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Passive tracer transport relevant to the TRACE A experiment

T. N. Krishnamurti,! M. C. Sinha,! M. Kanamitsu,? D. Qosterhof,! H. Fuelberg,!
R. Chatfield,® D. J. Jacob,* and J. Logan*

Abstract. This paper explores some of the mechanisms governing the accumulation of
passive tracers over the tropical southern Atlantic Ocean during the northern hemisphere
fall season. There has been a pioneering observation regarding ozone maxima over the
South Atlantic during austral spring. The understanding of the formation of this maxima
has been the prime motivation for this study. Using a global model as a frame of
reference, we have carried out three kinds of experiments during the period of the
Transport and Atmospheric Chemistry Near the Equator—Atlantic (TRACE A) project of
1992. The first of these is a simple advection of total ozone (a passive tracer) in time
using the Florida State University global spectral model. Integration over the period of
roughly 1 week showed that the model quite closely replicates the behavior of the
observed total ozone from the total ozone mapping spectrometer (TOMS). This includes
many of the changes in the features of total ozone over the tropical and subtropical region
of the southern Atlantic Ocean. These studies suggest a correlation of 0.8 between the
observed ozone over this region and ozone modeled from “dynamics alone,” i.e., without
recourse to any photochemistry. The second series of experiments invoke sustained
sources of a tracer over the biomass burn region of Africa and Brazil. Furthermore,
sustained sources were also introduced in the active frontal “descending air” region of the
southern hemisphere and over the Asian monsoon’s east-west circulation. These
experiments strongly suggest that air motions help to accumulate tracer elements over the
tropical southern Atlantic Ocean. A third series of experiments address what may be
required to improve the deficiencies of the vertical stratification of ozone predicted by the
model over the flight region of the tropical southern Atlantic during TRACE A. Here we
use the global model to optimally derive plausible accumulation of burn elements over the
fire count regions of Brazil and Africa to provide passive tracer advections to closely
match what was observed from reconnaissance aircraft-based measurements of ozone over

the tropical southern Atlantic Ocean.

1. Introduction

Since the pioneering observational studies on tropospheric
ozone distribution [Fishman, 1994; Fishman et al., 1990, 1991],
the issues on the source regions have focused on the biomass
burning over South America and Africa [Fishman et al., 1990;
Thompson et al., 1993]. Fishman’s original studies examined
two types of satellite observations: total ozone mapping spec-
trometer (TOMS) for the total atmospheric column ozone and
stratospheric aerosol and gas experiment (SAGE) for the
stratospheric component. A list of acronyms is provided in
Table 1. These studies qualitatively provided a convincing pic-
ture of a tropospheric ozone maximum, which was centered
near the Greenwich meridian and roughly 10° to the south of
the equator. Plate 1 from Fishman et al. [1990] describes the
residual tropospheric ozone obtained from the subtraction of
the stratospheric ozone (as measured from SAGE) from the
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total ozone (as measured from TOMS). This pioneering work
has led to the participation of a large number of scientists in
the investigation of this tropospheric anomaly over the tropical
southern Atlantic Ocean.

Ozonesonde measurements of the vertical distribution at
several sites provided insight into the possibility that accumu-
lation of ozone can occur in the lower troposphere near the
oceanic inversion and in the upper troposphere as well. Re-
finements of the early satellite measurements of total ozone
[Fishman et al., 1990] were provided by Thompson et al. [1993],
who emphasized the corrections for the oceanic stratocumulus.
Satellite observations suggest that the tropospheric ozone has
a relative maximum during the austral spring, i.e., September
and October. The atmospheric circulations over a broad-scale
region covering Africa, South America, and the Atlantic Ocean
were summarized by Krishnamurti et al. [1993]. They described
the circulation climatology (i.c., monthly means) as well as the
transients of this region. It was recognized that atmospheric
transport processes could include possible candidates such as
(1) divergent planetary east-west circulations with ascending
branches in the Asian monsoon region and descending air over
the tropical southern Atlantic Ocean; (2) frontal descent of the
southern hemispheric air, which was shown to subsequently
circulate northward in the lower troposphere, i.e., counter-
clockwise around transient anticyclones of the southern tropics
and subtropics; (3) biomass burn elements from South Amer-
ica, being eventually conveyed via the westerlies near 25°S and
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Table 1. List of Acronyms

Acronym Definition
DU Dobson unit
FSU Florida State University
UV DIAL UV differential absorption lidar
NMC National Meteorological Center
SAGE stratospheric aerosol and gas experiment
TOMS total ozone mapping spectrometer
TRACE A Transport and Atmospheric Chemistry
Near the Equator—Atlantic
uTC coordinated universal time

around transient anticyclones to the tropical southern Atlantic;
(4) biomass burn elements over Brazil being conveyed to the
upper troposphere by deep cumulus convection and eventually
conveyed by westerlies toward the tropical southern Atlantic;
(5) the easterly flow near 700 mbar can convey low-level burn
elements from the interior of the biomass burn regions of
Africa; and (6) the upper tropospheric near-equatorial easterly
flows over Africa appear to be possible vehicles for the trans-
port of burn elements, which has been previously carried to the
upper troposphere by deep cumulus convection. The determi-
nation of reliable flow trajectories that might provide insight
on the relative importance of such candidates is not a simple
matter [Pickering et al., 1994; Fuelberg et al., this issue]. Diffi-
culties stem from uncertainties in data coverage, analysis as-
similation differences from various centers, usage of model-
based data by users using alternate algorithms (different from
those used by modelers), methodology, and space-time inter-
polations in the construction of trajectories. A nonlinear ad-
vection of passive tracers, using a fourth-order semi-
Lagrangian advective scheme [Krishnamurti et al., 1990] used in
this study eliminates most of these difficulties.

There are important questions as to what dynamics only
contributes, as compared to the contribution of the photo-
chemistry of the biomass burn, toward the eventual pattern of
the ozone accumulation over the tropical southern Atlantic
Ocean. The role of the dynamics is something that we can
perhaps address from our modeling capability. However, we
feel that, given the half-life of the ozone, of roughly a week in
the lower troposphere and roughly 3-4 weeks in the upper
troposphere and stratosphere, the ad hoc nature of our ap-
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proach in neglecting the contributions of photochemistry may
still be quite acceptable, since we are examining periods of 6
days only. The eventual strategy of long-term transport studies
would, however, require four-dimensional global models at
high resolution that include photochemical history variables.

The field experiment Transport and Atmospheric Chemistry
Near the Equator—Atlantic (TRACE A) was conducted over
this entire region of interest during the months of September
and October 1992. A chronology of the components of the
experiments appears in this special issue of the Journal of
Geophysical Research [Bachmeier and Fuelburg, 1995]. One
purpose of this field experiment was to provide a diverse set of
observations for circulation and photochemical studies toward
providing an understanding of the role of biomass burning on
the accumulation of the tropical tropospheric ozone over the
southern Atlantic Ocean.

2. Ohbjectives of the Present Study

The main objective of the present study is to use results from
the Florida State University (FSU) global spectral models at
high resolution, to investigate the relative roles of passive
tracer transports based on TOMS and those based on simply
modeled biomass burn patterns on the accumulation of ozone
over the tropical southern Atlantic Ocean.

3. Data Sources for the Present Study

For the initial state of atmosphere, we have used the Na-
tional Meteorological Center (NMC) operational level ITI data
sets, which are based on analysis of the conventional World
Weather Watch observations data, the available global data
from commercial aircraft, data from ships of opportunity, the
polar orbital satellite based soundings, cloud-tracked winds,
and some surface buoy data from the equatorial Pacific and the
southern hemisphere.

Enhanced cloud-tracked winds over the tropical Atlantic
Ocean were studied. During the months of September and
October 1992 an enhanced extraction of cloud motion vectors
was organized by Florida State University (carried out by Jack
Beven) on the National Hurricane Center’s Mcldas system.
These data were passed on to the NMC and were assimilated
in near real-time by their four-dimensional assimilation system
[Kanamitsu, 1989] into their global analysis.

25°NE
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Plate 1.
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Distribution residual of tropospheric ozone for October determined from concurrent measure-

ments made by the SAGE and the TOMS [adapted from Fishman et al., 1990].
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TRACE A dropwinsonde data from NASA’s DC-8 were
used. The flight tracks of the aircraft are illustrated by Bach-
meier and Fuelberg [this issue]. The dropsonde data for the
flights were incorporated into the global analysis system de-
scribed above.

TOMS, the total ozone global data, for this period were
provided to us by NASA Goddard. These data sets did not
include the cloud correction algorithm of Thompson et al.
[1993].

A first guess vertical distribution of ozone for the TOMS was
based on Diitsch [1978] and Hilsenrath et al. [1977].

Tropopause height (pressure) data sets were obtained from
the archives of the NMC.

In order to delineate the tropospheric ozone for our model-
based estimates, it was necessary to perform integrations from
the Earth’s surface to the tropopause. For this purpose, we
have resorted to the NMC'’s operational analysis of the tropo-
pause pressure. We examined the tropopause analysis for the
period October 12-18. Typical values of tropopause location
are around 120 mbar near the Greenwich meridian and 10°S.
The tropopause descends to roughly 250-300 mbar near 60°S,
and the tropopause is somewhat above the 120-mbar surface
over the northern summer tropics. In this study we have not
addressed the specifics of tropospheric residue ozone, since
such data were not available at the time of this research. Those
aspects will be addressed in a future study.

4, The Global Model

The global model used in this study is identical in all respects
to that used by Krishnamurti et al. [1989]. The characteristics of
the global model are as follows: independent variables (x, y,
o, t); department variables of vorticity, divergence, surface
pressure, vertical velocity, temperature, and humidity; horizon-
tal resolution of 126 triangular waves; vertical resolution of 15
layers between roughly 30 and 1000 mbar; semi-implicit time
differencing scheme; centered differences in the vertical for all
variables except humidity, which is handled by an upstream
differencing scheme (the humidity variables require a positive
definite advective scheme); fourth-order horizontal diffusion
[Kanamitsu et al., 1983]; Kuo-type cumulus parameterization
[Krishnamurti et al., 1983]; shallow convection [Tiedke, 1984];
dry convective adjustment; large-scale condensation [Kana-
mitsu, 1975]; surface fluxes via similarity theory [Businger et al.,
1971]; vertical distribution of fluxes utilizing diffusive formula-
tion, where the exchange coefficients are functions of the Ri-
chardson number [Louis, 1979]; longwave and shortwave radi-
ative fluxes based on band models [Lacis and Hansen, 1974;
Harshvardan and Corsetti, 1984]; diurnal cycle; parameteriza-
tion of low, middle, and high clouds based on threshold relative
humidity for radiative transfer calculations; surface energy bal-
ance is coupled to the surface similarity theory [Krishnamurti et
al., 1991]; nonlinear normal mode initialization of five vertical
modes [Kitade, 1981].

Other aspects of global modeling entail the passive advec-
tions of ozone. For this purpose, we have designed an advec-
tion algorithm that makes use of the semi-Lagrangian conser-
vation principle based on Krishnamurti et al. [1990].

5. Passive Tracer Experiments

In this section, we shall describe in sequence, the experi-
ments based on dynamics alone, isolated source, and optimized
burn.
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5.1. Dynamics-Alone Experiment

Our interest lies with the issue of the contribution to the
accumulation of tropical tropospheric ozone from dynamics,
i.e., no photochemistry is invoked. The global model is first
integrated for a period of 6 days and, using its three-
dimensional motion field (u, v, o), the transports are next
carried out by the predicted winds in order to study the time
history of the passive tracer. The initial ozone is derived from
the TOMS data set, which is the vertically integrated atmo-
spheric ozone. Next we shall describe the results for an exper-
iment that was initialized for October 12, 1992, at 0000 UTC.

The initial vertical distribution of ozone was determined
from the TOMS data using the weighting function given by
Diitsch [1978] and Hilsenrath et al. [1977] to get the distribution
of ozone at every 50 hPa in the vertical and at every 1.25°
latitude from south pole to north pole. This provided a four-
dimensional global distribution of ozone, i.e., O(A, 6, o, t),
where O is the amount of ozone, A the longitude, 6 the lati-
tude, o the normalized pressure coordinate in the vertical, and
t the time. The distribution of the weighting functions is given
in Figure 1a. Although the initial vertical distribution of ozone
is a function of the imposed climatological weights initially, we
noted that the model during the course of a 1 day forward
integration achieves a stable and realistic three-dimensional
structure that was seen from an examination of the time history
of the predicted structure function (weights), W(#6, o, t). Here
the structure function is defined by

o o p 11000, 01 d)
(0.0 = 175 0, 0. 0,0 dX, do

These computations were carried out at the end of each day of
forecast. The results for days 2, 4 and 6 are shown in Figures
1b-1d. Here we note the largest changes (i.e., adjustment in
the weighting function) occur between days 0 and 1. This
simply suggests that for the given global model and the pre-
vailing four-dimensional motion field an equilibrated weight-
ing function is realized. Of course, that weighting function is
limited to what the model approximations are, and the equil-
ibration may not reflect the details of vertical stratification
generated by biomass burning. In that sense we shall regard the
results from this first experiment to reflect mainly the effects of
transport from dynamics alone.

Kim et al. [this issue] have proposed a new method for
obtaining tropospheric ozone estimates. They invoked correc-
tion for an albedo effect in order to improve the stratospheric
estimates provided by SAGE. Furthermore, they corrected for
a bias in the TOMS measurements over land areas as com-
pared to adjacent stratocumulus-covered ocean. Our estimates
of TOMS have not been corrected. It would have been desir-
able to make corrections for the albedo and the land bias.
These will be included in future studies. The heavy arrow in
Figure 5 denotes a prominent divergent streamline illustrating
the teleconnection between the ozone maximum and the Asian
monsoon.

We make the assumption that, over a short period of the
order of a week, the stratospheric changes in the ozone are
small. Next we shall present the total ozone based on the
TOMS data and those obtained from these global model fore-
casts. The period October 12-18, 1992, is considered here. The
TOMS data are displayed in the top panels of Figures 2a-2l.
The bottom panel shows the predicted ozone from the global
model. The model’s initial estimates also reflect some errors
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Figure 1.
[1977] and as implied by the global model.

arising from interpolation to the T126 resolution, which has a
transform grid separation of roughly 80 km.

The predicted total ozone is in close agreement with the
TOMS estimates throughout this 6-day period of October 12—
18, 1992. If one looks at the 6-day forecast for October 18
(Figures 2k and 2l), we can see that many of the small-scale
details are reasonably predicted by the global model. An axis of
a sharp gradient of total ozone extends from 20°W to 10°E
across 40°S. This sharp feature is related to a frontal passage,
and the circulation forecasts are able to convey these ozone
transports accurately. A tongue of ozone maximum enters the
Indian Ocean from the southern Atlantic Ocean south of
South Africa; this is another of the many features that is rea-
sonably predicted at day 6. The 300 Dobson unit (DU) isopleth

9ONBO 70 60 50 40 30 20 N O 10520 30 40 50 60 70 80508 0
LATITUDES

Tropospheric weights based on ozone structure function of Diitsch [1978] and Hilsenrath et al.

over South America reflects a southward dip near 30°S; this is
also reasonably portrayed by the forecast model. Over the
tropical southern Atlantic Ocean the TOMS carries a maxi-
mum value of 314 DU, whereas the predicted maximum value
over this region is around 308 DU. Overall, the 6-day forecast
of the distribution of ozone appears quite realistic. The high
skill in the prediction of ozone distribution is also reflected in
the correlation diagram (Figure 3). Here we show the corre-
lation of the observed and the predicted ozone versus days of
forecast. It may be seen from Figure 3 that the forecast skill
falls to 0.6 at day 6. The errors arise from modeling approxi-
mations associated with forecast errors of the motion field and
hence of the transports. The absence of photochemistry is, of
course, another factor that must account for these errors, since
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Figure 2. (a,c,e,g, i, k) Observed ozone (based on TOMS uncorrected) and (b, d, f, h, j, ) predicted ozone.

Units are DU. The figures cover day 1 through day 6
1992, 1200 UTC respectively.

we only include the transports of a passive tracer. Thompson et
al. [this issue] have discussed the uncertainties of the daily total
ozone (TOMS). They have also mentioned that averaged over
periods of the order of a week or longer, the uncertainties as
measured against dropsonde data from Brazzaville, Natal, and
Ascension are reduced considerably. For this reason, we also
performed a correlation of the weekly mean observed ozone
(TOMS) versus the forecast ozone from the global model. That
correlation over the larger TRACE A region came out to
roughly 0.8. This is another measure of the success of the
prediction of total ozone. It perhaps also reflects the fact that
transport by dynamics alone describes a major proportion of
the observed ozone. It also clearly demonstrates that the model
gives good predictions, and if the proper initial distribution is
known, accurate prediction of passive tracers can be made. The
results presented here may, however, be sensitive to the par-
ticular choice of structure functions. Further experimentation
is needed to ask what impact on the dynamics alone problem
might arise from such other candidates.

5.2. Dispersion From Modeled Isolated
Source Experiment

Local concentration of biomass burn elements can occur
above and in the vicinity of the burns. Such concentration can

of forecast between October 13 through October 18,

eventually be advected by the prevailing winds toward the
tropical South Atlantic Ocean. This notion is explored in this
section using somewhat simple sustained source-based advec-
tion experiments using the global model as a frame of refer-
ence. The advections, as before, are based on the forecasts
covering the period October 12-18, 1992.

Here we shall discuss the results for the following three
experiments: a sustained source placed over the burn area of
South America; a sustained source in the stratosphere over the
southern hemisphere; and a sustained source over the burn
region of Africa. These sources are defined in Table 2. It
should be noted from Table 2 that the nature of these sources
is akin to vertical plumes that provide a continuous supply of
tracers. These are being advected by the motion field of the
global model. These sources were introduced over a certain
vertical depth (Table 2) of the atmosphere over the prescribed
location (Table 2). Table 2 also describes the weights that were
assigned to the different vertical levels where the sustained
source was introduced. The geometries of these sources were
either circular or elliptical (Table 2). The maximum strength .S
of the sustained source was kept at 4 DU/100 mbar layer for
each of the three experiments. The horizontal intensity variation
of the sustained source is defined by a bell-shaped function.
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where D is a parameter that defines the lateral size of the
source in degrees latitude-longitude, R is the transformed dis-
tance from the central point of the source (see Table 2), and S
is the maximum sustained ozone concentration.

The rationale for the selection of these sustained sources is
the following: the stratospheric sustained source was based on
an examination of TOMS data for the week preceding October
14, where we noted a quasi-stationary ozone maximum over
the Atlantic coast of South America near 30°S. The source of
this maximum appeared to be stratospheric, since its earlier
time history showed a passage to that region from much farther
south of 25°S. On that basis it was decided to introduce a
source near 25°S and 45°W with the specifications described in
Table 2. The choice of the other two sustained source regions
over South America and Africa were dictated by the mapping
of the fire counts. These are illustrated in Plate 2 and Figure 4.
The sustained source is introduced almost directly over the
burn areas for both of these experiments. The vertical structure
of the source (shown in Table 2) reflects plausible vertical
distributions that might arise from effects of cumulus convec-
tion, which the biomass burn provides vertically. Given a pre-
scribed vertical distribution (Table 2) over the burn regions,

F/C TOMS OZONE ( DU) UNCOR. [2Z OCT 14 9
I U

U \ T I T l/

30E

IOW OE IOE

(continued)

the global model is used to carry out a four-dimensional pas-
sive tracer advection for each case separately.

A sustained biomass burn source is placed over Africa, be-
tween 300 and 900 mbar (Table 2), with a maximum amplitude
of 4 DU per 100 mbar. The plume from this source disperses
westward very effectively, illustrated in Plate 3 for 700 mbar. In
the initial 24 hours some dispersion to the east and west occurs
from the predicted winds of October 12 and 13, 1992. The
westward dispersal is carried out by the easterlies all the way
across the Atlantic Ocean in 3 days. Jacob et al. [this issue]
emphasized that biomass burning over Africa, a major source
of NO,, undergoes oxidation in the tropical Atlantic basin. The
model calculations presented in this paper generally support
the possibility of transport in the direction of mean advections,
i.e., from Africa to the tropical southern Atlantic Ocean. The
computations also suggest that the burn products could be
carried toward north central Africa, as well, from the sustained
burn region. The predicted motion field does have strong up-
ward motions over the equatorial African belt. Although no
sustained source was placed at higher levels, these vertical
motions are very effective in carrying the burn products to the
200-mbar level, and these too find their way across the tropical
Atlantic in a matter of 1 week (Plate 4). It should be stated that
vertical advections appeared to be equally as important as
horizontal advections in the eventual shaping of these disper-
sion patterns. The biomass elements carried up to 200 mbar
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appear to execute a counterclockwise advection pattern over
the eastern Atlantic Ocean. We also note that this advection
pattern includes biomass elements that were first carried up-
ward by tropical convection over central Africa and advected
counterclockwise subsequently. This stream of maxima of the
advected biomass elements is located in the close proximity of
the region of maximum upper tropospheric ozone seen from
the ultraviolet differential absorption lidar (UV DIAL) cross
sections for October 18, 1992 [Browell, 1989]. These maxima
values of upper tropospheric ozone of the eastern Atlantic
during TRACE A may have had their origin from the burn
regions of Africa (Plate 2).

Next we shall illustrate the dispersal from a stratospheric
source of the southern hemisphere, between the 100- and 200-
mbar surfaces. Plate 5 illustrates the dispersal, at 200 mbar,
from this sustained source (Table 2). Westerly winds rapidly
disperse the ozone toward West Africa and south of South
Africa. A transient anticyclone in the middle of the southern
Atlantic Ocean effectively transports ozone equatorward. Since
the forecasts of the motion field were fairly accurate up to 6
days, these advective transports, unlike the single trajectories
that followed, appear to present a reasonable perspective on
the effects of transports. This computation suggests that a
steady descent of air can provide a rich source of stratospheric
air all the way across the Atlantic Ocean in a matter of 1 week.
The choice of the maximum value of 4 DU per 100 mbar is

IOW OE I0E

(continued)

certainly arbitrary. It can be scaled to any desired value, and
the advection pattern can be handled accordingly. The de-
scending motion over the source region is reflected in the time
history of the evolution of ozone at 400 mbar. Initially, no
sustained source was present at 400 mbar (Plate 6). Hence that
panel is blank. With time, descent occurs all along the path of
the 200-mbar flow toward West Africa. It is this descending
flow that appears to be most interesting in contributing to
ozone anomalies in the tropical southern Atlantic region at the
400-mbar level. The axis of the 400-mbar advection toward
West Africa is not located exactly below that of the 200-mbar
plume; the differential horizontal advection produces these
features. The descent describes a southern stream at 400 mbar
that moves eastward over South Africa. It is also interesting to
note that a rather well marked sustained maximum value re-
sides over the east coast of South America at 400 mbar. That
was a region of sustained descent in the predicted circulation
patterns between 200 and 300 mbar. Such sustained vertical
motion features can advect stratospheric air into the tropical
upper troposphere in a matter of a few days. However, this may
not be crucial for our overall understanding of the ozone
anomalies of the tropical southern Atlantic Ocean.

Next we shall illustrate the dispersal from a sustained source
over the burn region. These were introduced between 300 and
900 mbar (Figure 4) over Brazil. Its initial geometry at 900
mbar is shown in Plate 7 at hour 0. A steady horizontal plume
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Figure 2. (continued)

extends toward West Africa by day 4. The plume is partly
governed by the horizontal advection at 900 mbar but is also
affected by the descent from the upper levels because vertical
advection over the burn region of Brazil is able to convey the
burn elements to upper levels, where stronger westerlies (south
of the Intertropical Convergence Zone (ITCZ)) are able to
carry them eastward. The plume is also influenced by ensuing
descending motions, thus contributing to the extended hori-
zontal plumes at 900 mbar. The scenario at 300 mbar is shown
in Plate 8. These burn elements acquire a swath extending
toward South Africa and West Africa. The burn elements at
300 mbar make their way toward the Brazilian east coast,
where they enter an anticyclonic eddy over the central Atlantic
Ocean and eventually exit this domain over South Africa.
Overall, the clear impression we get is that a lower tropo-
spheric sustained source over the burn region of South Amer-
ica can contribute to the accumulation of ozone over the trop-
ical southern Atlantic Ocean and describe the transport toward
the Indian Ocean as well. A period of roughly 4—6 days is all
it takes for communication between the burn regions of Brazil
and the tropical southern Atlantic Ocean.

5.3. East-West Circulations and Tropospheric Ozone

Krishnamurti et al. [1993] and Jacob et al. |this issue| have
emphasized the role of divergent circulations as a possible
candidate for contributing to the slow accumulation of ozone
over the tropical southern Atlantic Ocean. In this section we

shall illustrate the effect of imposing a sustained source in the
Asian monsoon around 10°N from where the divergent circu-
lations trace their way to the southern tropical Atlantic Ocean.
Figure 5 illustrates the 7-day mean velocity potential at 200
mbar during the period October 12-18, 1992. This illustration
clearly portrays the monsoonal teleconnection. Rising motions
over the monsoon activity find their compensating descent over
equatorial Africa and the tropical eastern Atlantic. We have
also examined what would happen to a sustained source of a
passive tracer if placed in the vicinity of the monsoonal diver-
gent outflow regions. (See Table 2 for further details on the
location, extent, and intensity of this sustained source.) Plate 9
shows the time history of the evolution of a tracer at 200 mbar.
A part of this evolution is westward near 10°N from the sus-
tained source. As this tracer moves westward, it makes a coun-
terclockwise, i.e., anticyclonic loop around the eastern tropical
Atlantic Ocean. All this time, a gradual descent, carried out by
vertical advection, brings this tracer to various upper tropo-
spheric levels. Plate 10 shows its time history at the 300-mbar
level. A marked vertical convergence of flux near 300 mbar was
also noted in the computations, offering the suggestion that the
ozone maximum we noted during TRACE A flights near 9 km
above sea level could, in part, be ascribed to the monsoonal
east-west teleconnections. In 6 days some of the tracers from
the monsoon do appear to reach the lower troposphere over
Africa, but the substantial effect is felt at 500 mbar and higher,
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where it reaches the tropical southern Atlantic Ocean in 6 days
of traverse from the monsoon. Jacob et al. [1995] drew several
major conclusions from their analysis of the photochemical
modeling of the aircraft data during the TRACE A experi-
ment. They concluded that the stratosphere was not important
in its contribution to the tropospheric ozone over the tropical
southern Atlantic Ocean. They emphasized the role played by
the Walker circulation (the Asian monsoonal teleconnections)
as important in providing the photochemical reaction for the
generation of tropical ozone.

5.4. Optimizing Biomass Burn Sources Toward the
TRACE A UV DIAL Cross Section

During the field phase of TRACE A, the NASA DC 8 flew
several important chemistry missions (e.g., J. D. Bradshaw et
al., How TRACE A compares with other GTE programs:
Questions still remaining, submitted to Journal of Geophysical
Research, 1995 (hereinafter referred to as B95)). Downward
and upward directed UV DIAL were able to provide vertical
cross sections along the flight track [Fishman et al., this issue].
Figure 6 shows one such flight track which was flown on Oc-
tober 18, 1992. This flight originated from Windhoek in Nami-
bia and was designed to traverse the general region of the
ozone maximum over the tropical equatorial Atlantic Ocean.

Figure 7 illustrates a UV DIAL cross section of ozone along
the entire flight track of Figure 6.

A goal of this study is to construct and compare the space-

( S

(continued)

time cross section from the various runs of the global model
along this “observed” UV DIAL cross section and to see the
extent to which similar features can be modeled from the
advection of passive tracers.

This UV DIAL cross section of ozone in general appears to
describe two maxima, one roughly around 2 km above the
ocean and the other located near 9 km. Maximum values of
ozone range from roughly 80 to 90 ppbv at these altitudes. A
relative minimum value (55 ppbv) may be seen near the 5- to
6-km level and appears to describe the picture over the first
three quarters of the flight leg. The last one quarter leg exhibits
some differences. The upper tropospheric maximum appears
to descend to roughly the 5- to 6-km level with a somewhat
complex vertical structure. This UV DIAL based flight cross
section of ozone was obtained from tabulations of a more
detailed cross section based on the study of B95.

The tabulation at the vertical discretization of the global
model leads to some smoothing of the details seen by the UV
DIAL ozone observations, which evidently has a much higher
resolution (=~0.3 km), whereas the global model tabulation
resolves it at a vertical separation of roughly 2—-4 km. In spite
of this smoothing, the salient features of the UV DIAL ozone
cross section shown by B95 are indeed captured in Figure 7a.
The corresponding results of the 6-day forecast from the sim-
ple passive tracer advection of ozone are shown in Figure 7b.
This corresponds to the experiment discussed in section 5.1.
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Figure 3. Correlation of observed (TOMS) versus predicted
ozone for the 6 days of forecast. Date along abscissa.

(continued)

We find that although some general agreement with respect to
the upper tropospheric ozone maximum is noted here, we find
a general decrease of ozone as we proceed down toward the
Earth’s surface in this model simulation. This reflects a rather
smooth representation, lacking an adequate vertical structure
of ozone, as is seen in the UV DIAL based cross section
(Figure 7a). In order to obtain these results, shown in Figures
7a and 7c, we had to impose the biomass burn tracer patterns
that are shown in Figure 8. This was obtained from trial and
error through forward and backward integration of the model,
keeping in perspective the firecount regions and the UV DIAL
ozone concentrations. Figure 8 illustrates, at three selected
levels, these burn anomalies of ozone. The results from a 6-day
forecast for this experiment are shown in Figure 7c. This com-
pares very well with the UV DIAL based “observed” cross
section shown in Figure 7a. The success of this run depended
on the location and intensity of the tracers introduced above
and in the vicinity of the burn region.

Those initial anomalies, determined via trial and error, were
not entirely unreasonable, since the value of total ozone near
the burn region was very close to the extrema of the ozone-
sonde values during October 1992 over Brazzaville, Ascension,
and Natal. The comparison of the modeled ozone (Figure 7c)
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Table 2. Sustained Sources
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Central Position

Horizontal Extent*

Serial Number Source of Source Vertical Extent, mbar Vertical Weighting Factors a B D
1 Stratosphere 25°S, 45°W 100 1.0 1.0 1.0 11.0
2 Brazil 7.5°S, 42.5°W 300-900 1.0 everywhere 1.0 6.0 1.0
5.0°S, 55.0°W 300-900 1.0 everywhere 0.4 6.0 1.0
3 Africa 15°S, 25°E 300900 1.0 everywhere 0.4 1.0 6.0
4 Monsoon 5°N, 45°E 150 0.5 1.0 5.0
200 1.0 1.0
250 0.5

*R < D; R = [(aAA)? + (BAB)Y]2

and the observed ozone (Figure 7a), is plotted in vertical cross
sections, and their comparison with the no burn ozone cross
section (Figure 7b) suggests that in order to describe the ozone
and its vertical structure over the tropical southern Atlantic, we
need to invoke tracer elements from the biomass burn regions.
If these are done carefully, we can make dramatic improve-
ments in the simulation. The procedure we have adopted here
is no more than an intermediate step toward the eventual
photochemical modeling that is desirable.

Fire
0=

_(;punts, Oct __ 1992

6. Limitations of Present Work

There are several areas where further improvements in the
present work are needed.

1. A higher resolution global model is needed for the sim-
ulation of vertical stratification of ozone, seen in the aircraft-
based UV DIAL cross sections. The details of the UV DIAL
based airborne UV DIAL ozone are displayed as vertical av-
erages over distances of the order of 300 m. Thus we see a lot

%?%?95@ >25% clouds

B Hﬂﬂﬂ >25% hot surfaces

missing data

no fires
>70
70

Degrees Latitude

No. of 1X1km
Pixels with Fire

|

Max fire value = 46
! L 1 | {

5 10

15
Degrees Longitude

20 25 30 35 40 45

NASA/GSFC/JKTPM/Mar94

Plate 2. Fire count data provided by NASA Goddard for South Africa; October 12, 1992 (number of 1 X

1 km pixels with fire).
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Figure 4. South America fire count 1° mean, October 9-15, 1992.

of detail in these measurements that the model with a vertical
resolution of around 2-4 km fails to resolve.

2. All our experiments are based on the premise of passive
transports. We do not allow for any short-period changes that
may arise from photochemical processes.

3. In the use of TOMS as a basic data set for the total ozone,
we have not included any of the corrections that have been

highlighted by Thompson et al. [1993] and Kim et al. [this issue].
These are needed refinements that can be done when the
corrected TOMS data become more generally available. More-
over, a better structure function will give much more realistic
predictions.

4, The semi-Lagrangian advection can be further improved
to meet the requirements of higher resolution details.
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BIOMASS BURN PLUME SOURCE OVER AFRICA 700MB
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Plate 3. Biomass burn (sustained source) over Africa (details in Table 2). The panels show the 144-hour
history of dispersion at 700 mbar. Units are DU/100 mbar.

90¥W 70W S0W 30" 10' lOE SOB S0B

20N
x
- *(
208 b f
408
608 v
20w 70W 50W 30' lO' lo! Ml SOE
20N pvab
m {7
208 ‘; /
408

9 .\T

00HR

24HR

90W 70W SOW 30W 10W 10E 30E S0B

90W 70W 50W 30' 10' 1ox 308 WB

20N L—r

808 . . ' .
90W 70W 50W 30W LOW LOF 30E SOE

BIOMASS BURN PLUME SOURCE OVER AFRICA 200MB

DU
5.

2.50

2.30

1.80
170
1.50

1.30

20N
EQ

208
408
608

BOW 70W SOW 30W 10W 10E 30E 50E
T‘
é[ /

90W 70W GOW 30W 10W 10E 30E SOE

@m

90W 7OW 50W 30W LOW 10E SOE 50E

% %m

90V '70W 50W S0W 10W 10E 30E S0E

0OHR

72HR

POW 70W G0W 30W 10W 10K S0E S0E

Plate 4. Same as Plate 3, illustrating the dispersal at 200 mbar.

23,901



23,902 KRISHNAMURTI ET AL: TRACE A PASSIVE TRACER TRANSPORT

SOUTH AMERICAN STRATOSPHERIC PLUME SOURCE 200MB

DU
5. P, il Ry L S ——
_" ‘L I\.—-n y ‘L 1
2.50 £ 5 ‘) <, R
208 | ) d \ 7 (}oonr 208 | 96HR
\_ :
2.30 408 L/' - 408
2.10 608 - a0s | S
90N 70W 50W 30% 10W 10 30E SOE 90 70¥ 50N 30W (OW 10 30K 50E
1.90 20N Rl et 208 Rt g
) TP,
1.70 Eq 7 B Y
208 (| zanr 208 | 120HR
\
1.50 s s 1 »
1.80 608 ~ A A—— PO R
90W 70W G0W 30W 10W 10E 30K 50E SOW 70W 50 30% 10W 10E 30E 508
1.10 e " 200 sl -
0.90 B 2
48HR 208 | 144HR
0.70 - P
ws | [/ Cs
0.50 808 +—v—v——————
B0 70W S50W 30W 10W 10K 30E S50 90W 70W S0W 30W LOW 10E 30E S0E
0.30 20N jprwe—i— vl
N A
0.10 EQ
208 72HR
0.00 ‘s
608

90W 70W 50W 30W 10W 10E 30E S0E

Plate 5. Stratospheric sustained sources over the South American coast (details in Table 2). The panels
illustrate the 144-hour history of dispersal at 200 mbar. Units are DU/100 mbar.

SOUTH AMERICAN STRATOSPHERIC PLUME SOURCE 400MB

20N o T
0 lt‘" \.—.i .
]
208 L// \ hoonr

1 A 96HR
08 1
60S r—t
90W 70W 50W 30W 10W 10E 30E 50E 9OW 70W 50W 30W 10W 10E 30E 50
20N Rke ——— e
N g
Eq i ¢ (
208 \ /’f 24HR 120H
\
aw0s
608

90W 70W 50W 30W 10W 10E S0E 50E S0W 70W S0W 30W 10W 10E 30E 50F

20N K ':‘ - » (\‘ a '\y 20N ¢ ':'_"

- "o - a(

208 “ ( /'r3 4BHR 208 | )
Y A

=| b =| b

144H

808 B — — 605 —— S remm———
OO0W ‘70W 50W 30V 10W 10E 30E S0E 90W 70W 50W 30W 10W 10E 30E 50E

20N . oewh T ik e '

- N
B ¢

L

208 72HR

F ,/i b ./
408 i <
605 o .

BS0W 70W 50W 30W 10W 10E 30E 50E
Plate 6. Same as Plate 5, illustrating the dispersal at 400 mbar.



2.50

2.30

2.10

1.90

1.70

Plate 7. Biomass burn (sustained source) over Brazil (details in Table 2). The panels show the 144-hour
history of dispersal at 900 mbar. Units are DU/100 mbar.
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Figure 6. Aircraft flight track for October 18, 1992. Flight

track pressure shown in tens of millibars. UV DIAL cross
section was made all along this flight track.

7. Concluding Remarks

The most striking result of this study is that we are able to
demonstrate skills of the order of 0.8 (correlations of observed
TOMS versus model-based estimates of ozone over the larger
TRACE A domain) for the prediction of total ozone as a
passive tracer for periods of the order of 1 week without
recourse to photochemistry. The results presented here for the
dynamics alone experiments may be dependent on the choice

23,905

of the initial structure function. Further experimentation is
needed to explore sensitivity in this area.

Dynamics alone models, which are based on transports of
passive tracers, do not generate the fine structures of vertical
distributions of ozone as are seen in the reconnaissance air-
craft based UV DIAL measurements. There exists an obvious
mismatch in the scales of UV DIAL observations and the
global model’s horizontal and vertical resolution. As a conse-
quence, it is not possible to make a one-to-one comparison.
We had resorted to a filtering of the smaller scales of the UV
DIAL data. Insertion of biomass sources in the model integra-
tion appears to provide a vertical fine structure in the forecasts,
something that was not possible from the so-called dynamics
alone experiments. There is a need to refine the dynamics
alone model further, i.e., to incorporate some measure of the
photochemistry. The fine structure one sees in the ozonesonde
data from Brazzaville, Ascension, and Natal and from the UV
DIAL observations of ozone over the tropical Atlantic are
perhaps revealing of the biomass burn contributions.

By carrying out a large number of sustained source experi-
ments, we have shown that, in the time frame of 1 week, the
tropical southern Atlantic Ocean can experience the accumu-
lation of ozone from sources introduced over the African burn
regions, Brazilian burn regions, southern hemisphere strato-
sphere, and monsoonal east-west circulations. These experi-
ments show that both horizontal and vertical advective pro-
cesses play equally important roles in the eventual dispersal
and shaping of ozones over the tropical southern Atlantic
Ocean. Burn elements in the lower troposphere over Africa
and South America are transported upward by atmospheric
vertical motion and also laterally advected by upper winds. The
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Figure 7. (a) UV DIAL ozone cross section (interpolated to the vertical levels of the global model) along
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resulting geometry of the plumes looks quite similar to what we
have noted from the animation of TOMS data over the tropical
Atlantic.

A major observational contribution of TRACE A was the
airborne UV DIAL measurements of ozone. These provided
vertical cross sections of ozone with some definitive vertical
structures with maximum ozone near the inversion layer and
the upper troposphere of the tropical southern Atlantic Ocean.
In order to model such fine features we had to invoke hypo-
thetical tracer geometries over the fire count region of Africa
and Brazil. That was done with amplitudes within the ranges of
the extrema of ozone from the soundings of ozone at Brazza-
ville, Natal, and Ascension. It was possible to model the ver-
tical cross sections of ozone along the aircraft track of TRACE
A to some reasonable degree.

The dynamics alone experiments are quite revealing and
bring out the use of numerical global models for such studies.
In fact, the inclusion of explicit photochemistry in the model
can provide answers to many unexplained features of atmo-
spheric photochemistry.
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