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[11 The role of convection in global-scale transport in the troposphere is studied by using
climatological Green’s functions of the mass conservation equation for a conserved,
passive tracer. The Green’s functions are calculated from long-term atmospheric trajectory
calculations based on three-dimensional winds from a 19-year simulation by Version 3 of
the NCAR Community Climate Model (CCM3). Two trajectory calculations are
compared: one that includes the effects of the model’s parameterized convection and one
that neglects the convective transport. The global transport properties of the two cases
are qualitatively similar. The global troposphere can be divided into three parts: the
tropics, and the Northern and Southern Hemisphere extratropics. Transport within each
region is rapid, while the exchange of air between the regions is comparatively slow.
Semipermeable barriers to transport exist in the subtropics in both cases. Convection
slightly suppresses transport across the subtropical barriers. Convective transport enhances
the vertical dispersion of air parcels, particularly in the rising branch of the Hadley
circulation. Localized differences between the two runs can reach 50—80%. The
differences are largest in the upper troposphere. Interannual transport variations related to
the El Nifio—Southern Oscillation (ENSO) phase can be detected in both cases, with the
vertical transport being enhanced in the presence of convection.
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1. Introduction

[2] Improved understanding of global transport becomes
more important with increasing emission of air pollutants in
the troposphere. Any changes in the large-scale atmospheric
transport patterns will alter the distribution of many trace
gases and the dispersal of pollutants and will have implica-
tions for their environmental impact. Studies of air tracers
can be particularly useful in assessing the role of the
convective transport, the importance of which is being
increasingly recognized in the atmospheric community in
recent years [see, e.g., Dickerson et al., 1987; Thompson et
al., 1994; Twohy et al., 2002; Cooper et al., 2002; Mari et
al., 2004; Kiley et al., 2003; Lintner et al., 2004, and
references therein). It is evident that convection plays an
important role in the general circulation and transport of
trace constituents. Moist convection can effectively move
polluted air from near the surface to the upper troposphere,
thereby often increasing the lifetimes of chemical species.
Transport into the free troposphere also initiates global,
long-range, intercontinental transport of pollutants. Con-
versely, precipitation associated with deep convection can
effectively remove soluble species.

[3] In present-day general circulation models (GCMs)
convection is a subgrid process accounted for by various
methods of convective parameterizations. Convective
parameterizations include many ad hoc parameters and have
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a number of limitations [Arakawa, 2004]. Development of
different approaches to understanding the role of convective
transport is an important scientific goal.

[4] One approach to the study of the transport circulation
is through trajectory (Lagrangian) methods. Lagrangian
methods have proven to be very useful in understanding
transport problems in the atmosphere [Hsu, 1980; Matsuno,
1980; Kida, 1983; Austin and Tuck, 1985; Schoeberl et al.,
1992, 2000; Bowman, 1993; Pierce and Fairlie, 1993; Chen,
1994; Sutton et al., 1994; Bowman, 1996; Pierrehumbert
and Yang, 1993; Bowman and Carrie, 2002; Bowman and
Erukhimova, 2004]. The Lagrangian trajectory equation that
describes the motion of a hypothetical massless air parcel is
solved by using velocity fields from observations or simu-
lations. The trajectories are analyzed to study the transport
properties of the flow.

[s] This paper is a continuation of the study by Bowman
and Erukhimova [2004] (hereinafter BE), where we gave a
detailed analysis of the climatological transport from
Lagrangian calculations with large-scale velocity fields
calculated from the third version of the National Center
for Atmospheric Research Community Climate Model
(NCAR CCM3). In BE, however, we neglected transport
due to parameterized convection. The goal of this work is
to include convective transport in the trajectory model of
BE and quantitatively evaluate the importance of convec-
tion for the large-scale transport in the troposphere. Long-
term CCM3 runs are performed to simulate the large-scale
velocity field and convective mass fluxes. A single 19-year
integration of the trajectory equation is carried out using
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both the large-scale and convective velocities for a large
number of particles. A quantitative comparison between the
transport patterns with convection taken into account (here-
inafter CONV case) and without convection (NC case) is
done in terms of the Green’s functions of the transport
equation.

2. Model Description

[6(] We use winds from a standard simulation of the
NCAR Community Climate Model (CCM3). The model
has realistic geography and a seasonal cycle. A single
integration for the period 1 September 1978 to 31 December
1997 is carried out using observed sea surface temperatures
(SSTs) provided by the Global Model Intercomparison
Project [Sheng and Zwiers, 1998; Gates et al., 1999; Taylor
et al., 2000]. The simulation uses 18 vertical levels and T42
horizontal resolution (~2.8° x 2.8° transform grid). The
vertical coordinate is a hybrid 1 coordinate, which transits
from a terrain-following sigma coordinate in the tropo-
sphere to pressure coordinates in the stratosphere. For the
purposes of this work, three-dimensional grid-scale veloc-
ities, convective fluxes, and convective cloud fractions are
saved at 6-hour intervals. Horizontal velocities and convec-
tive fluxes are linearly interpolated from model “levels™
onto model ““interfaces,” where the vertical velocity 1| is
calculated. Convective fluxes are calculated by the Zhang
and McFarlane [1995] (hereinafter ZM) convective param-
eterization scheme for the deep convection and by the Hack
scheme for the shallow convection [Hack et al., 1993]. The
ZM scheme is based on a plume ensemble approach, in
which it is assumed that an ensemble of convective-scale
updrafts and downdrafts exist when the atmosphere is
conditionally unstable in the lower troposphere. The updraft
plumes originate in the planetary boundary layer and can
penetrate to the upper troposphere to their neutral buoyancy
levels. Convection occurs only when there is convective
available potential energy (CAPE), which is subsequently
removed by convection using a specified adjustment time-
scale. Simple assumptions about convective cloud structure
are used to determine the mass flux and the thermodynamic
properties in the updraft and downdraft ensembles.

[7] The Hack scheme is similar to moist convective
adjustment. The adjustment is performed in mass flux form.
Adjustment occurs within groups of three adjacent model
levels starting from the top of the boundary layer. The
amount of cloud mass detrained in each layer is determined
by the local atmospheric instability.

[8] The large-scale, three-dimensional winds and the
convective fluxes are used to calculate the particle trajecto-
ries, as described below. At 0000 UTC 1 January 1979
parcels are randomly initialized in space. From their random
initial conditions, particle positions are integrated forward
continuously from 1 January 1979 to 31 December 1997 for
both cases.

2.1. Trajectory Model

[v] The trajectory model described in BE is modified in
order to take into account the effect of convection. All
variables (mass fluxes, cloud fractions) calculated by the
convective parameterization scheme in CCM3 are averaged
over model grid boxes, so the locations and strengths of
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individual updrafts are not known. For tracer parcels, which
can be located anywhere within a grid box, it is not possible
to know which parcels are moved by convection. In the
trajectory model, therefore, the effects of convection are
included stochastically, to reflect the physical intent of
the convective parameterization. Because the convective
parameterization used in CCM3 is formulated in terms of
mass fluxes, convective velocities are calculated from the
mass fluxes. If M, is the net vertical mass flux due to
convection and f,. is the convective cloud fraction, then
convective velocities on m surfaces 7). and the compensating
subsidence velocity in the environment 1), are

dn

. dn . . —1
= Mg L =Mg—(1—£)", 1
Me gdpf : M gdp( fe) (1)

where g is the acceleration of gravity and p is pressure.

[10] The trajectory model described in BE is modified in
the following way. Consider a parcel at position x’, which is
a function of time ¢, with velocity v and the initial location
Xp at the initial moment of time #,. The trajectory equation
for such a parcel is

x/
iTt = X (t9) = xp- (2)

[11] The horizontal velocity on the right-hand side of (2)
is the resolved three-dimensional velocity from CCM3,
while the vertical velocity includes the large-scale compo-
nent and the convective component from the convective
parameterization scheme described by (1).

[12] To compute the particle trajectories, (2) is solved
numerically by using a standard fourth-order Runge-Kutta
scheme [Bowman, 1993]. Vertical motion is calculated
using the model’s terrain-following m vertical coordinates.
The m coordinate is dimensionless and varies from 0 at the
model top to 1000 at the surface. At the top and bottom
boundaries 1 = 0. We also require 1, = 0 at z > 987 hPa to
keep parcels from getting “stuck” near the ground, where
upward convective velocities are small. The basic (NC) case
is done with 45-min time step. The time step of CCM3 is
20 min, but owing to storage limitations, winds are archived
every 6 hours.

[13] For the CONV case the time step size must be
reduced compared to the NC case because the convective
velocity can be several orders of magnitude larger than the
large-scale vertical velocity. We perform several sensitivity
tests to choose the appropriate time step for the CONV case
that are described in Appendix A and choose a 20-min time
step for further simulations.

[14] Velocities and convective fluxes at arbitrary x and ¢
are computed by linear interpolation in space and time.
Convective velocities are found at each time step and
parcel location from interpolated convective fluxes accord-
ing to (1). Parcels are randomly assigned to convection
with probability f...

2.2. Green’s Function Method

[15] The quantitative comparison of the transport circu-
lation with and without convection is done by estimating
Green’s function for the transport equation. This method has
been applied previously to transport studies by Hall and
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Plumb [1994], Holzer [1999], Holzer and Hall [2000],
Holzer and Boer [2001], Bowman and Carrie [2002], and
Bowman and Erukhimova [2004]. The Green’s functions
describe how air parcels disperse from their initial locations
with time. Green’s functions can also be used to show where
the air located at a particular position came from at earlier
times.

[16] In this paper we wish to analyze the climatological
transport properties of the atmosphere, which means that the
time-averaged behavior is of interest. We calculate air parcel
motion using only the resolved large-scale winds, neglect-
ing molecular diffusion and small-scale, unresolved compo-
nents of the velocity field. There are several reasons for this.
First and most important, the unresolved velocity compo-
nents are, by definition, unknown. Including them would
require making major assumptions about their character-
istics. Note that the velocities from the convective param-
eterization are also “large-scale winds.”” Although the
convective parameterization represents subgrid-scale pro-
cesses, it provides only the grid-box-averaged vertical
velocity. In order to use the convective velocity with the
trajectory model, we use the stochastic parameterization
described earlier. Second, observational and theoretical
studies indicate that the atmospheric energy spectrum falls
off with decreasing spatial scale, so the smaller scales do not
contribute substantially to the global-scale transport on the
time scales of interest here. Third, the qualitative effect of
unresolved scales would likely be to smear out a localized
initial tracer distribution. In this study, however, we analyze
the ensemble-mean transport characteristics by averaging
over many different flow fields. It seems to be a reasonable
assumption that the smearing due to variability in the
resolved flow dominates any contribution from the unre-
solved flow.

[17] The mass continuity equation for a conserved tracer
is

Ix

—+v-Vx =0,

2 o) =%, )

where X is position, ¢ is time, x is the mass mixing ratio of
the tracer, and xo(x) is the initial condition at ¢ = #,. The
velocity v is assumed to be known, in this case from the
model. The Green’s function G is the solution of (3) for all
possible d-function initial conditions (all x¢); that is,

a—G+v~VG:O7

ot G(x,Xp, ) = 8(x — Xg). (4)

[18] If G is known, the solution to (3) for an arbitrary
initial condition X o(x) can be found from

X(x,t):/ Xo(x0)G(X, Xg, 1)dXy. (5)

[19] To calculate the ensemble-mean solution, we average
(5) over the ensemble

umm:/mmwmmnwm (6)

J Xp

[20] Therefore, for any specified initial distribution ¥,
the ensemble-mean tracer distribution at future times can be
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found from the ensemble-mean Green’s function [Bowman
and Carrie, 2002]. Thus (G) is one way to represent the
climatological transport circulation of the atmosphere.

[21] It is computationally expensive to calculate (G) by
solving (4) repeatedly using a GCM. Instead, we estimate
(G) from air particle trajectories as in BE. If x' is the
position of the particle as a function of time ¢, and xj is the
initial location of the particle at ¢ = #,, then the Green’s
function for (3) is

G(x, %, 1) = d(x — X'(xp, 1)), (7)

where X¢ = xo and x'(xg, #) is the solution to the trajectory
equation

d !/

7); =v(x,1), X (o) = xp- (8)
(See BE for details.) In practice the Green’s function is not
defined everywhere, but can only be evaluated at a finite
number of initial locations X,, destination coordinates x, and
times #. A discrete approximation to the Green’s function in
(6) can be estimated by computing the discrete probability
density function of the parcels [Bowman and Carrie, 2002],

(m,-(X(],t»l

<Gi(X7X07t)>AVVi = N

©)
where m; is the number of § functions initially in the grid
box volume at x, at time ¢, that are in the grid box AV} at x;
at time ¢. The discrete probability density function of parcels
is computed by dividing the domain into a regular, three-
dimensional array of grid boxes. The number of parcels in
each grid box gives a distribution of parcels initially at x, at
time £, that are in grid box 7 at time ¢. The ensemble mean is
approximated by averaging together the G; for all initial
conditions that have their initial time #, within a given
window, such as a 1-month period. These are then averaged
together to compute seasonal or climatological means.
Owing to the large number of parcels used, the sampling
errors arising from estimating (G) by counting parcels are
generally small [Bowman and Carrie, 2002].

3. Results

[22] For this study we analyze the statistics of the zonally
averaged particle motion. The main emphasis in this work is
on the comparison between the climatological-mean circu-
lation with and without the effects of convection. For the
purpose of comparison we compute a discrete Green’s
function on 50 x 20 latitude-height grid (similar to the
case without convection described in BE). For both cases
the grid is equally spaced in the sine of the latitude. This
produces an approximately equal-mass grid. Grid boxes are
50 hPa deep. The climatological seasonal-mean Green’s
function for a single initial grid box is estimated from
~2.8 x 10° particle trajectories (we integrate over longitude
and average over 7068 initial conditions: 3 months x 124
initial conditions per month x19 years).

3.1. Comparison of Transport Circulation

[23] Figure 1 shows the climatological transport circula-
tion in terms of Green’s functions for the two solstitial
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Figure 1. Climatological dispersion for 10 days after parcels are initially released in the tropical middle

troposphere for the CONV case. (a) DJF period. (b) JJA period. The abscissa is the sine of the latitude.
The intersecting lines indicate the initial parcel positions. Two initial conditions, symmetric about the
equator, are shown in each panel. The label in each panel gives the initial position of the parcels. The
contours indicate the parcel density at the given time, normalized by the maximum value. Red contours
are for the parcels released in the summer hemisphere; blue contours are for the parcels released in the

winter hemisphere.

seasons, December—February (DJF) and June—August
(JJA). The intersecting lines indicate the parcels’ initial
position. The transport circulation in the tropics with
convection (CONV case) for DJF for the parcels initially
located at (£12.7°, 575 hPa) is plotted in Figure la. (In all
figures the vertical coordinate is m multiplied by 1000 hPa.)
During DJF CCM3 has substantial large-scale subsidence
south of the equator in what is normally thought of as the
ascending branch of the Hadley circulation. This is similar
to the NC case discussed in BE. During JJA (Figure 1b)
parcels tend to ascend to the north of the equator and
subside to the south, which is consistent with the expected
Hadley circulation pattern. In general, the transport patterns
look quite similar to the NC case (not shown), indicating
that convection does not have an order zero effect on the
transport.

[24] For the quantitative comparison between the CONV
and NC cases we plot normalized differences, because the
number of parcels at the initial location could be different
for the CONV and NC cases. Each case is normalized by
the number of parcels at the initial location for that case. If
n1(0) and 7,(0) are the numbers of parcels at a given initial
location at the initial time, and n; and n, are the numbers
of parcels at the destination location at the time of interest,
then the normalized difference (NDIF) is

NDIF = - "

(10)

Here index 1 corresponds to the CONV case, and index 2
corresponds to the NC case. To find the relative difference
between the CONV and NC cases with respect to NC case,
NDIF is divided by n,/n,(0). If the initial number of parcels
is the same for the two cases, (1,(0) = n,(0)), then NDIF/n, =
(111 — nz)/nz.

[25] The normalized differences NDIF are shown in
Figure 2 after 2-, 5-, and 10-day periods. For plotting
purposes all values are scaled by the maximum value.
Solid (dashed) lines correspond to positive (negative)
values of CONV — NC. The plots agree well with the

expected physical sense of convective transport, in which
the updraft motion lifts a relatively small fraction of
parcels up with large vertical velocities, while the subsi-
dence between updrafts moves the remaining parcels
down with smaller vertical velocities. During the DIJF
period, parcels are spread out vertically by convection
more strongly in the Southern Hemisphere (rising branch
of the Hadley circulation) than in the Northern
Hemisphere. During the JJA period parcels are again
spread out more strongly by convection in the region of
rising motion. The maximum of the normalized differ-
ences with respect to the NC case is about 25% for JJA
and 15% for DIJF. If the altitude at which the parcels are
initially released is decreased, the maximum differences
are increased for both seasons. For example, 10 days after
initial release at 775 hPa, these differences are 45% for
JJA and 30% for DJF. The largest differences typically
occur near the tropopause.

[26] Figure 3 shows the dispersion of parcels released in
the extratropical lower troposphere (+41.3°, 775 hPa)
during the JJA period for the CONV case. Values are
plotted 10 days after initial release. In the extratropics,
parcels spread rapidly along the isentropic surfaces, which
slope upward toward the poles. The dispersion across the
isentropic surfaces occurs more slowly. As shown in BE,
one can identify partial transport barriers between tropics
and extratropics in both hemispheres. The barriers are
located near 30° N and S and slope upward toward the
poles. Dispersion patterns for the CONV and NC cases are
qualitatively similar. The normalized difference between
the two plots is shown in Figure 4. Convection facilitates
the vertical dispersion of parcels. In the CONV case fewer
parcels remain in the center of the distribution compared
to the NC case, while more parcels are located along the
upper and lower edges. The increased vertical dispersion
does not significantly change the position of the barriers
between the tropics and extratropics, however. The max-
imum difference along the barriers is up to 60%, compared
with the NC case (see also the discussion of Figure 8 in
section 3.2). It is reached at 40°S latitude between 400 and
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Figure 2. Normalized differences between the CONV and NC cases for 2-, 5-, and 10-day periods after
parcels’ initial release in tropical middle troposphere (the same initial conditions as in Figure 1); (left)
DIJF period. (right) JJA period. The contours indicate the parcel density at the given time, normalized by
the maximum value. Solid (dashed) lines correspond to positive (negative) values of CONV — NC. (Red,

summer hemisphere; blue, winter hemisphere.)

200 hPa. A similar effect, but with smaller maximum
differences of about 50%, is found for the DJF period.

[27] Figures 5a and 5b show the dispersion of parcels
released in the low-altitude extratropical regions just outside
the tropics (£32.7°, 925 hPa) during the DJF period for the
NC and CONV cases. Data are plotted 10 days after their
initial release. Here, in addition to the parcel dispersion
along the isentropes upward and toward the poles, both
plots show that a significant number of parcels at low
altitudes move toward the equator and then ascend in the
tropical troposphere. This upward motion is clearly more
pronounced for the CONV case. Figure 6 quantifies this
difference, with a maximum effect on the order of 60%. The

dispersion pattern for the JJA period for the same conditions
demonstrates a similar effect, but with a larger NDIF of
about 80% (not shown). During the DJF period the upward
convective motion is somewhat weaker, but more air moves
from the winter hemisphere across the equator into the
ITCZ than for the JJA period. For all of the initial con-
ditions considered here, the normalized differences are
larger for the JJA period than for DJF.

3.2. Transport Across the Barriers

[28] An important parameter for understanding the trans-
port of long-lived trace gases is the rate at which air mixes
between the two hemispheres. As was shown in BE, there is
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Figure 3. Green’s functions calculated for parcels released
in the extratropical lower troposphere (+41.3°, 775 hPa) in
JJA period with convection for the period of 10 days after
their initial release. (Red, summer hemisphere; blue, winter
hemisphere.)

relatively rapid dispersion of air within the three atmo-
spheric “boxes” (SH extratropics, Tropics, and NH extra-
tropics) and a slow exchange of air between the three
boxes through the subtropics. In this section we analyze
how the convection impacts the transport across these
partial barriers, the long-term parcel dispersion, and the
interhemispheric exchange timescale.

[20] The effect of convection on the parcel transport in
the tropics and from the tropics to extratropical regions
across the barriers is illustrated in Figures 7 and 8.
Figures 7a and 7b show the normalized differences
between the CONV and NC cases for parcels released
inside a box in the tropical middle troposphere 20 days
before for the DJF and JJA periods, respectively. As can
be seen in the figures, convection substantially increases
the upward spread of parcels in the tropics. For both
seasons the effect is stronger in the rising branch of the
Hadley cell. At the same time, transport from the tropics
to the extratropics is small in both cases. With increas-
ing time more parcels are brought by convection to high
altitudes which increases the meridional transport in the
upper troposphere, as one can see in Figures 7c¢ and 7d.
Correspondingly, in the NC case more parcels remain
in the lower and middle troposphere. The difference
between the CONV and NC cases is larger in the winter
hemisphere for both seasons. At 90 days there is no
longer a pronounced difference between the CONV and
NC cases in the ITCZ as in Figures 7a and 7b, because
the Hadley circulation overturns several times during this
period.

[30] In Figure 8, parcels are initially distributed uniformly
in the boxes in the extratropical lower troposphere. Nor-
malized differences between the CONV and NC cases for
these parcels show that convection enhances the transport of
parcels along the poleward side of the barriers but does not
lead to a noticeable change in transport across the barriers.
After 20 days the maximum difference due to convective
transport along the barrier is about 60% (Figure 8a). This
value is reached at a height of 300 mb in the northern
extratropical region. With increasing time this pattern
remains largely unchanged: There are more parcels trans-
ported along the barriers in the CONV case than in the NC
case, as shown in Figure 8b for a transport time of 90 days.
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Also, more parcels are brought by convection to high
altitudes.

[31] Although the existence of partial barriers cannot be
understood in the framework of zonal mean distributions,
one can get insight into the effect of convection on the
barriers by inspecting the zonal-mean distribution of the
convective mass flux or convective velocity. Figure 9 shows
the climatological zonal-mean large-scale and convective
vertical velocities on m surfaces for DJF and JJA. One can
see the maximum in the convective velocity in the ITCZ, a
minimum around 30° that inhibits the vertical the vertical
transport at the barrier locations at low altitudes, and the two
peaks in the extratropics that are responsible for enhanced
transport on the poleward side of the barriers. For both
seasons the minimum at the barrier position is more
pronounced in the winter hemisphere, which agrees with
Figures 7c and 7d.

[32] To study the impact of convection on the inter-
hemispheric transport rate, the box model of Bowman and
Carrie [2002] and BE is used. The atmosphere is divided
by three boxes: the Southern Hemisphere (SH) extratropics
(90°S to 30°S), the tropics (30°S to 30°N), and the
Northern Hemisphere (NH) extratropics (30°N to 90°N).
The tropical box contains twice as much air as the
extratropical boxes, and it is assumed to exchange air with
both extratropical boxes at equal and constant rates. The
mass conservation equations for each box are

dx

Tts = —I'Xs T I'Xrs

dx 1 1

—dZTZEVXs—VXT +§”XN7 (11)
dXw

A TXr T Xw

where X5, X7 and Xy are the mass mixing ratios of the
tracer in the SH, tropical, and NH boxes, respectively; 7 is
the rate of mass exchange between the boxes relative to the
mass of an extratropical box.

[33] The Green’s functions were used to compute the time
dependent distribution of a tracer initially uniformly dis-
tributed between 45°N and 90°N and 1000 and 300 hPa for

or— T T T T
°, 775 hPa)

200
400}
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Altitude (hPa)
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1000 R 2z
90°60° -30° 0° 30°
Latitude

60°90°

Figure 4. Normalized differences between Green’s func-
tions for the CONV and NC cases for JJA period 10 days
after the initial release for the same initial conditions as in
Figure 3. (Red, summer hemisphere; blue, winter hemi-
sphere; solid (dashed) lines correspond to positive (negative)
values of CONV — NC.)
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Figure 5. Dispersion of parcels released outside the tropics (£32.7°, 925 hPa) in DJF. Green’s functions
are calculated 10 days after their initial release. (a) NC case. (b) CONV case. (Red, summer hemisphere;

blue, winter hemisphere.)

the CONV and NC cases. The upper boundary at 300 hPa is
chosen to ensure that the tracer is initially contained entirely
in the NH troposphere. To estimate the mass exchange
coefficient 7, the data are fitted with analytical expressions
of the form given by the solution of (11).

[34] The exchange rate r can be expressed in terms of
time lag between hemispheres for a constant source in the
NH, source term is included in the right-hand side of the
mass conservation equation for NH (see Bowman and
Carrie [2002] for details). The lag in concentration between
NH and SH is 4/r, which means that air in SH at the moment
is the same as the NH box had 4/r time before.

[35] The results for the mass exchange rate and the lag in
concentrations between the NH and SH for the CONV and
NC cases are summarized in Table 1. Including the effect of
convection leads to a small but persistent change in these
parameters for both seasons. Namely, the rate of air ex-
change between the hemispheres decreases, whereas the
time lag between SH and NH increases. This is roughly
consistent with Figures 7 and 8, which show that convection
does not enhance the transport across the barriers.

3.3. ENSO Variability

[36] In this section we consider variations in the zonal-
mean transport related to El Nifio—Southern Oscillation
(ENSO) cycles. We investigate first whether ENSO varia-
tions are detectable in the transport, and second the effects
of including convective transport on the ENSO response.

[37] From the period September 1978 to December
1997, we choose five years with El Nifio signals (1983,
1987, 1992, 1993, and 1995) and three neutral years (1980,
1982, and 1990), when neither a warm nor cold event is in
progress. All comparisons are performed for the DJF period,
which is typically when El Nifio SSTs peak. The year 1983,
for example, refers to December 1982 through February
1983. Years are selected according to the ENSO sea-surface
temperature (SST) index of Sardeshmukh [2000]. These two
groups of years are separately averaged to create composite
transport statistics that are referred to below as the El Nifio
and neutral composites, respectively.

[38] Figure 10 shows the Green’s functions for the two
composites 5 days after initial release (CONV case only).
The initial location is near the equator at 875 hPa. Results

are very similar for the NC case. The differences between
the El Niflo and neutral composites for both the CONV and
NC cases are shown in Figure 11. The normalized differ-
ences are calculated, as discussed above (El Nifio-neutral).
In both cases there are distinct differences between the
El Niflo and neutral composites. Vertical transport is stron-
ger during El Nifio years, which leads to more parcels at
middle and high altitudes and fewer at low altitudes. The
effect is somewhat more pronounced in the CONV case
rather than in NC case, although the El Nifio signal is
detectable in both cases. The peak around 600—700 hPa is
~30% smaller in the CONV case (Figure 11a) compared to
the NC case (Figure 11b). At the same time, there are twice
as many parcels at 200 hPa in the CONV case compared to
the NC case.

[39] The normalized differences between the CONV and
NC cases for the El Nifio composite and the neutral
composite are shown in Figures 12a and 12b, respectively.
In both El Nifo and neutral years convection leads to
stronger upward transport. Consistent with Figure 10,
parcels reach higher altitudes during the El Nifio years
(Figure 12a) than during neutral years (Figure 12b).

[40] Because the number of years in both the El Nifio and
neutral composites are small, Student’s t-test is used to
check the statistical significance of the differences between

Altitude (hPa)

60°90°

Latitude

Figure 6. Normalized differences between Green’s func-
tions plotted in Figure 5 for DJF period, 10 days after
parcels’ initial release. (Red, summer hemisphere; blue,
winter hemisphere; solid (dashed) lines correspond to
positive (negative) values of CONV — NC.)
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Figure 7. Normalized differences between Green’s functions calculated for the CONV and NC cases for
(left) DJF and (right) JJA periods. Parcels are released inside the rectangular box. Green’s functions are
plotted 20 and 90 days after parcels’ release. (Red, JJA; blue, DJF; solid (dashed) lines correspond to

positive (negative) values of CONV - NC.)

the means at every point in the latitude-altitude plane. For
both the CONV and NC cases, the differences are signifi-
cant at the 10% level at altitudes higher than 500 hPa.
Therefore the difference between Green’s functions during
El Nifio and neutral years is statistically significant in the
upper troposphere where differences are large. If a similar
test is applied to the differences between the CONV and
NC cases, the differences are significant only at about the
20% level above 400 hPa. Therefore the statistical signif-

a) 20 days

(-78.5°, 775 hPa) (19.9°, 775 hPa)
19.9°, 975 hPa) (78.5°, 975 hPa)

Altitude (hPa)

Latitude

icance of the difference between the CONV and NC cases
is not very high.

[41] To study the ENSO impact on global-scale transport
the box model described in section 3.2 was used. The results
are summarized in Table 2. Again, including the effect of
convection leads to slightly smaller exchange rates and
larger lags in concentrations between NH and SH for both
El Niflo and neutral seasons. The exchange rate between the
hemispheres is slightly larger for the El Nifio composite as

b) 90 days

-90260°  -30° 0° 30°  60°90°
Latitude

Figure 8. Normalized differences between the CONV and NC cases initially distributed in the
extratropical regions bounded by £19.9°, 775 hPa for DJF period (a) for 20-day period and (b) for 90-day
period. (Red, summer hemisphere; blue, winter hemisphere; solid (dashed) lines correspond to positive

(negative) values of CONV - NC.)
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Figure 9. Climatological zonal-mean large-scale velocity, 1}, and area-weighted convective velocity, 1.,

for (left) DJF and (right) JJA.

compared to the neutral composite for both CONV and NC
cases.

4. Summary and Conclusions

[42] In this study the trajectory model of Bowman and
Erukhimova [2004] is modified to investigate the effects
of parameterized convection on global transport. The
large-scale three-dimensional velocities and the convective
velocity are taken from a simulation with the NCAR
Community Climate Model Version 3 (CCM3). Large-scale
velocities and convective fluxes are computed on the same
grid by CCM3 and are linearly interpolated in space and time

to parcel locations. The convective velocity component is
derived from the convective mass fluxes calculated by the
CCM3 convection parameterization. For the trajectory
calculations the convective velocity is incorporated in the
trajectory equation by using a stochastic parameterization
based on the convective cloud fraction in each model grid
box. Parcels are randomly assigned to convection with
probability equal to the cloud fraction. Parcels not in the
convective updrafts experience a subsidence velocity suf-
ficient to conserve mass. Because the cloud fraction is
generally <0.5, at any given time step a small fraction
of parcels moves upward with large vertical velocities,
while the majority of the parcels subside with small

Table 1. Mass Exchange Rate and Lag in Concentrations for the CONV and NC Cases During Winter and

Summer Seasons®

DJF JJA
NH Tropics SH NH Tropics SH
Mass Exchange Rate, % per day
CONV 1.35 0.68 0.96 0.59
NC 1.38 0.70 0.99 0.60
NH — SH Tracer Lag for Constant Source, Years
CONV 0.96 0.81 1.60 1.14 0.97 1.84
NC 0.93 0.80 1.56 1.10 0.95 1.82

“Top two rows show mass exchange rate between the boxes as a percentage of the mass in one of the extratropical boxes (25%
of the total atmosphere). The three estimates for each region (NH, Tropics, and SH) use the time history of the tracer concentration
in the respective box. Bottom two rows show lag of the concentration of a conserved passive tracer in the Southern Hemisphere
extratropics relative to the Northern Hemisphere extratropics. See the text for a discussion of the differences between the

estimates.
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Figure 10. Green’s functions calculated 5 days after parcels initial release for the CONV case. (a) El

Nifio. (b) Neutral.

vertical velocities (see, e.g., Figure 2). Sensitivity experi-
ments indicate that an adequate time step for the inte-
gration of the trajectory equation is 20 min, or 72 time
steps per day.

[43] For the comparison purposes we use the same
version of CCM3 as in BE. For this study additional
parameters such as mass flux and cloud fraction are ar-
chived. A single standard integration is carried out for the
period from 1 September 1978 to 31 December 1997 using
observed sea surface temperatures (SSTs). The quantitative
comparison between the climatological transport in the
cases with and without convection (CONV and NC, respec-
tively) is done in terms of the Green’s functions of the
transport equation [Bowman and Carrie, 2002]. The clima-
tological Green’s function of the mass conservation equa-
tion for a conserved passive tracer is estimated from a large
ensemble of long-term particle trajectories. The statistics are
analyzed in the latitude-height plane.

[44] For the parcels released in the tropical middle tropo-
sphere, convection enhances the upward transport in the
rising branch of the Hadley circulation during both the DJF
and JJA seasons. Differences between the CONV and NC
cases increase with decreasing altitude of the initial release.
Neglecting the convective transport can lead to the 45 and
30% differences in parcel densities 10 days after the initial
release at 775 hPa for the JJA and DJF periods, respectively.
Similarly, in the extratropics the convection increases the

vertical transport. Local differences between the CONV and
NC cases are 50—80% for both seasons.

[45] Including convection decreases transport through the
subtropical transport barriers. This suppression of transport
is counterintuitive, but can be explained qualitatively as
follows. For air initially located in the tropics, convection
brings more parcels to high altitudes away from the sub-
tropical barriers, decreasing the poleward cross-barrier
transport in comparison with the NC case. Air located in
the extratropics, on the other hand, is transported into the
tropics primarily at low altitudes. By moving extratropical
air to higher altitudes along the barriers, convection again
reduces the cross-barrier transport compared to the NC case.
On the global scale, the exchange rate of air between the
hemispheres is slightly but persistently slower in the CONV
case than in the NC case. Trace gases released in the
Northern Hemisphere reach the Southern Hemisphere a
little bit later when the effect of convection is included.

[46] This study also considers the differences in large-
scale transport between El Nifio and neutral years. The
results show that rising motion in the tropics is stronger
during El Nifio years for both the CONV and NC cases,
although in the CONV case the El Niflo signal is stronger.
The differences are significant at the 10% level at altitudes
above 500 hPa. When comparing CONV and NC cases
(Figures 12a and 12b), the dispersion of parcels in the
vertical direction is stronger when convection is taken into

a) CONV case b) NC case
or— T T T T T T T T
(-1.1°, 875 hPa) (-1.1°, 875 hPa)
200} - e
T
< 400f L -
8
3
£ 600 L i
<
800} - e
1000L_ . x i . , ) ) ; = . .
-90°60°  -30° 0° 30° 60°90° -90%60°  -30° 0° 30° 60°90°
Latitude Latitude
Figure 11. Normalized difference between El Nifio and neutral. (a) CONV case. (b) NC case. Solid

lines are for more parcels during El Nifio years rather than during neutral years.
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Figure 12. Normalized differences between CONV and NC cases. (a) El Niflo. (b) Neutral. Solid lines
are for more parcels in the CONV case in comparison with NC case.

account for both El Nifio and neutral seasons. The signif-
icance level is 20% above 400 hPa. The exchange rate of air
between the hemispheres is slightly larger for El Nifio years
than for neutral years. In the CONV case the mass exchange
rate is smaller than in the NC case.

[47] The large-scale transport circulation is similar in the
two cases (Figure 13). The effect of the model’s parame-
terized convection is to increase the vertical dispersion of air
parcels in certain regions. The areas most strongly affected
by the convective transport are indicated by the gray ovals.
As in the earlier study by BE, the exchange of air between
the tropics and extratropics is slow, even when convection is
included. The results obtained demonstrate that including
convection in the Lagrangian trajectory analysis does not
change the qualitative characteristics of the global Lagrang-
ian transport pattern, but can lead to significant local
changes in the transport.

Appendix A

[48] To choose an appropriate time step for the CONV
case, several sensitivity experiments are performed. Con-
vective velocities are small on average, but occasionally
very large values occur. During December 1979, for exam-
ple, fewer than 0.03% of convective velocities are larger
than 0.11 s~! (note that the convective velocity is calculated
on eta surfaces). On the other hand, if we look at the
extremes, we find that in some months, looking at all grid
boxes and time steps, one or two values of the convective
velocity are very large (larger than 100 s™'). To avoid using
a very small time step everywhere just to handle a few very
rare events, the convective velocity is arbitrarily limited to a

maximum value of approximately half of the atmospheric
vertical thickness (~450 mbar) divided by the time step.

[49] We perform three sensitivity test cases with 300-,
600-, and 1200-s time steps. The maximum allowed values
of convective velocity are 1.5, 0.75, and 0.375 s~ respec-
tively. The total number of parcels is 10* in each case. For
testing, the convective fraction is set to 1, so all parcels feel
the convective velocity component. Data is saved after each
time step and after six hours. For each particle, we calculate
the difference (An)7;, = m(#)) — n(t2) between its vertical
coordinates at selected initial and final times #; and #, using
the case with time step size 77, then repeat this calculation
for the same interval and the same initial position using time
step size 15, (Am)z,. For each parcel i the difference An
between these two displacements is

An, = (Am)rl *(Ani)n» (A1)
from which the probability distribution function of A is
calculated.

[s0] Comparing the cases 77 = 600 s and 7, = 1200 s,
we find that after a single large time step £, — #; = 1200 s
(20 min) 0.48% of the parcels have An >1 and 0 parcels
with An > 5. Recall that the range of 1 is 0 to 1000. After
6 hours for the same two cases, there are 2.54% parcels
with An >1 and 0.05% parcels with An > 5. Comparing
the cases 7 = 300 s and 7, = 600 s, we find that after
t, — t; = 6 hours there are 0.53% parcels having An > 1
and 0.01% parcels with An > 5. Although reducing the time
step increases the accuracy of the calculations, the fraction
of parcels affected is very small. We conclude that changing
the time step is significant for a very small number of

Table 2. Mass Exchange Rate and Lag in Concentrations for the CONV and NC Cases During El Nifio and

Neutral Seasons?®

El Nifio Neutral
NH Tropics SH NH Tropics SH
Mass Exchange Rate, % per day
CONV . 1.34 0.68 1.10 1.3 0.66
NC 1.18 1.37 0.70 1.14 1.32 0.68
NH — SH Tracer Lag for Constant Source, Years
CONV 0.96 0.82 1.61 0.99 0.85 1.65
NC 0.93 0.8 1.57 0.96 0.83 1.60

“Notations are the same as in Table 1.
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Figure 13. Schematic showing the general pattern of the
global-scale zonal-mean transport circulation during DJF
from BE. Potential temperature isoplets are plotted in black.
Black arrows indicate the sense of the slow mean-
meridional transport circulation. Gray arrows indicate the
rapid transport by the zonally asymmetric (eddy) flow. Gray
ovals underline the regions in which the transport is
facilitated by convection.

parcels, which does not warrant reducing the time step. We
choose 1200 s (20-min time step or 72 time steps per day)
for further simulations.
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