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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
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for tropospheric chemistry are discussed.

1. Introduction

It has long been recognized that transport by deep
convection can have a substantial impact on O5 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
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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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FI1G. 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.

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 dM
MM W
where M is the vertical mass flux per unit area and z is
the vertical coordinate. Often it is assumed for simplic-
ity that A 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 A = 0,
and the shortest plume has the maximum allowable A
(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
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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., O5;, CO, radon, CH;l,
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
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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
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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 O5 (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 X 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
(M) 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 A;
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 (A) 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
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F1G. 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.

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 A.

An example of the bulk convective mass flux profile
from ZM095 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.
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c. Tracer transport algorithms

The transport of tracers based on the bulk and plume
ensemble mass fluxes is computed with a new, mass-
conserving, monotonic numerical scheme developed
for this study, which is in principle similar to the trans-
port algorithms used in previous studies (e.g., Mahow-
ald et al. 1995; Brinkop and Sausen 1997; Rasch et al.
1997), but generalized to allow either PEF or BF trans-
port, and with particular attention to guaranteeing
monotonicity for all scenarios (provided the incoming
mass fluxes are balanced). The transport is done in
three steps, which are largely the same for the PEF and
the BF:

1) the mixing ratios in the updrafts are computed for
each model layer and each discrete plume (or the
single bulk plume) between the updraft base and
cloud top in order to determine the mixing ratios in
the detraining air masses;

2) the downdraft mixing ratios in each layer and in the
air detraining from the downdrafts are determined
by repeating this procedure in the opposite direc-
tion;

3) the environmental profile of each tracer is updated
to reflect the changes due to the convective trans-
port (detrainment from the updrafts and downdrafts
and mass-balance subsidence or ascent).

1) UPDRAFTS

The continuity equation for a tracer mixing ratio Q,,
(kg kg™ ') in an updraft (PEF or BF) is

109

p aZ (FMQu) = EuQenV - Dqut’ (2)

where z is the altitude (m), p is the ambient air density
(kg m~?), F, is the updraft mass flux (kg m ?s™ '), E,
and D,, are the entrainment and detrainment rates, re-
spectively (s™!), and Q.,, is the environmental mixing
ratio (kg kg™'). The generalized discretization of this
for a single model layer is depicted in Fig. 3. For the
PEF, for a single plume Eq. (2) becomes

FLQ, = Fi 0y = FLO&,, — FaQu, 3)

where the left-hand side represents the vertical discreti-
zation of d(F,Q,,), k (superscripted) is the current layer
index, k + 1 is the layer below the current layer, and Q%
is the detraining mixing ratio [described below in Eqgs.
(6) and (7)]. The entrainment F* and detrainment (F%)
terms are expressed in Eq. (3) as mass fluxes (in kg m 2
s~ 1), which are related to the entrainment rates by the
hydrostatic equilibrium approximation: F% = EXAP*/g
and F& = DEAP*Ig where AP* is the absolute pressure
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FIG. 3. Schematic of the fluxes F and mixing ratios Q (see text
for definitions) in the convective transport algorithm for a single
model layer k (generalized to include the f term used in the BF).
The layer interfaces are indicated with dotted lines and are la-
beled k for the top interface and k + 1 for the bottom; FX and QX
are interface values leaving the layer, FX*! and Q™! are interface
values entering the layer from below, while FX, F% Q% and Q%
are average values across the layer.

difference across the layer k, and g is the gravitation
constant.

Rearranging Eq. (3) gives the updraft mixing ratio
leaving the top of any nondetraining layer (F% = 0) for
a single plume in the PEF:

k+1~k+1 k Yk
FETIQNT 4 FROK,
_ - _
Fll

o 4)

Starting at the updraft base level, where the updraft
mixing ratio is set equal to the environmental mixing
ratio, this is then used recursively to solve for QX in
each convectively active layer k above the updraft base
and below the detrainment layer. The implementation
of ZM95 in MATCH guarantees that the mass fluxes in
any layer k are balanced:

Fk = Fk+1 4 pk — FF 35)

By setting F¥ = 0in Eq. (5), one sees that the updraft
mixing ratio QX is computed in Eq. (4) as a mass-flux-
weighted mean of QX*! and QF,,,, which is an important
part of guaranteeing monotonicity in this formulation
[also note that for a spatially uniform tracer mixing
ratio, Eq. (4) reduces to being the same as Eq. (5),
which contributes toward satisfying mass conservation].

For each plume in the PEF, in its detraining layer
(where FX > 0) the tracer mixing ratio in the detraining
air mass (Q%) is determined from the tracer entering the
layer from below plus any tracer, which is entrained in



AuagusT 2005 LAWRENCE

the detraining layer (which can be significant given grid
cell depths of the order of a kilometer typical for global
models):

Fk+ le+l + Fka

env
k
Fq

o)

_(Fy— FHOI + FLO%

env
k
Fa

: (6)

where the second expression demonstrates monotonic-
ity in the column (i.e., Q% will be between Q%! and
0O ,), and is derived by substituting Eq. (5), noting that
F* = 0 by definition for the PEF (since all mass detrains
in the detraining layer). The detrainment mixing ratio
in each plume for the PEF is then used to update the
environment in the final step [Eq. (9), below].

For the BF, as for the PEF, Eq. (4) is used to com-
pute Q% in nondetraining layers. However, in contrast
to the PEF, in each detraining layer of the BF (except
at the cloud top), there is still a mass flux leaving the
layer through the top. Some fraction of the air that
entrains in a given model layer will continue through to
the next layer, while the rest will be entrained into the
implicit, infinitesimal plumes that detrain in that layer.
The component, which both entrains and detrains in
the current layer, is indicated by the dashed lines in
Figs. 1b and 3; this fractionation is an artifact due to the
reduction of an ensemble of entraining plumes to a
single bulk plume on discrete levels, which can be seen
in comparison to Fig. 1la. To account for this, an addi-
tional term f (the fraction of the air entraining in a layer
that detrains in the same layer) is introduced into the
equations, so that the detraining mixing ratio for any
layer with FX > 0 is then computed for the BF as

o (FS— fFHOE + fFEQK
Qd - Fk
d

; ™)

where the form of Eq. (7) is chosen to be mass con-
serving and monotonic for @, and can be compared
with Eq. (6). Combining this with Eq. (3) gives the
updraft mixing ratio

o LFL = (Fg— [FOI0L " + (1 - HFO

k
Qu - Fﬁ s (8)

which is comparable to Eq. (4), modified to be appli-
cable to detraining layers in the BF.

The parameter f, which is a consequence of simplify-
ing a PEF to a discrete BF, has not, to our knowledge,
been discussed explicitly in the previous literature on
convective tracer transport. For thermodynamic as-
pects of convection, it has not been considered to be a
significant issue because air entrained into the updraft
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is frequently assumed to become saturated immediately
at the updraft temperature, based in turn on the as-
sumption that there is nearly always sufficient cloud
condensate present to maintain saturation (G. Zhang
2004, personal communication). For tracers, on the
other hand, the choice of f can result in significant dif-
ferences in convective transport, as shown in the results
below.

Unfortunately, there are no clear guidelines for
choosing an appropriate a priori value or range of val-
ues for f, which depend on the characteristics of the
entraining plumes in the convection parameterization,
as well as on the vertical resolution of the model (for
thicker layers, the detraining air mass will represent a
greater fraction of the total plume ensemble mass flux,
so that f will be larger). The value of f will be different
for each model grid cell in which detrainment occurs.
The only way to determine a proper value for f for a
given grid cell is to go through the decomposition of the
bulk mass flux profile described in section 2b, then to
compute the ratio of the entrainment flux into the
plume that detrains in that layer versus the entrainment
flux into the remaining plumes that pass through to
higher layers. Doing this for each model column, how-
ever, would essentially defeat the purpose of having a
simplified bulk formulation. As an alternative, we have
collected statistics on the value of f from test runs in
which the bulk plumes have each been decomposed.
For the month being considered in this study, the global
average and standard deviation are f = 0.33 £ 0.16,
with values being slightly higher in the extratropics. We
have also run tests with the NCEP-National Center for
Atmospheric Research (NCAR) 40-yr reanalysis data
(Kalnay et al. 1996), which has a lower vertical resolu-
tion of only 28 layers (instead of 42 in the GFS analy-
sis), for which we compute a higher value of f = 0.45 =
0.21, as anticipated. Given the large variability in these
diagnosed values of f (with relative standard deviations
of about 50%), choosing any particular single value for
f,in order to maintain the simplicity of the BF, can only
be seen as a rough approximation for all clouds in the
BF, and would need to be chosen differently for each
new model configuration. Instead, in order to examine
the overall importance of this feature of BF convective
transport and the choice of f, we test two extreme cases,
one with f = 0.5 (the upper end of the range of typical
values for this configuration of MATCH with ZM95),
and the other with f = 0. The latter case can be seen as
completely neglecting this transport component and in-
stead assuming that the detraining air is comprised only
of the air entering from below and that all entrained air
joins the mass flux into the next layer, which is likely to
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represent what has been done in some of the other BF
convective transport schemes currently in use. Because
a higher value of f results in less dilution of the air
masses that continue on to higher levels, the case with
f = 0.5 can be expected to give results for the BF (for
surface tracers), which are closer to the PEF than the
f =0 case.

2) DOWNDRAFTS

In ZM95, downdrafts only detrain in a single layer in
each column (which is at the updraft base level), and
thus the PEF and BF for downdrafts in ZM95 reduce to
being identical (this is not necessarily the case for other
bulk convection schemes). The same procedure as the

i=
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BF updrafts is thus used based on the downdraft mass
fluxes and entrainment fluxes, initializing the down-
drafts with the preconvection environmental mixing ra-
tios from the respective layers, to determine the tracer
mixing ratios in the air that finally detrains from the
downdrafts. Note that in the next section, the treatment
is generalized to allow either PEF or BF downdrafts.

3) UPDATING THE ENVIRONMENTAL MIXING
RATIOS

The final step is to update the environment to reflect
the changes due to the convective transport, which is
computed for a given model layer as

Ny Na
[ FEOO4(0) + X, Fiy()054(0) + FfQé,:J(n]At + ML)
1 i=1

OF(t + AD) =

where t is the time and At is the time step (s), N, and N,
are the number of updraft and downdraft plumes, re-
spectively, Fy, is the detrainment flux from downdrafts
(kg m~? s™!, taken to be positive), Q% is the tracer
mixing ratio in the detraining air from the downdrafts
(kg kg™ 1), and M* is the column mass density (kg m™?)
of the grid cell (M* = AP¥/g), F¥ is the downward air-
mass flux due to subsidence (kg m 2 s~ '), which bal-
ances the difference in the updraft and downdraft mass
fluxes (note that in ZM95 the updraft mass flux is al-
ways larger than the downdraft), computed as

Ny Ng

Fr =" FXi) — ) Flounli),
i=1 i=1

where FX_..(i) is the downdraft mass flux of plume i at
the interface k, and M is the residual air mass left in
the cell

(10)

Ny, Ny
Mk = M* — [E F&i) + D F&(i) + F{;]Az. (11)
i=1 i=1

Thus, the first and second terms in the numerator on
the right-hand side in Eq. (9) are the amounts of the
tracer added to the environment by the full set of N,
updrafts and N, downdrafts, respectively (for the BF,
N, = N, =1, and generally for downdrafts in ZM95, N,
= 1), the third term is the tracer added from the layer
above due to mass balance subsidence, and the fourth
term is the tracer left over in the grid cell from before
the convective redistribution. Chemical changes (e.g.,
decay) during the convective transport are neglected.
Although the simple upwind differencing approach

Mk ’ (9)

used in Eq. (9) is known to result in numerical diffusion
(e.g., Rood 1987), it has been chosen for use here as a
straightforward final step in guaranteeing mass conser-
vation and monotonicity.

Finally, it is important to note that the difference
between the BF and the PEF is not simply a conse-
quence of the discretization (even if a higher order dis-
cretization or vertical resolution were used). The dif-
ference arises in the computation of the tracer mixing
ratio in the updraft in Eq. (8) (where f = 0 for the PEF).
In a nondetraining layer, where FX = 0 and thus f = 0
also for the BF, this reduces to Eq. (4) for both the PEF
and BF, in which the fraction F¥/FX determines the
dilution of the convective core mixing ratio (Q,) with
environmental air (Q.,,). This fraction is related to A
[Eq. (1)], and is thus larger for the BF than for the
tallest plumes in the PEF. Thus, by the time the first
detraining layer is reached, Q.,, contributes more to
Q,, in the BF than in the tallest plumes of the PEF. This
difference holds regardless of how many layers are used
or how short the time step is. The introduction of the
parameter f, which as discussed above can be approxi-
mated based on information from the decomposition of
the bulk plume into a discrete ensemble, helps to re-
duce the difference between the BF and PEF, but only
in the detraining region of the convective column.

d. Runs

The runs examined in this study focus on insoluble

tracers with uniform surface emissions of 10~ ! kg m ™2

s and a constant radioactive like decay in the atmo-
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sphere, with e-folding lifetimes of 0.5, 1, 2, 5, and 10
days. This suite of tracers gives information that is rel-
evant for a wide range of actual gases in the atmosphere
with predominantly surface or lower tropospheric
sources, such as radon, dimethylsulfide (CH;SCH,),
CHs;I, nitrogen oxides (NO, = NO + NO,), CH;00H,
and isoprene (CsHg). The effects on real gases in full
atmospheric chemistry simulations will be examined in
follow-up studies, after the new transport scheme is
extended to consider the effects of precipitation scav-
enging. Three runs are examined here with this set of
tracers: 1) PLUME, using the profile decomposition
described in section 2b and the PEF transport algo-
rithm in section 2c; 2) BULK, using the original bulk
mass flux profiles from the ZM95 scheme with the
tracer transport scheme in section 2c, and with f = 0.5;
and 3) BULK-0, which is like the BULK run but with f
= (. The runs are started in June 2001, and given one
month for the tracer distribution fields to spin up from
their initial mixing ratio of zero everywhere; model out-
put is examined for July 2001. In all of the runs, only the
transport of the chemical tracers is modified; tenden-
cies for water and potential temperature due to convec-
tive transport are computed internally by the ZM95
parameterization and are left unchanged between the
runs, so that the bulk mass fluxes and other aspects of
the simulated meteorology (e.g., the tropospheric hy-
drological cycle) are the same for all runs.

3. Effects of the transport formulation on
short-lived tracers with surface sources

The zonal mean distributions of the tracers with 7 =
1 day and 7 = 2 days for the PLUME run (Figs. 4a,b)
reflect the general tendency of the modeled deep con-
vection to be strongest in the Tropics, and to detrain in
a broad region covering the middle and upper tropo-
sphere, resulting in a local minimum in the mixing ra-
tios in the lower troposphere. These c-shaped vertical
profiles are commonly observed for reactive trace gases
in the troposphere. For these short-lived tracers, the
mean mixing ratios decrease very rapidly above the
tropopause.

The relative differences of these tracers in the
PLUME versus the BULK run (Figs. 4c,d) show that, as
expected from the discussion above, using the PEF en-
hances the transport of a surface tracer to the highest
layers compared to using the BF, and reduces the trans-
port to the lower and middle troposphere. Monthly
zonal mean differences exceed 20% of the BULK run
value for the 7 = 1 day tracer throughout most of the
tropical tropopause layer (TTL), overlapping with the
top of the simulated primary convective outflow region
(Fig. 4a), while the differences are smaller (<15%) in
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the extratropical UT. The differences are larger for
shorter-lived tracers and smaller for longer-lived trac-
ers. They are also significantly larger if the BF neglects
the detrainment of air that has entrained in the same
model layer (i.e., the BULK-0 run), as shown in Figs.
4ef. In this case, the difference in efficiency of trans-
port of short-lived tracers to the top of the TTL reaches
50% in the zonal, monthly mean, and can exceed 20%
in the summertime extratropical UT.

A summary of the results in terms of the tracer
masses in the UT in the three sensitivity runs is given in
Table 1. The difference in the mean transport to the UT
between the PLUME and BULK runs is about twice as
large in the Tropics as in the extratropics. For the very
short-lived surface tracers, the PLUME run computes
monthly mean masses of the tracers in the tropical UT
which are up to 22% higher than in the BULK run,
while for tracers with T = 5 days the difference between
the two runs is less than 10%. The differences between
the PLUME and BULK-0 runs are about half again as
large as the differences between the PLUME and
BULK runs. Since the use of f = 0.5 in the BULK run
mainly reduces the differences in the detrainment re-
gion, this indicates that most of the total difference
between the PLUME and BULK-0 runs is due to en-
trainment in the nondetraining layers. Recall that our
choice of the test value of f = 0.5 is at the high end of
the range we diagnosed as being typical for this model
configuration. This should not only reduce the differ-
ences in the detraining region (for surface tracers), but
will also help to compensate for some of the difference
below the detraining region; nevertheless, even this is
far from being able to fully alleviate the differences
between the PEF and BF.

Much larger differences can be expected on shorter
time scales during intense convective activity. In re-
gions of strong convective outflow, UT tracer mixing
ratios in the PLUME run can exceed those in the
BULK run by more than a factor of 2 (based on 3-h
average model output); example profiles showing such
differences are plotted in Fig. 5. In the uppermost re-
gions of convective outflow, where the mass flux is de-
creasing rapidly with height, the differences for indi-
vidual profiles can exceed an order of magnitude. For
atmospheric chemistry, especially for comparisons to
field observations, it is important to know how frequent
these large differences are. Figure 6 shows the cumula-
tive frequency distribution of the relative differences
between individual profiles from the PLUME and
BULK runs. If one only considers layers with strong
convective outflow (Fig. 6a), which can only be pro-
duced if dilution with midtropospheric air (which
erodes the buoyancy) is limited, differences of >10%
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butions from the PLUME vs BULK-0 runs—100[(PLUME — BULK-0)/BULK-0]. The ratios are only plotted for

model layers in which the zonal mean mixing ratio of the tracer in the PLUME run is >10"

mixing ratio in the underlying model surface layer.

between the tracers in the PLUME and BULK runs can
nevertheless be found in more than half of the convec-
tive columns, except for the 7 = 10 day tracer, and
differences exceeding 30% are common for the shorter-
lived tracers. If the criterion is relaxed to columns with

3 of the zonal mean

moderate convective outflow (Fig. 6b), larger differ-
ences become more frequent. In this case, for the very
short-lived tracers (7 = 2 days), differences of more
than 50% can be found in more than 1% of the profiles,
and even for the T = 5 day tracer, the differences ex-
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TABLE 1. Tracer masses (10° kg) in the sensitivity runs for the tropical and extratropical UT.

PLUME BULK PLUME vs BULK*® BULK-0 PLUME vs BULK-0*
Tau (days) (10° kg) (10° kg) relative difference (%) (10° kg) relative difference (%)
Tropical UT®
0.5 0.284 0.232 22.4 0.209 35.9
1.0 0.832 0.699 19.0 0.644 29.2
2.0 2.280 1.980 15.2 1.870 21.9
5.0 7.560 6.880 9.9 6.640 13.9
10.0 16.900 15.900 6.3 15.500 9.0
Extratropical UT¢
0.5 0.163 0.147 10.9 0.139 17.3
1.0 0.501 0.463 8.2 0.443 13.1
2.0 1.520 1.430 6.3 1.380 10.1
5.0 6.320 6.060 43 5.940 6.4
10.0 17.100 16.600 3.0 16.300 49

# Relative difference due to using a PEF vs using a BF with f = 0.5 or f = 0.0, computed as [100 (PLUME — BULK)/BULK] or [100

(PLUME — BULK-0)/BULK-0], respectively.
©30°S-30°N, above 200 hPa.
€90°-30°S plus 30°-90°N, above 300 hPa.

ceed 20% more than 14% of the time. On the other
hand, for longer-lived tracers (t = 10 days), the differ-
ences between the PLUME and BULK runs are gen-
erally small, rarely exceeding 20%.

Finally, we have also examined simple tracers with
sources in other vertical regions, which for brevity have
not been included in detail here. The differences be-
tween the PEF and BF are typically largest for tracers
with midtropospheric sources. In this case, the main
pathway for the tracers to reach the UT is via midtro-
pospheric entrainment, and thus (in contrast to surface
tracers) the BF strongly overestimates the efficiency of
vertical transport of these tracers relative to the PEF.

4. Implications for atmospheric chemistry
simulations

Although follow-up studies on the impact of PEF
versus BF transport on real reactive gases and aerosols
(e.g., ozone and sulfate) will first require the develop-
ment of a new precipitation scavenging algorithm con-
sistent with the transport algorithm presented here, a
few implications, especially for Os-related gas phase
atmospheric chemistry, can already be anticipated.
First, convective transport of short-lived gases provides
a significant source of HO, (=OH + HO,) to the UT
(e.g., Prather and Jacob 1997; Jaeglé et al. 2001), which
determines the UT oxidizing efficiency, and in turn in-
fluences the lifetimes of radiatively active gases such as
CH,. Our results suggest that very short-lived gases
likely have an even more important role for the UT
HO, budget than found in previous simulations, most
of which were done with chemistry transport models

(CTMs) using BF transport parameterizations (e.g.,
Collins et al. 1999). This may especially be the case for
CH;0O0H, since its lifetime is less than a day, and the
primary region where it can compete with other main
HO, sources is near the tropopause, where we compute
the largest increase in the efficiency of transport with
the PEF versus BF.

Similarly, NO, (=NO + NO,), which has a lifetime
of about a day in the lower troposphere, will also be
more efficiently transported to the UT by the PEF than
by a corresponding BF. Convective transport of NO,
tends to increase global levels of Os, an important
greenhouse gas, since in the UT the NO, lifetime is
longer, and its O; production efficiency is greater than
near the surface (e.g., Dickerson et al. 1987; Pickering
et al. 1990; Lawrence et al. 2003a). Determining wheth-
er this can compete with the source of NO, from light-
ning, however, will require runs with a global CTM.

Finally, comparisons of model output with vertical
profile measurements are expected to be affected for
tracers with large vertical gradients in convectively ac-
tive regions, as demonstrated in Fig. 5. Much of the past
work in evaluating CTMs with observations has focused
on climatological values (e.g., monthly means) of trace
gases (Hauglustaine et al. 1998; Lawrence et al. 1999a;
Bey et al. 2001; Horowitz et al. 2003; and others). For
MATCH we have noted that UT mixing ratios of sev-
eral trace gases with primarily lower tropospheric
sources, such as CO, C,Hq, C,Hg, C,Hi, CH,O, and NO
are often underestimated in convective, polluted re-
gions [see the figures for the regions PEM-West-A:
China-Coast-E, TRACE A: Brazil-E, TRACE A: Af-
rica-S, and TRACE A: Africa-Coast-W in von Kuhl-
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F1G. 5. Sample vertical profiles of the tracer mixing ratios for
the 7 = 1 day tracers (3-h average output) for the three date-times
indicated showing the differences between the PLUME and
BULK runs in regions of strong convective outflow.

mann et al. (2003b)]. The more efficient PEF transport
may help to reduce some of these discrepancies; how-
ever, because of the very large number of other uncer-
tainties that could also influence the vertical profiles,
such as the overall convective mass fluxes, upper tro-
pospheric oxidation rates, and scavenging of soluble
intermediates, along with sampling issues of comparing
point measurements with model results, it is currently
not possible to make use of observations to critically
evaluate the BF and PEF transport formulations. In
addition to these climatological studies, recently we
have begun using MATCH to analyze individual verti-
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cal profiles of trace gases from a number of different
field campaigns (e.g., Lawrence et al. 1999a, 2003b;
Lawrence 2001). Furthermore, MATCH and many
other models are now being used to make short-term
chemical weather forecasts for guiding field campaign
flights (e.g., Lawrence et al. 2003b). Such analyses and
forecasts will be sensitive to various uncertainties in the
parameterization of deep convection, including the
treatment of tracer transport, for example, with an ex-
plicit PEF or a corresponding BF simplification.

5. Conclusions

This study contributes toward our understanding of
the effects of deep convection on tropospheric tracers
and the sensitivity of chemistry transport model simu-
lations to the characteristics of convective transport pa-
rameterizations. Previous studies (Mahowald et al.
1995; Collins et al. 2002) have compared different con-
vection schemes in 1D and 3D models and showed that
they can lead to substantial differences in the vertical
distributions of various short-lived tracers. In this study,
we have shown that even for a single convection pa-
rameterization (ZM95), significant differences in the
UT mixing ratios of short-lived tracers can result, de-
pending on how the convective mass fluxes are com-
puted and applied to tracer transport. This applies not
only to the difference between the PEF versus BF treat-
ments of tracer transport, but also to the implementa-
tion of the entrainment and detrainment fluxes within
the BF itself (i.e., the notable differences between the
BULK and BULK-0 cases, which can be seen implicitly
in Fig. 4).

The differences resulting from simplifying a PEF to a
BF depend on the lifetime (7) of the tracer in question.
For 7 =5 days, the use of a simplified BF appears to be
justified for simulations of surface tracers, particularly
when monthly mean output is being examined. On the
other hand, for shorter-lived (7 <2 days) surface trac-
ers, or more generally for any tracer with a strong ver-
tical gradient prior to the occurrence of deep convec-
tion, the reduced efficiency in the amount of tracer
transported to the UT resulting from the use of the BF
can be significant, exceeding 30% in the zonal mean
averaged over a month in our simulations, and even
greater on shorter time scales.

Future studies of the effects of deep convection on
tropospheric gas and aerosol chemistry are still needed
to address several issues. In particular, in order to apply
the transport algorithm developed here to “real” tro-
pospheric chemistry, it will need to be extended to ac-
count for the uptake of soluble gases and aerosols in















