
Tracer Transport in Deep Convective Updrafts: Plume Ensemble versus
Bulk Formulations

MARK G. LAWRENCE

Department of Atmospheric Chemistry, Max Planck Institute for Chemistry, Mainz, Germany

PHILIP J. RASCH

Climate and Global Dynamics Division, National Center for Atmospheric Research, Boulder, Colorado

(Manuscript received 13 April 2004, in final form 20 December 2004)

ABSTRACT

Two widely used approaches for parameterizing tracer transport based on convective mass fluxes are the
plume ensemble formulation (PEF) and the bulk formulation (BF). Here the behavior of these two is
contrasted for the specific case in which the BF airmass fluxes are derived as a direct simplification of an
explicit PEF. Relative to the PEF, the BF has a greater rate of entrainment of midtropospheric air into the
parcels that reach the highest altitudes, and thus is expected to compute less efficient transport of surface-
layer tracers to the upper troposphere. In this study, this difference is quantified using a new algorithm for
computing mass conserving, monotonic tracer transport for both the BF and PEF, along with a technique
for decomposing a bulk mass flux profile into a set of consistent, discrete plumes for use in the PEF. Runs
with a 3D global chemistry transport model (MATCH) show that the BF is likely to be an adequate
approximation for most tracers with lifetimes of a week or longer. However, for short-lived tracers (life-
times of a couple days or less) the BF results in significantly less efficient transport to the upper troposphere
than the PEF, with differences exceeding 30% on a monthly zonal mean basis. Implications of these results
for tropospheric chemistry are discussed.

1. Introduction

It has long been recognized that transport by deep
convection can have a substantial impact on O3 and
other chemical tracers in the atmosphere (e.g., Chat-
field and Crutzen 1984; Dickerson et al. 1987; Pickering
et al. 1990, 1992; Lelieveld and Crutzen 1994; Lawrence
et al. 2003a). This is particularly true for short-lived
tracers due to the rapid transport in convective updrafts
from the surface to the upper troposphere (UT) on
time scales of the order of an hour. In global models,
the vertical transport of tracers is typically computed
based on convective mass fluxes from a deep cumulus
convection parameterization. Many different cumulus
parameterizations have been developed (e.g., Manabe
et al. 1965; Kuo 1965; Arakawa and Schubert 1974;
Tiedtke 1989; Kain and Fritsch 1990; Gregory and

Rowntree 1990; Moorthi and Suarez 1992; Hack 1994;
Pan and Wu 1995; Zhang and McFarlane 1995; Eman-
uel and Zivkovic-Rothman 1999; Donner et al. 2001).
These have primarily focused on the thermodynamic
aspects of the column (water vapor and potential tem-
perature), and intercomparisons of various schemes
show considerable differences in their thermodynamic
characteristics (e.g., Xie et al. 2002).

One of the most widely used approaches to treating
convection in global models is the plume ensemble for-
mulation (PEF), conceptually developed in Arakawa
and Schubert (1974, hereafter AS74), and implemented
in discretized form in large-scale models by Lord et al.
(1982), Hack et al. (1984), Grell (1993), and others. In
the PEF the convective cloud population in a region is
represented by an ensemble of individual representa-
tive cumulus clouds (or plumes) of different heights as
depicted schematically in Fig. 1a. The original PEF in
AS74 was continuous in altitude; the individual discrete
plumes used in large-scale model implementations have
been referred to by Lord et al. (1982) as subensembles,
since each discrete plume corresponds to the set of in-
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finitesimal plumes that would detrain in a particular
model layer. Each plume has the same base level, and is
distinguished only by its rate of entrainment of envi-
ronmental air,

� �
1
M

dM

dz
, �1�

where M is the vertical mass flux per unit area and z is
the vertical coordinate. Often it is assumed for simplic-
ity that � is constant for each ensemble member as a
function of altitude. Since entrainment reduces a con-
ditionally unstable parcel’s buoyancy above the level of
free convection, the tallest plume is the one with � � 0,
and the shortest plume has the maximum allowable �
(which is chosen differently for different realizations of
the parameterization). The PEF was the conceptual ba-
sis for some of the earliest model studies of the local
effects of convection on trace gases (e.g., Chatfield and
Crutzen 1984).

An alternative approach to the cumulus parameter-
ization problem is to use the simpler bulk formulation
(BF), which explicitly considers only a single entraining
and detraining plume (often referred to as a leaky pipe;
Fig. 1b). The BF was originally developed for an ob-
servational diagnosis study by Yanai et al. (1973; in
parallel to the work on the PEF by AS74), and has been
implemented in major large-scale models by Bougeault
(1985), Tiedtke (1989), Gregory and Rowntree (1990),
Grell (1993), Pan and Wu (1995), Zhang and McFar-
lane (1995), and others. While there are many different
possibilities for determining the air and tracer mass

fluxes for the BF (cf. Yano et al. 2004), a commonly
used approach is to start with a PEF and then sum the
entraining plumes together to determine the airmass
flux profiles for the BF. These bulk airmass flux profiles
are then used in turn to compute the vertical fluxes of
water vapor, moist static energy, and tracers.

In this study we will focus only on this special case of
a BF that is a direct approximation to a corresponding
PEF. Previous tests in the implementations cited above
have concluded that this approximation should be ad-
equate for the purpose of simulating water vapor and
moist static energy, as well as precipitation and hori-
zontal momentum.

However, this form of the BF has not previously been
explicitly tested in comparison with its corresponding
PEF for chemical tracers (e.g., O3, CO, radon, CH3I,
and aerosols), despite the fact that the BF is employed
in a wide variety of chemistry transport and chemistry
general circulation models, such as MATCH (Rasch et
al. 1997; Zhang and McFarlane 1995), CCM3 (Kiehl et
al. 1996; Zhang and McFarlane 1995), ECHAM (Ro-
eckner et al. 1999; Tiedtke 1989), TM2, TM3, and TM5
(Heimann 1995; Tiedtke 1989), TOMCAT (Stockwell
and Chipperfield 1999; Tiedtke 1989), GEOS/CHEM
(Bey et al. 2001; Allen et al. 1996), and STOCHEM
(Collins et al. 2002), among others. While for water, the
total mixing ratio (vapor plus condensate) at the de-
trainment level is generally much less than the mixing
ratio at the base of the updraft due to condensation and
removal of precipitation, no such limitation applies to
insoluble tracers. In contrast, an insoluble tracer that is
transported from the boundary layer (BL) to the UT in
an undiluted (nonentraining) parcel will have the same
mixing ratio as it had in the BL (provided chemical
losses are not significant on the transport time scale),
while a parcel that entrains from the environment can
have a very different tracer mixing ratio when it reaches
the UT, depending on the environmental vertical pro-
file of the tracer. Air masses in the tallest plumes in the
PEF undergo relatively little entrainment, while air
masses reaching the highest levels in the BF will have
been considerably more diluted by environmental air,
because all the plumes are treated together with one
mean entrainment rate in the lower parts of the cloud,
which is greater than the individual entrainment rates
for the tallest plumes of the PEF. Similarly, air masses
that detrain at the lowest altitudes in the BF will be less
diluted with environmental air than in the PEF. Thus
for tracers with surface sources and short lifetimes, so
that their mixing ratios decrease significantly with alti-
tude, the BF will transport less of the tracer to the
uppermost detrainment levels than the PEF (and more
to the lowermost detrainment levels). While the basic

FIG. 1. Schematics of the (a) PEF and (b) BF. Entrainment is
represented by arrows entering from the left, detrainment by ar-
rows exiting to the right. There is only a single detrainment layer
at the top of the plume for each of the discrete plumes in the PEF.
Summing these plumes results in a BF with four detrainment
layers in this example.
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principle of this difference is straightforward, its impact
on tracer transport modeling has not yet been quanti-
fied in the literature. Thus, we examine the questions:
When is the BF an adequate approximation of the PEF
for tracer transport, and under which circumstances are
the differences in the PEF and a corresponding BF sig-
nificant enough to favor the use of the more complex
PEF in chemistry transport models?

It is important to note that, despite the relative com-
plexity of the PEF compared to the BF, both are nev-
ertheless only crude representations of the actual de-
tails of deep cumulus convection within a model col-
umn. Evaluating the quality of these and other cumulus
parameterizations in comparison to both observations
and cloud resolving models is an extensive, ongoing
effort of the community, for thermodynamics (e.g.,
Bechtold et al. 2000; Xie et al. 2002; Yano et al. 2004,
etc.) as well as for tracers (e.g., Mahowald et al. 1995;
Mari et al. 2000; Bell et al. 2002; Collins et al. 2002;
Rasch et al. 2003, etc.) and for other quantities.

We compare the BF and PEF by using representative
fictitious tracers with surface sources and five different
chemical lifetimes in the global 3D Model of Atmo-
spheric Transport and Chemistry (MATCH), which
employs the BF deep convection scheme of Zhang
and McFarlane (1995). The next section gives a brief
general description of MATCH, and an overview of
the technique we have developed for decomposing the
bulk mass flux profiles from Zhang and McFarlane
(1995) into consistent, discrete plume ensembles, which
can then be used for PEF tracer transport in each
model column. The section also describes a new
scheme for computing bulk and plume ensemble tracer
transport that preserves mass and monotonicity, and
which includes an optional modification to the BF
that helps reduce the differences between it and the
PEF. Following that, results are considered from sen-
sitivity runs with MATCH, using the PEF and two re-
alizations of the BF for tracer transport, and the impli-
cations for tropospheric chemistry and for future devel-
opments in cumulus convection parameterizations are
discussed.

2. Model description, convective transport
algorithms, and runs setup

a. MATCH

The Model of Atmospheric Transport and Chemistry
has been described and evaluated in detail in Rasch
et al. (1997), Mahowald et al. (1997a,b), Lawrence et
al. (1999b, 2003b), and von Kuhlmann et al. (2003a,b).
The model transport and physics parameterizations

are mostly based on the CCM3 (Kiehl et al. 1996).
MATCH has been used for a variety of studies, includ-
ing a recent examination of the effects of deep convec-
tive transport on global tropospheric O3 (Lawrence et
al. 2003a). Here the basic model setup from Lawrence
et al. (2003b) is used, driving the modeled meteorology
with National Centers for Environmental Prediction
(NCEP) Global Forecast System (GFS) analysis data
for 2001 at an intermediate resolution of T42 (64 � 128
grid points), with 42 vertical layers. The model is run in
a semi-offline mode, relying only on a limited set of
input data fields, which are surface pressure, geopoten-
tial, temperature, horizontal winds, surface latent and
sensible heat fluxes, and zonal and meridional wind
stresses. These are interpolated in time to the model
time step of 30 min, and used to diagnose transport by
advection, vertical diffusion, and deep convection, as
well as the tropospheric hydrological cycle (water vapor
transport, cloud condensate formation, and precipita-
tion).

For deep convection, MATCH uses two parameter-
izations called sequentially, following the procedure
used in the CCM3 (Kiehl et al. 1996). The penetrative
deep convection scheme (Zhang and McFarlane 1995,
hereafter ZM95) is based on a reformulation of the
PEF of AS74 to a BF, with four main steps: 1) the BF
is achieved by analytically solving the equations for an
implicit PEF; 2) this analytical solution is facilitated by
the simplifying assumptions that the entrainment rate
(�) is constant for each ensemble member, that all up-
drafts start at the same base level, and that the updraft
base mass flux is evenly distributed per increment of �;
3) the closure assumption is that the base mass flux is
scaled so that the convective available potential energy
(CAPE) is depleted with a characteristic time constant;
and 4) a set of entraining downdrafts is added, all of
which detrain air only at the base level of the updrafts.
The second convection scheme used in MATCH is
from Hack (1994), which is a three-layer convective
adjustment scheme that removes any remaining insta-
bility after the ZM95 convection. The ZM95 scheme
mainly represents deep convection, which is rooted in
the BL, while the Hack scheme mainly represents the
effects of all other types of convection (shallow moist
BL convection plus deeper convection originating
above the BL). The results here are shown with the
transport by the Hack scheme included. We have also
redone the same sensitivity runs without tracer trans-
port by the Hack scheme, which yield the same conclu-
sions and only small quantitative differences (order
1%) from the comparison of the BF with the PEF dis-
cussed below.
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b. Decomposition of a bulk mass flux vertical
profile into a discrete plume ensemble

Comparing a PEF and its corresponding BF approxi-
mation can be done in two different ways. One way is to
start with an explicit PEF parameterization and simply
sum up the plumes into a single bulk plume for the BF
transport. The other possibility is to start with a BF
parameterization and decompose the bulk plume into
individual discrete plumes for use in the PEF transport.
Such a decomposition will not necessarily yield a
unique set of discrete plumes; thus it is important to
check that the decomposition results in a set of plumes
that are consistent with the basic assumptions underly-
ing the BF approximation. In either case, only the
transport of tracers should be modified to compare the
PEF and BF specifically for tracer transport; the treat-
ment of water vapor, moist static energy, precipitation,
and other parameters should be kept the same as in the
original parameterization so that the overall modeled
circulation is not modified.

In this study, we use the BF parameterization by
ZM95 as employed in MATCH and the CCM3. ZM95
is based on the plume ensemble concept, but by making
use of a few simplifying assumptions (see section 2a), it
directly derives the corresponding bulk mass flux pro-
files. The parameterization does not explicitly compute
the mass flux profiles for the discrete plume ensemble
members. Thus, we must first decompose the bulk
plumes from ZM95 to determine a consistent set of
discrete plume ensemble mass flux profiles in each col-
umn.

The decomposition of a bulk mass flux profile into its
corresponding discrete plume ensemble is in principle
straightforward. The mass flux profiles of the discrete
ensemble members can be deduced one at a time, start-
ing with the tallest plume. This makes use of two prop-
erties of the entraining plume model. First, each dis-
crete plume only detrains in a single model layer. Thus,
the mass flux, entrainment flux, and detrainment flux of
the tallest plume in the uppermost convective layer are
simply equal to the corresponding bulk fluxes in that
layer. Second, the entrainment rate (�) of each plume is
assumed to be constant with altitude. This can be used
with Eq. (1) (in discrete form) to determine the mass
and entrainment fluxes for the tallest plume in each
layer below the top, down to the updraft base. These
mass flux and entrainment flux vertical profiles for the
tallest plume are then subtracted off from the bulk mass
and entrainment flux profiles, yielding new bulk pro-
files in which the uppermost detrainment layer now
corresponds to the second tallest discrete plume en-
semble member. The same procedure is then repeated

recursively for this and each shorter plume until the
lowermost detrainment layer has been reached, and the
mass flux profiles for each of the discrete plume en-
semble members have been determined.

In practice, a slightly different approach is taken
(treating all the plumes in parallel in each model layer
starting from the top, rather than decomposing one
plume at a time from top to bottom), and a few diffi-
culties are encountered in the application of this ap-
proach to the ZM95 parameterization, particularly hav-
ing to do with the discretization of Eq. (1). These are
outlined in the appendix, along with an examination of
whether the decomposed plumes are consistent with
the basic assumptions in ZM95. It is also worth noting
that the decomposition outlined here would also be
possible, though more complex, for entraining plume
models with a varying �.

�n example of the bulk convective mass flux profile
from ZM95 and its decomposition into a set of discrete
plume ensemble members is shown in Fig. 2. This ex-
ample gives an indication of the typical differences in
the entrainment rates of the plume ensemble members:
at the surface the mass flux of the tallest plume is con-
siderably larger than the mass flux of the shortest
plume, while by the time the shortest plume reaches its
detrainment layer (�5 km) its mass flux has more than
doubled, growing to be greater than the mass flux that
the tallest plume attains at its detrainment level (�10
km). The slope of the bulk mass flux (below �5 km) is
between these two extremes, and is clearly much larger
than the slope of the tallest plume. Thus, as described in
the introduction, the parcels which reach about 8 km or
higher in the BF will have been considerably more di-
luted by air below about 5 km than the parcels reaching
the highest detrainment layers of the PEF.

FIG. 2. Sample decomposition of the vertical mass flux profile of
a BF plume (thick solid gray line) into its individual discrete PEF
members for a model column over central Africa. The thin lines of
different types represent each discrete plume, with the thin solid
line being the tallest plume and the dash–dot–dot line being the
shortest plume.
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