upward mass flux can be significant (∼50%),
Figure 7 shows that in individual grid cells, such increases
can be much larger. In some locations in the tropics, total
upward mass flux (convective plus grid scale) can be
comparable in magnitude in both simulations. However,

Figure 9. Hypothetical number of days required for an air parcel to pass from the bottom to top of the
0–2, 2–5, 5–8, and 8–10 km layers for the (left) MinConv and (right) MaxConv simulations during July
computed from 2000–2003 multiannual averages. White areas represent columns where net vertical
velocity throughout the layer depth is downward, while gray regions indicate grid columns where the
net vertical velocity is upward but the difference between simulations is smaller than the ensemble spread.
All other shaded areas indicate regions where the difference between the MaxConv and MinConv simula-
tions is larger than the ensemble spread and net vertical velocity is upward.
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areas of strong upward motion are more localized in the
MinConv simulation than in the MaxConv simulation. In
areas outside of the tropics where convection has weakened
significantly in the MinConv run (i.e., North America,
regions of Europe and Asia), little increase in upward grid‐
scale mass flux is found.
[29] Changes in parameter values that influence the

intensity of convective mass fluxes affect the model’s rep-
resentation of turbulence as well as the large‐scale circula-
tion. Figure 8 shows the mean value of scalar diffusivity
during July calculated between 0 and 2 km above the sur-
face in the MinConv and MaxConv simulations. When
convection is significantly weakened (as in the MinConv
simulation), diffusivity is strongly increased in many regions,
particularly over oceans. It should be noted that these dif-
ferences are smaller than the eight‐member ensemble spread
in most regions indicating that they may not be significant.
[30] In order to study the collective impact of differences in

vertical transport processes in the MinConv and MaxConv
simulations, we consider the hypothetical time it would take
an air parcel to traverse several atmospheric layers. Hypo-
thetical model transport times were calculated by first esti-
mating a single vertical velocity that includes grid‐scale
vertical motion, convective motion (calculated by dividing
convective mass flux by air density), and turbulent diffusion
(estimated using scalar diffusivity and model layer thick-
ness) for all model layers using monthly mean output; the
time required for a parcel to pass upward through each layer
was calculated using this velocity and the layer thickness. It
should be noted that parameterized processes transport gases
instantaneously during a model time step. The hypothetical
model transport times are presented as a diagnostic tool to
aid in interpretation of the simulations presented in this

section and may not accurately represent the time scales of
physical transport in the real atmosphere. Figure 9 shows the
hypothetical time that would be required for an air parcel to
pass from the bottom of the layer to the top for layers from
0 to 2 km, 2 to 5 km, 5 to 8 km, and 8 to 10 km in the
MaxConv and MinConv simulations during July (based on
4 year multiannual means). Despite large differences in
convective mass fluxes, grid‐scale vertical motion, and
turbulent diffusion, the hypothetical model transport times
are similar between the two simulations. Below 2 km, the
MinConv simulation tends to indicate more rapid ascent in
some areas due to stronger turbulence. Between 2 and 5 km,
peak transport times (occurring in the ITCZ) are similar
between the two simulations though the MaxConv simula-
tion features broader areas of ascent as indicated in Figure 7.
Monthly mean transport times between 5 and 10 km are also
similar in the two simulations. Figure 10 shows probability
distribution functions (pdfs) computed for the same four
atmospheric layers shown in Figure 9 (0–2 km, 2–5 km,
5–8 km, and 8–10 km). Pdfs are computed over all Northern
Hemisphere grid boxes. Differences between the MaxConv
and MinConv simulation tend to be small near the surface
though the MinConv simulation displays slightly shorter
residence times due to the increase in diffusivity shown in
Figure 8. In both the 2 to 5 and 5 to 8 km layers, the
MaxConv simulation shows a larger proportion of grid cells
with residence times less than 3 days than does the MinConv
simulation indicating that the stronger convection is more
efficient at transporting CO upward through these layers.
Between 8 and 10 km, the distribution of transport times is
similar between the two simulations though the MaxConv
simulations show a slightly larger percentage of grid cells
with residence times less than 4 days.

Figure 10. Probability distribution functions of hypothetical transport times for all Northern Hemisphere
grid cells for the 0–2, 2–5, 5–8, and 8–10 km layers for the MinConv (blue) and MaxConv (red) simula-
tions during July (based on 2000–2003 multiannual averages).
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[31] Differences in both convective and grid‐scale mass
flux between the MinConv and MaxConv simulations result
in different ways of transporting CO from source regions. In
order to better understand these differences, we examine
CO fluxes out of the Indonesian region in 2002. Biomass
burning in the region was the strongest during SON.
Figure 11 shows the mass of CO during this period inte-
grated from 5°S to the equator and 108°E to 118°E below
1 km. On average during the period presented, the differ-
ence in CO mass in the region between the MinConv and
MaxConv simulations is only 2%. Additionally, the mass of
CO in both simulations displays approximately the same
cycle; the reduction in convective mass flux in the MinConv
simulation does not result in CO mass remaining at low
levels over Indonesia for extended periods of time. The
convective, net vertical and net horizontal mass fluxes out of
the 1 km vertical “box” region focused over Indonesia are
also shown in Figure 11. As expected, convective transport
of CO out of this volume is significantly larger in the
MaxConv simulation relative to the MinConv simulation.
Net grid‐scale vertical mass fluxes of CO are larger in the
MinConv simulation than in the MaxConv simulation
throughout the burning period. In addition to increased
vertical advective transport of CO, horizontal CO advection

out of the Indonesian region is also larger in the MinConv
simulation.
[32] Two factors may be contributing to changes in

advective CO fluxes when convection is weakened. One
factor is that when convective transport is weakened, less
CO is transported by convection meaning that more CO is
available to be transported by either vertical or horizontal
winds. The second factor is that when convection is weak-
ened in the model, vertical and horizontal winds are altered
(as shown in Figures 6–9). In order to understand which
factor is dominant, we show the percentage of change in
vertical and horizontal mass flux when convection is
reduced for both CO and air mass flux in Figure 12.
Changes in CO mass flux tend to closely follow changes in
air mass flux for both vertical and horizontal transport.
When convective mass fluxes are reduced in the MinConv
simulation, the grid‐scale vertical mass flux of CO increases
by 90% on average during the period; at times, increases can
be as large as a factor of four. Vertical air mass flux
increases by an average 70% indicating that the majority of
the change in vertical CO mass flux is due to changes in the
magnitude of vertical winds. Horizontal CO mass flux
increases by 40% on average while horizontal air mass flux
increases by 27%. Though changes in horizontal winds are

Figure 11. Mass of CO (10−4 kg CO m−2) over the Indonesian region (5°S–0°S, 108°E–118°E) below
1 km as well as total convective mass flux of CO through 1 km in the region (10−9 kg CO m−2 s−1), net
large scale vertical mass flux of CO through 1 km (10−9 kg CO m−2 s−1), and net horizontal mass flux of
CO out of the region (10−6 kg CO m−2 s−1) in the MinConv (red) and MaxConv (blue) simulations. All
lines represent a 5 day running average. Asterisks mark days when the difference between the MaxConv
and MinConv simulations is greater than the ensemble spread.
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smaller than changes in vertical winds, because they are
considerably stronger, these changes strongly affect CO
distributions and the transport of CO from source regions.
[33] Though convective parameter settings strongly

reduce convective mass flux, particularly at low levels, they
do not impose as strong an influence on total mass flux. In
the MinConv simulation, compensating increases in turbu-
lent and upward grid‐scale transport result in transport times
comparable in magnitude at many locations to those derived
from the MaxConv simulation. As a result, CO distributions
in the MinConv and MaxConv simulations are largely
similar. Figure 13 shows the zonal mean distribution of CO
during April in both simulations (based on 4 year multi-
annual averages) as well as the difference between the two
simulations. Throughout the atmosphere, the CO distribu-
tions produced by the MinConv and MaxConv simulations
tend to be similar though differences are evident in some
locations. The MaxConv simulation produces larger CO
mixing ratios in the Northern Hemisphere tropics in the
lower troposphere; these differences slant northward with
altitude and peak near the tropopause in the Northern
Hemisphere subtropics. Figure 14 shows zonal mean CO
distributions calculated in October. As in April, zonal mean
CO distributions produced by the MinConv and MaxConv
simulations are similar. A similar feature of enhanced CO in
the MaxConv simulation is found in the Northern Hemi-
sphere tropics and subtropics though the peak differences
are smaller than in April. Mixing ratios also tend to be larger
in the MaxConv simulation in the vicinity of the tropopause
and in the lower stratosphere of the Southern Hemisphere
midlatitudes.

[34] Figure 15 shows column CO amounts calculated
from the MinConv and MaxConv simulations. Column CO
is calculated by applying the MOPITT averaging kernels to
facilitate comparison with observations shown in Figure 1.
The global distributions of column CO are similar between
the two simulations (the global mean for both simulations is
1.5 × 1018 molecules cm−2 in October and April), though
locally differences can be significant. In both April and
October, the MaxConv simulation produces more CO over
equatorial regions than does the MinConv simulation. This
is likely because MOPITT’s strongest sensitivity lies in the
midtroposphere and the MaxConv simulations more vigor-
ously transports CO from biomass burning source regions to
these levels. In April, the MaxConv simulation tends to
perform better than the MinConv simulation in the tropics
with a lesser degree of underestimation relative to MOPITT.
Because the differences in column CO are relatively small
between the simulations, it is not possible to identify a
single convection scheme tuning as optimal.

4. Summary and Conclusions

[35] Ott et al. [2009] demonstrated the importance of
parameter settings in the GEOS‐5 moist physics schemes in
determining convective mass flux and trace gas profiles
produced by a single‐column version of the model. Here, we
evaluate the impact of changes to these parameters on global
CO distributions using 3D GEOS‐5 simulations. The upward
transport of CO is influenced not only by the magnitude of
mass flux, but also its spatial correlation with CO emissions
and their vertical gradients. Because the majority of CO is

Figure 12. (top) Percentage of change in CO (blue) and air (red) vertical mass flux when convection is
weakened by altering parameter settings and (bottom) percentage of change in CO (blue) and air (red)
horizontal mass flux when convection is weakened by altering parameter settings (calculated by averaging
over grid cells in the Indonesian region from 5°S–0°S and 108°E–118°E).
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emitted at the surface and CO is relatively short lived, CO
distributions tend to decrease significantly above the
boundary layer in source regions. It is this gradient, coupled
with alterations in mass flux, that may be expected to alter
CO distributions when convective parameters are changed.
If, instead of surface sources, CO distributions were domi-
nated by a near constant source throughout the troposphere,
changes in updraft mass flux would likely have little impact.
[36] An ensemble of eight simulations was constructed by

altering values of parameters which Ott et al. [2009] found
to strongly influence convective mass flux. Analysis of the
ensemble results indicates regions where simulated CO
distributions are sensitive to alterations in the model repre-
sentation of convection and where uncertainty introduced
into CO distributions by uncertainty in parameterized con-
vection should be considered the greatest. The ensemble
spread in column CO amount is typically small though areas
near CO source regions and in outflow pathways often
display variability greater than in remote regions. Globally,
the variability in column CO distributions introduced by
alterations to moist physics parameters is less than 3% at
most locations. Comparison with an ensemble of simula-
tions produced by initializing simulations with different
meteorological fields indicates that over much of the world,
altered convective parameters produce variations in CO only

slightly larger than those produced by internal model vari-
ability. Statistically significant differences in spread between
the two ensembles are most likely to occur in tropical outflow
pathways where convection is active and large amounts
of CO are present. At individual levels, variability in CO
mixing ratios introduced by changes in convective para-
meters can be significantly larger than variability in column
CO and the distribution of variability can vary significantly
with altitude. The results indicate the importance of interac-
tions between convective detrainment levels and horizontal
winds, which can vary strongly with altitude, in determining
trace gas distributions.
[37] Global plots of the ensemble spread of CO distribu-

tions demonstrate that changes in convective parameters
have a relatively small influence at remote surface locations
such as the sites maintained by NOAA’s GMD. The annual
mean ensemble spread in surface CO mixing ratio was 4% at
Northern Hemisphere midlatitude and high‐latitude sites,
3% at subtropical and tropical sites in both hemispheres, and
only 1% at midlatitude and high‐latitude locations in the
Southern Hemisphere. These results indicate that inversion
studies using remote surface site data are likely relatively
insensitive to uncertainty in simulated representations of con-
vection. At some locations, however, variations in CO intro-
duced by changes in the model’s moist physics parameters

Figure 13. Zonal mean CO mixing ratio (ppbv) calculated from the (top) Minconv and (middle)
MaxConv simulations in April (from 2000–2003 multiannual averages). Dashed lines indicate the zonal
mean tropopause pressure calculated from the respective simulations. (bottom) The difference (MaxConv‐
MinConv) between the two simulations is shown; dotted lines indicate regions where the difference is
greater than the ensemble spread.

OTT ET AL.: GENERAL CIRCULATION MODEL CONVECTIVE PARAMETER IMPACTS ON CO D21310D21310

15 of 18



can be significant. At the Tae‐ahn Peninsula, large ensemble
spread throughout the year indicates that variations in con-
vection can affect the transport of anthropogenic and bio-
mass burning pollution from Asia. At stations in the
Seychelles and Ascension Island, variations associated with
convection show a much stronger seasonal dependence
associated with annual cycles of biomass burning.
[38] In order to gain further insight into the changes in CO

mixing ratios introduced by changes in convection, we
examined the MaxConv and MinConv simulations in
greater detail. Changes in the model’s moist physics para-
meters strongly influence convective mass flux, but also
alter grid‐scale vertical and turbulent transport processes.
When convective mass flux is reduced in the tropics by
altering parameter settings, grid‐scale upward mass flux
tends to increase, particularly at low levels. Increases in
upward grid‐scale mass flux in the MinConv simulation
tend to be focused in regions of the tropics and ITCZ which
experience strong convection in the MaxConv simulation.
Turbulent diffusion in the boundary layer also strongly
increases when convective mass flux is reduced. Though
convective mass fluxes are greatly reduced in the MinConv
simulation, compensating increases in turbulent and advec-
tive transport largely compensate for these decreases,
resulting in comparable estimated atmospheric transport
times at many locations. As a result, zonal mean CO dis-
tributions are remarkably similar between the simulations
despite large differences in the roles of various transport
processes.

[39] Changes in convective and advective transport
resulting from parameter changes also influence the trans-
port biomass burning emissions out of the Indonesian
region. Though convection is strongly reduced in the
MinConv simulation relative to the MaxConv simulation,
the mass of CO below 1 km over Indonesia is similar in both
simulations. Decreases in convective transport of CO are
balanced by increases in vertical and horizontal flux of CO
out of the source region. An analysis of CO and air mass
flux differences indicate that CO flux changes resulting from
weaker convection largely follow changes in air mass
fluxes. The results indicate that the dynamical interaction of
convection with the grid‐scale vertical and horizontal winds
plays a primary role in altering vertical and horizontal CO
advection while the increased availability of CO to other
transport pathways is secondary in importance.
[40] Though the results of this analysis indicate that

changes in simulated convection induced by alterations to
convective parameters play a relatively small role in deter-
mining global CO distributions, it should be noted that this
is due in large part to the complex interactions between
parameterized convection and other transport processes.
Evaluation of the MinConv and MaxConv simulations
demonstrate that when transport by parameterized convec-
tion is drastically reduced, model dynamics compensate by
increasing grid‐scale mass fluxes and boundary layer turbu-
lence. The result is that both simulations produce a realistic
climate and largely similar trace gas distributions though the
model calculates these answers in very different ways.

Figure 14. Same as Figure 13 but for October.
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[41] Lawrence and Salzmann [2008] noted that offline
chemical transport model studies which attempt to identify
the role of convection in determining trace gas distributions
are hindered by the split operator design of most GCMs
in which convection is treated both as a sub‐grid‐scale
parameterized process and is also partially resolved in large‐
scale circulation features such as the Hadley and Walker
Cells. In this study, we demonstrate that online GCM
studies are also affected. When convective activity produced
by the convective parameterization is sharply reduced (as in
the MinConv simulation), the large‐scale circulation com-
pensates by increasing activity similar to convection in many
of the same regions. Our results support the conclusion of
Lawrence and Salzmann [2008] that convective activity
cannot be solely attributed to the convective parameteriza-
tion in a GCM.
[42] A number of studies have compared convective mass

fluxes produced by different atmospheric models. We have
shown that simulations with drastically different convective
mass flux profiles can produce similar hypothetical layer
residence times and CO distributions. The results presented
here suggest that it is important to consider convective mass
flux comparisons in the context of total mass flux (including
contributions from large‐scale and turbulent transport pro-
cesses) in attempting to understand intermodel differences in
transport.
[43] In order to better understand the role of convection in

determining trace gas distributions, it may be necessary to
categorize processes using model and parameterization
independent metrics such as transport time scale or the
presence of moisture. In addition, though CO is a useful
tracer of convection, our simulations indicate that analysis
of CO alone is not always adequate to separate the impacts

of different transport processes using these methods. Pre-
liminary studies with radon and carbon dioxide, which are
considerably short lived and longer lived, respectively,
indicate that the impact of convective parameter changes
depends strongly on a number of factors including the
lifetime of a trace gas and the seasonal covariation of its
sources with physical processes like convection. Shorter‐
lived gases are likely to show larger ensemble spreads with
less statistical significance (i.e., a stronger influence of
internal model variability) while longer‐lived gases show
weaker responses to convective changes but greater ability
to separate these changes from internal model variability.
Future studies which consider multiple trace gases with
differing atmospheric lifetimes and varying solubility may
help to reduce uncertainty in the role that different transport
processes play. The current and next generation of GCMs
and chemistry‐climate models which include online trans-
port of chemical species provide an ideal foundation for
such studies because they allow full interaction between
physical and chemical processes.
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