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ABSTRACT

The global-scale transport properties of the NCEP reanalysis winds for the period from 1979 to 1997 are
compared to a standard simulation with version 3 of the NCAR Community Climate Model (CCM3) forced by
observed sea surface temperatures for the same period. The transport properties of each dataset are defined by
the climatological Green’s function for the mass conservation equation for a conserved, passive tracer. Char-
acterizing the atmospheric circulation in terms of material transport provides a very different view of the
circulation than standard Eulerian-mean statistics. The Green's functions are estimated from large numbers of
Lagrangian (kinematic) particle trajectories computed by using the NCEP and CCM 3 resolved winds. Generally
the Green’s functions computed from the two datasets agree well. The transport circulation is dominated by two
thermally direct cells, one in each hemisphere. There is a substantial seasonal cycle in the transport, particularly
in the Tropics. From a transport point of view, the atmosphere can be divided into three regions: the Southern
Hemisphere extratropics, the Tropics, and the Northern Hemisphere extratropics. Particle dispersion within each
region is relatively rapid, while exchange between the regions is slower. There are partia barriers to transport
between the Tropics and extratropics. Differences between the transport characteristics of NCEP and CCM3 are
most noticeable in the Tropics, where CCM3 has stronger subsidence in the ITCZ compared to NCERP. The
transport circulation is slightly faster in NCEP than in CCM3. Interhemispheric transport rates computed from
the Green’s functions are compared with measurements of long-lived trace species from the Atmospheric Lifetime
Experiment/Global Atmospheric Gases Experiment (ALE/GAGE) network. The ALE/GAGE station data for the
northern and southern extratropics give an interhemispheric time lag of ~1.8 yr for long-lived tracers such as
CFCs. Fitting the transport data to a three-box model gives interhemispheric time lags of ~1.8 and ~2 yr,
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respectively, for NCEP and CCM3.

1. Introduction

Three-dimensional global climate models (GCMs) are
increasingly being used to simulate the chemistry and
aerosol composition of the atmosphere. Accurate sim-
ulation requires the correct representation of dynamical,
thermodynamical, chemical, and radiative processes of
the atmosphere. In current and foreseeable models, all
of these processes are represented only approximately;
and model simulations are imperfect. Uncertainties re-
sult both from our incomplete understanding of the rel-
evant processes and our inability to completely and ac-
curately represent those processes in models. In addi-
tion, while models allow controlled experiments to be
carried out with simulated atmospheres, the complex
interactions that occur among different components of
the climate system in comprehensive models make it
very difficult to unravel cause and effect relationships.
Therefore, process models and diagnostic studies that
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simplify or ignore parts of the system are still essential
for developing a detailed understanding.

Atmospheric dynamics (transport) remains an area
that contributes substantially to uncertainties in under-
standing atmospheric chemical processes. Even in the
ideal case of passive, long-lived tracers, the complexity
of atmospheric motion makes understanding and pre-
dicting transport very difficult. At present, many aspects
of the transport circulation in the atmosphere are poorly
understood. Fortunately, most atmospheric substances
with variable concentrations are present in small con-
centrations and have little direct effect on atmospheric
motions. These substances can, therefore, be treated as
though they are passively transported by the atmospher-
ic circulation.

One approach to investigating transport is through
Lagrangian methods. While it is possible to develop
dynamical modelsin aLagrangian framework, the label
Lagrangian generally refers to kinematic studies. That
is, the atmospheric velocity field isassumed to beknown
at some resolution from a model or from observations.
That velocity field is used to compute the trgjectories
of hypothetical massless air parcelsin the evolving flow
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field; and the tragjectories are analyzed to study transport,
mixing, etc. Lagrangian methods have proven to bevery
useful in understanding stratospheric transport problems
(Hsu 1980; Matsuno 1980; Kida 1983; Austin and Tuck
1985; Schoeberl et al. 1992; Bowman 1993; Fisher et
al. 1993; Pierce and Fairlie 1993; Chen 1994; Sutton et
al. 1994; Bowman 1996). Schoeberl et al. (2000) re-
cently reviewed some of the strengths and weaknesses
of Lagrangian approaches to understanding trace gas
distributions in the stratosphere. Although Lagrangian
kinematic analysis methods have received widespread
use in the stratosphere and for the interpretation of tro-
pospheric field experiments, with the exception of afew
studies trajectory methods have not been applied ex-
tensively to analyze the large-scal e transport circulation
of the troposphere (e.g., Kida 1983; Pierrehumbert and
Yang 1993). As observations and simulations of the
chemistry of the troposphere advance, there is a need
for methods to characterize and evaluate the transport
circulation on various scales. In this paper we compare
the global-scale transport circulation of the atmosphere,
taken from the National Centers for Environmental Pre-
diction (NCEP) reanalysis data, with a simulation using
aglobal climate model [the third version of the National
Center for Atmospheric Research Community Climate
Model (NCAR CCM3)]. Direct, quantitative compari-
sons are made by computing the climatological Green's
functions of the transport equation for both NCEP and
CCM3 winds.

2. Methods
a. The Green's function method

In order to characterize the transport circulation, we
use particle tragjectories to estimate the Green’s functions
of the mass continuity equation for a conserved tracer,

Js 1)

— 4+ v-Vs=0,
ot

where x is position, t istime, sis the mass mixing ratio

of the tracer, and sy(x) is the initial condition at t = t,.

If v is known, then (1) is alinear differential equation

for s.

A formal solution to (1) can be found through a
Green’s function approach (Hall and Plumb 1994; Hol-
zer 1999; Holzer and Boer 2001; Bowman and Carrie
2002). The Green’s function G is the solution of (1) for
all possible 8-function initial conditions (all x,); that is,

s(x, to) = (%),

G

= +Vv.VG =0, 2
Fraa @)

If G isknown, the solution to (1) for an arbitrary initial
condition s,(x) can be found from

G(X, Xg, tg) = 8(X — Xg).

s(x, t) = f S (X0)G(X, X, 1) dX,. 3
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This approach can be easily extended to find the cli-
matol ogical transport properties of the atmosphere. Giv-
en an ensemble of v fields, (1) can be solved repeatedly
for the same initial condition. The ensemble-mean so-
[ution (s) is found by taking the ensemble mean of (3),
which yields

(s(x, 1)) = f SX) (G (X, Xo, 1)) dX. (4)

Therefore, for any specified initial distribution s, the
ensemble-mean tracer distribution at future times can
be found from the ensemble-mean Green's function
(Bowman and Carrie 2002). More importantly, perhaps,
(G) provides a quantitative description of the climato-
logical transport of a conserved passive tracer from an
arbitrary initial location x,. Thus (G) is one way to
represent the climatological transport circulation of the
atmosphere.

Here (G) could be estimated by solving (2) repeat-
edly, using a GCM, for example; but the computational
costs are high. It is possible, however, to estimate (G)
from air parcel (particle) trajectories because of the close
connection between the solutions to the trajectory equa-
tion,

dx’
pm ©)

and the solutions to (2). In (5), X' is the position of the
particle as a function of time t, v is the velocity, and
X, istheinitial location of the particleat t = t,. (Primes
are used to explicitly denote a particle trajectory.) The
Green's function for (1) is

G(X, Xo, 1) = 8[x — X' (X5, V], (6)

where x, = Xx; and x'(Xp, t) is the solution to the tra-
jectory equation (5). Thisoccurs becausethetrajectories
are simply the characteristics of (1). An alternative way
of stating thisresult isthat the transport operator simply
advects the 6-function initial condition without chang-
ing its shape (in the absence of diffusion). The path
followed by the & function is the same as the path fol-
lowed by a particle with the same initial location, X,.
Particle trajectories can be used, therefore, to construct
the Green's function.

The following properties of the Green’s function are
worth noting. If the value of x, is fixed, (G(X, X,, t))
describes how air initially at x, disperses throughout the
atmosphere as a function of t. Similarly, if the value of
x is fixed, (G(x, X,, t)) describes where the air located
at x came from at earlier times. Thus, (G(x, X,, t)) can
be used to describe both to where air goes and from
where it comes.

=v(x, 1) X(t) = X,

b. Input data

For the purposes of this paper, trajectories are com-
puted using two different sets of global, three-dimen-
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TaBLE 1. Vertical coordinates (p, hPa) of the NCEP grid at which
the vertical velocity w is available. The vertical velocity is set to zero
at 0 and 1000 hPa.
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TaBLE 2. Vertical coordinates (n, nhondimensional) of the CCM3
grid at which thevertical velocity n isavailable. Thevertical velocity
is zero by definition at n = 0 and 2.515 hPa.

Level Pressure Level Pressure Interface n Interface n
12 100 6 500 19 25 9 453.5
11 150 5 600 18 7.1 8 549.1
10 200 4 700 17 19.0 7 647.4
9 250 3 850 16 46.1 6 742.9
8 300 2 925 15 81.8 5 830.1
7 400 1 1000 14 116.3 4 902.7
13 161.1 3 955.8
12 217.2 2 985.1
sional winds. The first is the NCEP-NCAR reanalysis E ggi:i ! 10000

project dataset (Kalnay et al. 1996), which is referred
to here as NCEP winds. The second is a standard sim-
ulation of the NCAR CCM3, which is referred to here
as CCM3 winds.

1) NCEP winDs

The NCEP reanalysis winds were chosen because of
their temporal and spatial coverage and availability. The
reanalysis process uses a frozen, state-of-the-art, global
data assimilation system. For this study, data from the
19-yr period 1979-97 are used. See Kalhay et al. (1996)
for a detailed description of the assimilation system and
input data.

Three-dimensional wind components (U, v, ) are
provided on a 2.5° X 2.5° global, latitude-longitude
grid at 12 pressure levels (Table 1). Some variables are
available at higher levels, but w is not. Results above
100 hPa should be disregarded. Instantaneous velocity
values are available at 6-h intervals. A small adjustment
is made to the vertical velocity field at each pressure
level to ensure that the global-mean vertical velocity is
zero.

2) CCM3 wiNDS

The CCM3 winds are from a standard 18-level sim-
ulation at T42 resolution (~2.8° X 2.8° transform grid).
Winds are archived at 6-h intervals. Three-dimensional
winds (u, v, i) are taken from the model’s hybrid »-
coordinate system. Because CCM 3 uses astaggered grid
in the vertical, the horizontal velocity components are
linearly interpolated from model “‘levels’ onto model
“interfaces’ where the vertical velocity 7 is carried
(Table 2). The interfaces include the bottom and top of
the domain. The model has realistic geography and a
seasonal cycle. A single integration is carried out from
1 September 1978 to 31 December 1997 using sea sur-
face temperatures (SSTs) provided by the Global Model
Intercomparison Project (Sheng and Zwiers 1998; Gates
et al. 1999; Taylor et a. 2000).

c. Trajectory model

To compute the particle trgjectories, (5) is solved nu-
merically using a standard fourth-order Runge—Kutta

scheme with 32 time steps per day and the resolved
three-dimensional velocities from NCEP or CCM3
(Bowman 1993). Sensitivity experiments with the tra-
jectory model have shown that this time step size is
quite adequate to solve the trajectory equations accu-
rately given the resolution of the wind data. Velocities
at arbitrary x and t are computed by linear interpolation
in space and time. Vertical motion is calculated in either
p or m vertical coordinates, depending on the input da-
taset. At the top and bottom boundaries the vertical
velocity, w or 7 is set to zero. In pressure coordinates
(NCEP) this causes some problems, as the vertical ve-
locity may not be exactly zero at 1000 hPa (i.e., the
surface pressure may vary with time). To avoid possible
problems, the global mean vertical velocity at each level
is adjusted to be exactly zero. Additionally, areas of
steep terrain have persistent downward vertical veloc-
ities at 925 hPa (the first NCEP data level above the
surface) and tend to accumulate particles near the sur-
face in somelocales. Other areas with persistent upward
vertical velocities (over the oceans) tend to lose particles
from near the surface. To keep particles from getting
“stuck’ near the ground, where horizontal velocities
are small, all particles that move to pressures greater
than 987.5 hPa (one-quarter of the depth of the lowest
datalayer) are arbitrarily moved vertically to 987.5 hPa.
This effectively keeps particles out of the lowest ~125
m of the atmosphere where horizontal winds are weak
and, in practice, avoids particles accumulating near the
surface. A similar scheme is used at the model top for
the NCEP calculations. Because the CCM 3 cal culations
are done in the model’s terrain-following coordinate,
similar corrections are not necessary for the CCM3
winds. Particles move across the tropopause in both
directions, but the stratosphereis poorly resolved in both
the NCEP reanalysis and this version of CCM3, so de-
tailed trajectories above 100 hPa cannot be considered
reliable. The zonal-mean circulation in the stratosphere
is slow compared to the troposphere.

Although CCM3 has a convective parameterization
scheme, in this study we use only the large-scale vertical
vel ocities computed from the continuity equation. Clear-
ly, convective transport plays an important role in the
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general circulation and trace species transport in both
GCMs and the atmosphere. Here we follow the philos-
ophy of beginning with simple models and moving to
more complex models as our understanding grows. The
dual problems of representing convective transport in
Lagrangian calculations and understanding the effects
of convection on large-scale transport are left for later
work. In this study, transport due to the convective pa-
rameterization scheme has been neglected. This will
likely result in an underestimate of the magnitude of the
transport circulation in some areas.

In order that individual particles approximately rep-
resent equal masses of air, at 0000 UTC 1 January 1979
N = 4 X 10° particles are randomly initialized in space
[longitude A; sine of latitude (sing); and “‘dtitude” p
or m]. From their random initial conditions, particle po-
sitions are integrated forward continuously from 1 Jan-
uary 1979 to 31 December 1997.

d. Computing Green’s functions

As was shown in Bowman and Carrie (2002), a dis-
crete approximation to the Green’s function can be es-
timated by computing the discrete probability density
function of the particles

(Gi(X, Xq, 1)) = <f d[x — x'(Xg, B)] dx>

Xo, L
_ <m(l\f )>, @
where m; is the number of 6 functions initially at x, at
time t, that are in the volume x; at time t. That is, the
distribution is computed by dividing the domain into a
regular, three-dimensional array of grid boxes and
counting the number of particlesin each grid box, giving
a distribution p;(X,, t) = n,(X,, t)/N, where n, is the
number of particles initialy at x, at time t, that are in
grid box i at timet. The ensemble mean is approximated
by averaging together the G, for all initial conditions
that have their initial time t, within a given window,
such as a 1-month period. These are then averaged to-
gether to compute seasonal or climatological means.
Bowman and Carrie (2002) discuss the sampling er-
rors that arise in trying to estimate (G) by counting
particles. Examples below will demonstrate that, except
near the edges of the particle distributions, where rel-
ative errors are large, (G) is smooth. This indicates that
the sampling errors are generally small.

3. Results

In this paper we concentrate on the climatological-
mean circulations of the two datasets in the latitude—
height plane. Future work will describe other aspects of
the circulations. For this problem we compute a discrete
Green’s function on a50 X 20 latitude—height grid. The
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grid is equally spaced in the sine of the latitude. Grid
boxes are 50 hPa deep. By integrating over longitude
and ensemble averaging over 1710 initial conditions (3
months X 30 initial conditions per month X 19 years)
to produce climatological seasonal means, the clima-
tological Green's function for a single initial grid box
is estimated from ~684 000 particle trajectories.

a. NCEP transport circulation

Figure 1 contains representative slices through the
NCEP Green’s function to illustrate the climatological
transport circulation for the two solstitial seasons, De-
cember—February (DJF) and June-August (JJA). The
top panels (a) and (b) show the seasonal cycle of the
Hadley circulation in the Tropics. During DJF particles
tend to ascend to the south of the equator and subside
to the north. The pattern reverses during JJA. This is
consistent with the seasonal motion of the intertropical
convergence zone (ITCZ) and the large differences be-
tween the NH and SH Hadley cells during the winter
and summer seasons. Particles ascending in the rising
branch of the Hadley circulation in the summer hemi-
sphere tend to cross the equator in the upper tropo-
sphere. Note that while the most probable motion (the
peak of each distribution) tends to follow the natural
sense of the Hadley circulation, there is substantial dis-
persion both horizontally and vertically. Also, in both
hemispheres, but more strongly in the winter hemi-
sphere, there is a strong gradient in particle density and
an apparent barrier to transport that slopes upward and
poleward in the subtropical troposphere from about 15°
to 30° (more on this follows).

Themiddle two panels(c) and (d) show the dispersion
of particles released in the extratropical lower tropo-
sphere (41.3°, 775 hPa). In the extratropics, particles
tend to disperse rapidly along isentropic surfaces, which
slope upward toward the poles in the lower troposphere,
and somewhat more slowly across those surfaces (Bow-
man and Carrie 2002). Particles that descend into the
boundary layer tend to warm and move upward across
the isentropes, which is equatorward into the subtropics
and Tropics. In each hemisphere the dispersion is slight-
ly greater during the winter than summer. The dispersion
in the Northern Hemisphere is slightly larger than the
corresponding season in the Southern Hemisphere. This
is presumably due to the difference in large-scale eddy
activity in the two hemispheres during equivalent sea-
sons. The bulge in the NH in (d) indicates that during
JJA some particles do move from the midlatitude lower
troposphere more or less directly into the tropical Had-
ley circulation, without entering the Tropics in the shal-
low trade wind circulation.

The bottom two panels show the transport away from
a low-altitude extratropical release site just outside the
Tropics. A substantial number of particles are pulled at
low levels from the winter hemisphere across the equa-
tor into the ITCZ and then lofted into the middle and
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Fic. 1. Climatological dispersion of particles for selected initial conditions using NCEP winds from the
periods DJF and JJA. The abscissa is the sine of the latitude ¢. The intersecting lines indicate the initial
particle positions. Two initial conditions, symmetric about the equator, are shown in each panel. The label
in each panel gives the initial position and the time elapsed since the particle release. The contours indicate
the particle density at the given time, normalized by the largest (peak) value. Solid lines are for the particles

released in the winter hemisphere; dashed lines are for particles released in the summer hemisphere.

upper tropical troposphere. Particles moving from the
summer hemisphere into the Tropics tend not to cross
the equator at low levels, dueto thelocation of the TCZ.

In terms of global-scale transport, it may seem natural
to divide the atmosphere into two parts at the equator
(or perhaps at the seasonally varying ITCZ). Figure 2
clearly shows, however, that there is no barrier to trans-
port at the equator or ITCZ (see Fig. 1 aso). Instead,
there are transport barriers in the subtropics of each
hemisphere that divide the atmosphere into three re-
gions: the Southern Hemisphere extratropics, the Trop-
ics, and the Northern Hemisphere extratropics. Air tends
to disperserelatively rapidly within each region (20 days
is shown in this case), while exchange between the re-

gions occurs at a slower rate. This can be inferred from
the fact that there is little overlap between the Green's
functions for air originating in the Tropics and air orig-
inating in the extratropics. On the other hand, the
Green’s functions for air originating at different loca-
tions within a single region, the Northern Hemisphere
extratropics, for example, are very similar (not shown).
On the winter hemisphere side, the boundary between
the Tropics and extratropics is relatively distinct. There
is more overlap between the extratropics and Tropics
on the summer hemisphere side than on the winter side.
The primary transport from the extratopics to the Trop-
ics occurs in the lower branches of the Hadley cells
where air moves from the subtropics toward the ITCZ,
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Fic. 2. Climatological dispersion of particles after 20 days for three selected initial conditions using NCEP
winds during the periods (a) DJF and (b) JJA. The abscissa is the sine of the latitude ¢. Three initia
conditions are illustrated here: —41.3° at 825 hPa (dotted isopleths), 41.3° at 825 hPa (dashed isopleths),

and =1.1° at 825 hPa (solid isopleths).

from whence it is lofted into the tropical troposphere
(see Figs. 1lef). Transport from the Tropics back into
the extratropics occurs through a broader zone at higher
altitudes. Theseresults are very similar to those of Bow-
man and Carrie (2002) for an idealized circulation with
no geography or seasonal cycle.

A global view of the transport circulation is given in
Fig. 3. Bowman and Carrie (2002) discuss some ad-
vantages and disadvantages of different ways to rep-
resent the transport circulation. Figure 3 shows the most
probable transport path (the displacement of the peak
of the particle distribution fromitsinitial location) after
10 days for alarge grid of initial conditions. The upper
panels (a) and (b) show the transport by the NCEP
winds, the middle panels (c) and (d) show the transport
by the CCM3 winds, and the bottom panels (e) and (f)
show the difference (CCM3 — NCEP). To avoid having
the displacement arrows line up exactly head to tail (a
result of the discrete grid used to estimate the displace-
ment), which makes the figure difficult to read, a small
random displacement is added to each vector.

The NCEP panels (a) and (b) show the expected gen-
eral characteristics of the zonal-mean transport circu-
lation: asingle thermally direct cell in each hemisphere
with ascent in the Tropics and subtropics and subsidence
in the extratropics. The two overturning cells are asym-
metric during the solstitial seasons, with the larger and
stronger cell extending from the cold hemisphere across
the equator. The CCM3 results and the differences be-
tween the two datasets are discussed in the next section.

b. CCM3 — NCEP differences

This section discusses the differences between the
transport in the two datasets. The large-scale patterns
of transport with the CCM3 winds seen in Fig. 4 gen-
erally resemble those from NCEP shown in Fig. 1. The
initial locations in Fig. 4 are the same as in Figs. 1a
and 1b. Two features are notable in comparison with

Figs. 1la and 1b. First, the particle dispersion in CCM3
is generaly less than in NCEP, both in latitude and
altitude. This will be shown in greater detail below.
Second, during DJF CCM3 has stronger subsidence
south of the equator in what is normally thought of as
the ascending branch of the Hadley circulation (also
seen in Fig. 3e). Both datasets show some tendency
toward a bimodal distribution for particles originating
in the mid troposphere south of the equator; but this
tendency is much more pronounced in CCM3, and, in
fact, the lower peak has a greater density of particles
than the higher.

Quantitative comparison of CCM3 and NCEP trans-
port from many different initial conditions (not shown)
shows that the greatest differences in the transport be-
tween CCM3 and NCEP occur in the Tropics and sub-
tropics. Figure 5 shows the differences between the
Green's functions for CCM3 and NCEP ((G)cems —
(G)neep) TOr selected initial conditions and seasons. Pos-
itive valuesindicate that (G ). iSgreater than (G )y cep-
In the NH during winter (a), NCEP winds tend to move
more particles upward and into the Tropics than the
CCM3, which shows greater subsidence. The pattern is
similar, but not as well defined in the SH during winter
(d). Inthe NH during summer (b), NCEP winds disperse
theair morein thelatitudinal direction ((G)ccus issmall-
er in the NH extratropics), and carry particles farther
upward around the Hadley cell and into the SH tropical
upper troposphere (dashed contours in tropical upper
troposphere). Thisis also similar to the SH during sum-
mer (c), where the CCM3 dispersion is narrower, and
particles are not carried as far around the upper branch
of the Hadley circulation in a given amount of time.

These differences seen in Fig. 5 also show up clearly
in Fig. 3. During DJF, in the NCEP data the most likely
particle paths are upward in the Tropics south of the
equator (Fig. 3a). In CCM3 the most likely paths are
downward (Fig. 3c). The difference between the two
results is shown in Fig. 3e, which reveals a deep region
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Fic. 3. Most probable motion of particles in the alt-lat plane as a function of initial position during the two solstitial
seasons for both input datasets. The arrows indicate the displacement after 10 days of the peak of the zonal-mean
probability distribution functions (PDFs) from each initial location. The abscissa is the sine of the latitude ¢.

of very different vertical motion south of the equator.
There are similar differences of a slightly smaller mag-
nitude in the NH tropicsin JJA. During JJA, NCEP has
a nearly uniform region of rising motion to the north
of the equator. In CCM3, a narrow region of strong
rising motion is surrounded by relatively strong subsi-
dence, especialy above 600 hPa. In the extratropics
there appear to be smaller systematic biases between
the two wind fields. In most cases CCM 3 winds appear
to move particles downward and equatorward more rap-
idly than NCERP, in contrast to the situation in the Trop-
ics, although thisis not true in the SH during JJA, when
the bias has the opposite sign.

c. Box model

Although it is difficult to validate the NCEP and
CCM3 transport calculations directly due to an absence
of global chemical observations, long-term station mea-
surements of long-lived trace species can be used to
check the gross properties of the transport. Because an-
thropogenic trace species are usually released in greater
amounts in the Northern than the Southern Hemisphere,
there is typically an observable difference in the con-
centration of trace species between the two hemispheres.
For long-lived trace substances, this difference is pri-
marily determined by the rate at which air mixes be-



1142 JOURNAL OF CLIMATE VoLUME 17
DJF
0 (a) (b)| ‘ ‘
12.7°, 575 hPa,,...]..,.,,, -12.7°,575hPa | ..
10 days .-~ 10 days ol
200 S :
© N .
& PN
o 400 L - |
e}
600 - F \ =
800 - - \ o 4
1000 L I w : s s .
-90°-60°  -30° 0° 60° 90° -90°-60°  -30° 30°  60°90°
Latitude Latitude
Fic. 4. Climatological dispersion of particles for selected initial conditions using CCM3 winds from the
periods DJF and JJA.
tween the two hemispheres. To compare the transport dys
calculations with trace species observations, the Green’s o st
functions are used to compute the rate at which a trace
substance released in the extratropics of one hemisphere dy- 1 1
; ; : ; =SMxs — 'xr + ST
mixes into the extratropics of the other hemisphere. dt 2 2
The existence of partial barriers to transport in the d
subtropics of each hemisphere, along with the relatively % T S )
t

rapid mixing within, separately, the Tropics and extra-
tropics, suggests that a box model like that of Bowman
and Carrie (2002) could be a useful conceptual frame-
work in which to compare the transport cal culations and
the trace species observations. The box model approach
has the additional advantage that analytical solutions
can be found under reasonable simplifying assumptions.
Following Bowman and Carrie (2002) we divide the
atmosphere into three boxes: the SH extratropics (90°—
30°S), the Tropics (30°S-30°N), and the NH extratropics
(30°-90°N). The extratropical boxes each comprise 25%
of the atmosphere; the Tropics makes up the remaining
50%. The boxes are assumed to bewell mixedinternally,
and the tropical box exchanges air with both of the
extratropical boxes at equal and constant rates. The two
extratropical boxes are not directly connected.

The equations for the mass of a conserved trace spe-
cies in each box are

d(myxs)
TS = —fxst fxn,
d(2
deme) _ fxs = 2fxr + fxn,
o
d
A sty — ®

where xs, x+, and y, are the mass mixing ratios of the
tracer in the SH, tropical, and NH boxes, respectively;
m is mass of either of the extratropical boxes; and f is
the rate of mass exchange between the boxes.

Dividing by m (and by 2 in the second equation) gives
equations for xs, x1,» and xy:

wherer = f/mis the fractional rate of mass exchange
between the boxes relative to the mass of an extratrop-
ical box.

To allow a comparison with the NCEP and CCM3
results below, (9) is solved for the initial conditions y
=0, xr = 0, xy = 4, that is, for a tracer initially
contained entirely within the Northern Hemisphere box.
The concentrations as a function of time are

xs(t) =1 — 2ert 4 g2
XT(t) =1—-e™
@ =1+ 2et + e 2, (10)

At short times the concentrations grow or decay ex-
ponentially with time scales 1/r and 1/2r as the tracer
mixes from the NH box into the tropical and SH boxes.
Ast - o, the tracer becomes uniformly mixed through-
out the three boxes with a concentration of 1. The be-
havior of the tracer concentration in each box asafunc-
tion of time is shown in Fig. 6a.

For comparison with the box model we use the
Green's function to compute the time-dependent distri-
bution of atracer initially uniformly distributed between
30° and 90°N and 1000 and 0 hPa (for simplicity this
includes the stratosphere). The solution at timet isin-
tegrated over each of the three boxes and plotted in Fig.
6b (solid lines). To make a quantitative comparison be-
tween the NCEP results and the three-box model, the
NCEP data are fitted with analytical expressions of the
form given in (10) using a nonlinear curve-fitting pro-
cedure to estimate the single parameter r. Fitting sep-
arately to each of the three curves gives somewhat dif-
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Fic. 5. Differences between the Green's functions for CCM3 and NCEP winds ((G)cems — (G)neer) fOr
(@) NH, DJF; (b) SH, DJF; (c) NH, JJA; and (d) SH, JJA. Solid contours indicate that CCM3 is greater than

NCER while dashed contours indicate the reverse.

ferent values for the mass exchange rate between the
boxes, r. The values for the different datasets and sea-
sons are summarized in Table 3. The estimated mass
exchange rates range from 0.5% to 1.9% day*, de-
pending on season and the choice of box. In every case
the mass exchangeratesfor NCEP are larger than CCM 3
by a relative amount of about 10%—15%.
Thethree-box model agrees quite well with theresults
from NCEP and CCM3. The differences between the
box model and the circulation models can be attributed
to the following factors. First, the ““box” boundaries
used in the NCEP and CCM3 (vertical walls at 30°N
and S) are not the precise locations of the mixing bar-

(a) Analytical model (r = 0.007)
4

NH
5 \

——
T SH

0 100 200 300 400
Time (days)

riers, which slope poleward and upward in each hemi-
sphere. At short times, especially, thereisrapid transport
across the artificial box boundary due to rapid internal
mixing in the extratropics as well as due to systematic
exchange with the Tropics. The box-model solution has
a hard time matching both the rapid initial adjustment
between the NH and tropical boxes that takes places
within afew days and the slower exchange at time scales
of 1 month to 1 year. Second, contrary to the assump-
tions of the box model, the tracer does not mix instan-
taneously within each of the three boxes. Third, the
exchange between the three boxes is not a simple pipe-
line as the box model assumes. It is noteworthy that the

. (b) NCEP DJF data and fitted curves

0 100 200 300 400
Time (days)

Fic. 6. (a) Analytical solution to Eq. (9), which is the tracer concentration in each of the three
boxes of the idealized model as a function of time. (b) Tracer concentration in each of the three
boxes computed from the Green’s function for the NCEP DJF data (solid lines). The dashed lines
are the results of a nonlinear fit to the NCEP data using the analytical formsin Eq. (9).
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TaBLE 3. (top two rows) 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) Lag of the concentration of a
conserved passive tracer in the SH extratropics relative to the NH
extratropics. See the text for a discussion of the differences between
the estimates.

DJF JIA

NH  Tropics SH NH  Tropics SH
Mass exchange rate (% day 1)

NCEP 12 1.6 0.7 12 19 0.6
CCM3 11 1.6 0.6 11 15 0.5

NH - SH tracer lag for constant source (yr)
NCEP 0.9 0.7 16 0.9 0.6 18
CCM3 1.0 0.7 19 1.0 0.7 21

calculated concentration in the SH box, which is less
influenced by some of the spinup issues than the other
two boxes, gives the best fit to the results from the
theoretical box model.

It is also informative to include a source term in the
three-box model to represent the emission of a long-
lived trace speciesin the NH. The solution for a constant
source in the NH box is given in Bowman and Carrie
(2002). After the initial transients die away, the con-
centrations in each box increase linearly with time at
the same rate with a constant difference in concentration
between the three boxes. Thisis equivalent to a constant
time lag in concentration, with the SH box lagging the
tropical box, which in turn lags the NH box (the source
region). The lag between the NH and SH boxes is
(1 + 2a)/ar. The lags corresponding to the estimated
values of r from the curve-fitting procedure are given
in Table 3.

A rough estimate of the actual interhemispheric mix-
ing time scale can be obtained from measurements of
long-lived trace gases taken in midlatitudes of the
Northern and Southern Hemispheres. For this purpose
we use Atmospheric Lifetime Experiment/Global At-
mospheric Gases Experiment (ALE/GAGE) and chlo-
rofluorocarbon (CFC-12) data from the late 1970s and
1980s, a period when CFC concentrations were increas-
ing nearly linearly. Figure 7 shows the available month-
ly mean CFC-12 data from Adrigole and Macehead,
Ireland, and Cape Grim, Tasmania (Prinn et a. 2000).
It is apparent that CFC-12 concentrations increased
nearly linearly during this time period. A least squares
linear fit to each of the time series gives the results
shown in Table 4. The interhemispheric lag computed
using the average of the two slopes (17.4 pptv yr—1)
and the difference between the intercepts (31.1 pptv) is
1.8 yr, which agrees well with the NCEP and CCM3
estimates of 1.8 and 2.1 yr, respectively (Table 3).

4. Summary and conclusions

We use a Green's function approach to compare the
transport circulations of the NCEP reanalysis with a
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Fic. 7. Monthly mean clean-air measurements of CFC-12 at Ma-
cehead, Ireland, and Cape Grim, Tasmania. The solid and dashed
linesarelinear least squaresfitsto the two time series. The coefficients
of the linear regression are given in Table 4.

standard simulation by CCM3. The climatological
Green's function of the mass conservation equation for
a conserved passive tracer is estimated from a large
ensemble of long-term particle trajectories. The trajec-
tories are computed using the large-scale three-dimen-
sional velocity fields from the NCEP reanalysis and
from CCM3.

The Green's function approach provides a quantita-
tive measure of the transport circulation, both the most
likely motion of air parcels and their climatological dis-
persion characteristics. Thetransport circulationisdom-
inated by thermally direct motion, with rising motion
in the ITCZ and subsidence in the subtropics and ex-
tratropics of both hemispheres. The tropical circulation
undergoes a substantial seasonal cycle as the rising
branch of the Hadley circulation follows the solar heat-
ing into the summer hemisphere. During the soltitial
seasons the Hadley cell in the summer hemisphere is
very weak, while the winterside Hadley cell carries air
across the eguator from the winter hemisphere to the
ITCZ.

A schematic of the global-scal e zonal-mean transport
circulation is shown in Fig. 8 for the DJF season. This
issimilar to Fig. 11 in Bowman and Carrie (2002), but
it includes the asymmetry in the circulation that results

TaBLE 4. Coefficients of least squares linear fitsto the ALE/GAGE
time series of CFC-12 measurements at Macehead, Ireland, and Cape
Grim, Tasmania. The “‘intercept” is evaluated at the beginning of
1978. The slope is in units of pptv yr=*. The time lag between the
hemisphere is ~1.79 yr.

Ireland Tasmania
Slope 175 17.3
Intercept 276.0 245.0
Correlation coefficient 0.99 0.99
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Fic. 8. Schematic showing the general pattern of the global-scale
zonal-mean transport circulation during DJE The contours indicated
the zonal-mean potential temperature for the DJF season from the
long-term (1968-96) NCEP reanalysis climatology. The black arrows
show the main transport paths for air moving between the Tropics
and extratropics and circulating in the Hadley circulation in the Trop-
ics. The perpendicular gray arrowsindicate the sense of the dispersion
of air within each of the main atmospheric regions. The darker gray
bands indicate the partial transport barriers between the Tropics and
extratropics in each hemisphere.

from the seasonal cycle. In the extratropics of both
hemispheres air disperses relatively quickly throughout
the region between ~30° latitude and the pole (gray
arrows). Air from the extratropics moves into the Trop-
icsat low levelsin thetrade wind circulation (long black
arrows). Upon reaching the ITCZ, this air ascends into
the middle and upper tropical troposphere. Thereisfair-
ly rapid dispersion of air within the Tropics (gray ar-
rows). As air spreads out in the upper branches of the
Hadley cells and descends in the subtropics, some sub-
siding air mixes into the extratropics of both hemi-
spheres (short black arrows). The dark gray bands in-
dicate that there are partial barriersto transport between
the Tropics and extratropics. Although the Hadley cir-
culation varies considerably with the seasonal cycle, the
transport barriers persist in al seasons, including the
equinoctial seasons (not shown).

This picture of the zonal-mean transport of traces
substancesis quite different from either the conventional
zonal-mean Eulerian-mean circulation (Peixoto and
Oort 1992, Fig. 7.19) or the zonal-mean Lagrangian-
mean circulation, whether calculated using isentropic
coordinates or the residual-mean formalism (Townsend
and Johnson 1985; Stone and Randel 1999; Held and
Schneider 1999). Air parcels cannot be thought of as
primarily circulating around either the single hemi-
spheric cells of the Lagrangian-mean flow or the three
cells per hemisphere of the Eulerian-mean flow. Instead,
there is relatively rapid dispersion of air with the three
atmospheric **boxes” (SH extratropics, Tropics, and NH
extratropics) and slower transport around a single ther-
mally direct zonal-mean cell in each hemisphere. In the
process thereis aslow exchange of air between thethree
boxes through the subtropics. An understanding of the
precise processes that transport air between the three
boxes cannot be obtained from the zonal-mean statistics
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presented here, but will require detailed study of indi-
vidual parcel trajectories.

CCM3 generally does a good job of simulating the
large-scale transport circulation, both qualitatively and
quantitatively. The most notable differences between
CCM3 and NCEP are the following. Climatologically,
particles spread out more rapidly with the NCEP winds
than with CCM3. This may indicate that CCM3 is not
representing the full range of variability of atmospheric
motion seen in NCEP or that the motion is slightly
weaker than NCEP indicates. The Hadley circulation is
slightly more vigorous in NCEP than CCM3. Thus
transport in the Hadley cells is somewhat quicker in
NCER In the Tropics there is a noticeabl e bias between
the two results in the ITCZ, with CCM3 having a pro-
nounced tendency for subsidence in the ascending
branch of the Hadley circulation. Air does ascend in the
ITCZ in CCM3, but there is a separate population of
particles that descend. That population isdistinctly larg-
er than in NCER,

It is, of course, very difficult to say which wind data
are “‘better.”” Although the NCEP reanalysis is tied to
global observations through the assimilation process,
the direct effects of convective transport have not been
included in this study, and the indirect effects on the
large-scale circulation may be sensitive to the choice of
convective schemes, boundary layer parameterizations,
etc. The results do indicate that the two-box (hemi-
spheric) models of global tracers (e.g., Levin and Hes-
shaimer 1996; Bowman and Cohen 1997) do not provide
a good representation of the transport characteristics of
the troposphere. The bulk behavior of trace substances
can, however, be represented reasonably well by a sim-
ple three-box model. It is encouraging that the extra-
tropical exchange times of the two datasets agree with
each other, and with the ALE/GAGE data, to within
about 10%. Future studies will compare the transport
properties computed using L agrangian methods with ex-
plicit calculations of trace substance dispersion calcu-
lated with Eulerian scheme built-in to CCM3.
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