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Abstract. In this paper we analyze distinct layers seen in the tropospheric ozone
and water vapor profiles taken during NASA’s Global Tropospheric Experiment

(GTE) Pacific Exploratory Mission in the Tropical Pacific (PEM-Tropics) Phase B
campaign. In summary, fewer layers were observed in this campaign than during
the PEM-Tropics A campaign. However, of those layers found, there were relatively
more ozone-rich-water-vapor-poor layers (68% versus 52%). The percentage of the
sampled troposphere occupied by layers during PEM-Tropics B was less than half
of that found during PEM-Tropics A (8% versus 20%). The differences between

these two campaigns suggest a seasonal variation in the occurrence of layers. This

is confirmed using measurements made by the Southern Hemisphere Additional

Ozonesondes (SHADOZ) network.

1. Introduction

NASA’s Global Tropospheric Experiment (GTE) Pa-
cific Exploratory Mission in the Tropical Pacific (PEM-
Tropics) Phase B took place during March and April
1999 and was designed to act as a sequel to PEM-
Tropics A [Hoell et al., 1999]. It involved two aircraft,
the DC-8 and P-3B, operating from bases in Hawaii,
Christmas Island, Tahiti, Fiji, and Easter Island. The
objective was to investigate the chemistry of the re-
mote tropical Pacific troposphere during the season op-
posite to the one sampled during PEM-Tropics A and
over the same area. January—April is the wet season of
the southern tropics, and biomass burning during that
time of year is concentrated in the northern tropics [Hao
and Liuv, 1994]. This contrasts with September-October
(the PEM-Tropics A period), which was during the dry
season of the southern tropics, and the biomass burn-
ing season in the Southern Hemisphere. PEM-Tropics
B was thus designed to provide an important comple-
ment to PEM-Tropics A. Ozonesonde data from Fiji,
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Tahiti, and Easter Island indicate lower Oz levels in
January—April than in September—October. This man-
ifests itself in the large-scale minimum of tropospheric
O3 over the equatorial Pacific [Routhier, 1980; Piotrow-
icz et al., 1991] being particularly extensive in January-
April, stretching from the western Pacific warm pool to
South America [Fishman et al., 1990]. Although this re-
gion is remote, biomass burning may still influence the
region due to long-range transport from the northern
tropics.

To further the objectives of PEM-Tropics B [Raper
et al., this issue], this paper focuses on the tropospheric
ozone and water vapor layers so as to allow comparison
with the previously collected PEM data [Newell et al.,
1996; Wu et al., 1997; Stoller et al., 1999; Newell et al.,
1999]. In section 3 we will present a statistical analysis
of this mission and then in subsequent sections discuss
the differences with the PEM-Tropics A results follow-
ing three complementary discussions.

In section 4, we compare the results with those made
using the temporally more extensive Southern Hemi-
sphere Additional Ozonesondes (SHADOZ) network of
ozone and water vapor sondes [Thompson and Witte,
1999]. The advantage of these measurements is that
they provide data collected over at least two years. Al-
though in a geographically restricted region, they help
place the PEM-Tropics A and B results into a better
seasonal framework. As previously demonstrated by
Thouret et al. [2000], there is a seasonal cycle in the oc-
currence of layers in this region, too. Are the differences
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observed between the results of the two PEM-Tropics
data set consistent with the seasonal cycle exhibited
with the SHADOZ data?

In section 5 we use the SHADQZ data to investigate
the robustness of our stastistical method. We aim to
investigate how sensitive the statistics are to our defi-
nition of a layer.

In section 6 we discuss the differences in the meteoro-
logical conditions over the sampled area between PEM-
Tropics A and B. In the previous studies we identified
stratospheric intrusions and convection as the meteoro-
logical processes most likely to dominate the creation of
ozone and water vapor layers in this region. This paper
tries to use the differences between the observed lay-
ers during PEM-Tropics A and B, and the differences
in the meteorology of these two campaigns to gain an
understanding of what determines the creation and the
number of these layers.

Although useful in itself, the existence of tropospheric
trace constituent layers may be of importance for other

activities. An important aspect of any field campaign
is to create a data set against which chemical transport

models (CTMs) can be compared. One of the major
problems faced by such models concerns the horizon-
tal and vertical resolution needed to adequately rep-
resent the important chemical and dynamical processes
occurring in the troposphere. As the chemistry of ozone
production and destruction is nonlinear with respect to
NO,, the large-scale mixing inherent in CTMs creates
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an obvious uncertainty. Understanding the small-scale
structure of the atmosphere as it manifests itself in these
layers is important if we are to have faith in the results
calculated using such CTMs.

Recent studies have compared ozone production effi-
ciencies when air masses of different origin were sepa-
rated and when they were merged. The work of Liang
and Jacobson [2000] suggest that ozone production may
be overpredicted by as much as 60% in a model with
coarse resolution compared to a finer resolution model.
This effect is especially important in regions with strong
concentration gradients. A similar study [Esler et al.,
2001] investigated the effect of mixing of ozone and
water vapor across the tropopause. This suggested
that if this rate was too high (as is expected in three-
dimensional CTMs due to their limited grid resolution)
there would be a large increase in the OH concentration
in the tropopause region with a subsequent increase in
the oxidation capacity in that-region. Understanding
the structures seen in the troposphere will help us to
understand the resolution problems faced by the cur-
rent generation of CTMs.

2. Data Set and Definition of Layer

We used data from 18 DC-8 flights (flight 5 to flight
22) and 16 P-3B flights (flight 3 to flight 19, except
flight 12 for which data were unavailable). The ini-
tial flights for both aircraft were tests conducted out of
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Figure 1. Map of the tracks of the DC-8 (solid) and P-3B (dashed) during PEM-Tropics B for

flights that were used in this study.



THOURET ET AL.:. TROPOSPHERIC LAYERS FROM PEM-TROPICS B

03 mixing ratio (ppbv) DC-8, 18, 2

127
101
;E\ 8 L Wonseee e vocee cme e o e v.
(V) coem comen sua s MOP T
.c -
=]
=
<

a

20 30 40 50 60
Ozone Mixing Ratio (ppbv)

32,529

Position = -32, -155
12

-
o

-
N ad

©

»

Altitude (km)

L =

0 20 40 60 80
Relative Humidity (%)

100

Figure 2. Example of ozone and water vapor vertical profiles recorded during flight 18 of the
DC-8 operating on April 11, 1999, from Tahiti. Position given is latitude, longitude.

their respective home bases. Figure 1 shows the tracks
of the DC-8 and the P-3B for the flights used in this
study. The profiles were well distributed over the sam-
pled area and reasonably characterize the tropical Pa-
cific troposphere. 268 vertical profiles were performed
in total for an average of ~8 profiles per flight, lead-
ing to over 1300 km of the troposphere being vertically
sampled. Additional comments on the campaign and a
description of the characteristics of the instrumentation
are given by Raper et al. [this issue].

In order to analyze atmospheric layers a background
concentration profile was defined for each profile made
by the aircraft. Briefly, the linear trend was subtracted,
the mode in the probability distribution function of the
residuals found, then the linear trend restored to the
mode bin to form the background profile (see Stoller
et al. [1999] for a complete description). Layers in the
ozone and water vapor profiles were identified from de-
viations exceeding specified thresholds from these back-
ground profiles. As opposed to the Stoller et al. [1999]
paper, which used 5 ppbv for ozone, and to be consistent
with the later papers dealing with tropospheric ozone
layers [Newell et al., 1999; Thouret et al., 2000], we set
the minimum deviations required for defining a layer in
this study to be 10 ppbv for ozone and 5% relative hu-
midity for water vapor. The altitude and thickness of
the layers were calculated using the ozone profiles alone.
The altitude of the layer is the altitude of the greatest
ozone deviation, and the thickness is then determined
by finding the two points where the ozone deviation falls
to 5 ppbv on each side of the maximum deviation. If the
ozone deviation does not fall to 5 ppbv on both sides,
a layer is not recorded. The ozone layers are described
as being greater or less than the background profile (we
shall use the notation O+ or O3— to identify these lay-
ers). Similarly, the water vapor may be greater or less
than the background profile (again described as being

H,0+ or H;O—). Using this approach, we can identify
four different types of layers (Oz+ HoO+, Os+ H0—,
03— H,0+, and O3— Hy;0-). For both background
calculations and layer analyses we neglected the lowest
2 km of the troposphere to avoid defining the boundary
layer as a layer in our statistics. Note that hereafter,
for the sake of brevity, “relative layer abundance” will
mean “percentage of the vertically sampled space occu-
pied by layers.”

Figure 2 shows an example of ozone and water va-
por vertical profiles plotted together with their associ-
ated backgrounds. In this particular example, there are
three ozone deviations that could be construed as layers
when examined by eye: one centered at ~9 km altitude,
another at ~7.5 km, and a small one at ~5 km. The
algorithm ignores the bottom one, because the devia-
tion is < 10 ppbv. The middle one is defined as Os+
H;O—, which appears to be correct. The top one is clas-
sified as O3— HyO—, which is debatable given the am-
biguous nature of the humidity deviations within that
ozone layer. This example shows that there will clearly
be some “noise” in the layer statistics. Sometimes what
appears to the eye as a positive deviation may be classi-
fied as a negative deviation and vice versa. The number
of layers detected will depend on the deviation thresh-
old used (we will explore this sensitivity issue further
in section 5). Obviously, there is no perfect method for
defining layers, and, on the whole, the algorithm tends
to agree with subjective visual inspections.

Plate 1 presents back trajectories associated with this
flight (calculated using European Center for Medium-
Range Weather Forecasts (ECMWF) meteorological
fields and the code of Methven [1997]). It shows very
well how the layers are created by the ability of the at-
mosphere to mix air masses with very different source
regions. Three days earlier, the ozone-poor air mass
at ~9 km altitude was in the marine boundary layer,
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Plate 1. Ten-day back trajectories associated with flight 18 of the DC-8 operating on April
11, 15])99, from Tahiti (calculated using ECMWT meteorological fields and the code of Methven
[1997]).
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Table 1. Layers Observed During PEM-Tropics B*

Layer Type Observations Percentage Altitude, km  Thickness, km
Type 1: O3+ H0+ 14 K 6.6 0.40
Type 2: O3+ H,0— 133 68 5.6 0.49
Type 3: O3— H0+ 18 9 7.6 0.92
Type 4: O3— H,O— 31 16 7.2 0.57

Total/mean 196 6.1 0.54

aTotal of ascent and descent checked for layers: 1330.06 km. Percentage of the tro-
posphere occupied by layers: 8%. Altitude and thickness are means.

where it will have experienced rapid ozone loss and ac-
quired high water vapor concentrations. The ozone-rich
layer at ~8 km shows both a descent from the upper
troposphere and an ascent from the lower troposphere
5-6 days earlier. Potential vorticity analysis made by
Browell et al. [this issue] suggests that this air may well
have had a stratospheric origin, but, on the other hand,
the positive deviations of CO and CH4 (not shown)
suggest pollution. We can thus hypothesize that this
layer was an example of the capping process (a pollu-
tion plume from the ground trapped by a stable layer of
stratospheric origin) as proposed by Stoller et al. [1999].
Moreover, this example shows the way in which the at-
mosphere can bring air masses with very different chem-
ical histories together. It is therefore not surprising that
layers are observed extensively in the atmosphere.

3. Layers Observed During PEM-
Tropics B: Statistical Results

3.1. Four Types of Layers: O3 and H,0

Table 1 shows a summary of the statistics calcu-
lated for the layers observed during the PEM-Tropics
B flights. Table 1 can be compared to the ones pre-
sented by Newell et al. [1999], which give statistical re-
sults from the three previous PEM campaigns using the
same layer definition. The first surprise concerns the
percentage of the troposphere occupied by layers. From
the previous campaigns, this number was between 14%
(PEM-West A and B) and 20% (PEM-Tropics A). Here
we calculate only 8%. The second surprise concerns

the relative occurrence rates of the different layer types.
During PEM-Topics A this was found to be 15, 50, 17,
and 18% for the four types of layers O3+ H,O+, O3+
50—, O3— H30+, and O3— H30—. During PEM-
Tropics B, even though we did not observe as large a
fraction of the atmosphere taken up by layers, we saw a
higher percentage of those layers to be ozone-rich-water-
vapor-poor (type 2) than during previous campaigns.

3.2. Static Stability

Table 2 gives the statistical results when we include
information about the static stability of the layer. This
approach is described by Thouret et al. [2000] where
the extensive Measurement of Ozone and Water Vapor
by Airbus in-service aircraft (MOZAIC) database has
been studied. (MOZAIC is an ongoing program that
archives ozone and humidity data collected at 4-s in-
tervals by five long-range commercial aircraft [Marenco
et al,, 1998; Thouret et al., 1998; Cho et al., 1999a).)
Briefly, as for ozone and water vapor, we defined auto-
matically a background profile for each potential tem-
perature profile. Then we compared the gradients for
the bottom half (dry layers) or top half (wet layers) of
the layer and outside the layer. In this way we obtain
a new set of layer types, with each one of the previous
ones divided into high or low stability within the layer,
meaning that the static stability within the layer was
higher or lower than the one corresponding to the back-
ground. The Table 2 results are similar to those calcu-
lated for the MOZAIC data. The more stable ozone-
rich-water-vapor-poor (type 2+) layer is the most com-

Table 2. Layers Observed During PEM Tropics B: Including the Stability Criterion?

Layer Type Observations  Percentage Altitude, km  Thickness, km
Type 1+: Osz+ H,O+ S+ 6 3 5.5 0.26
Type 1—: O3+ H,0+ S— 8 4 7.5 0.52
Type 2+: O3+ H20—- S+ 80 41 5.3 0.45
Type 2—: O3+ H,O0— S— 53 27 6.1 0.57
Type 3+: Oz3— H,0+4 S+ 5 3 4.8 1.09
Type 3—: O3— H,O0+ S— 13 7 8.7 0.85
Type 4+: O3— HyO— S+ 10 5 6.4 0.20
Type 4—: Og— H,0— S— 21 11 7.5 0.74

Total/mean 196 6.1 0.54

2S+ is higher stability, S— is lower stability. Altitude and thickness are means.
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Table 3. Layers (16 Types) Observed During PEM-Tropics B*

Layer Type Observations Percentage Altitude, km  Thickness, km
Type 1A: O3+ H,04 CO+ CH4+ 7 9 7.5 0.56
Type 1B: O3+ H,O+ CO+ CH,— 1 1 6.7 0.61
Type 1C: O3+ H,O+ CO— CHq+ 1 1 4.5 0.32
Type 1D: O3+ H,0+4+ CO— CHy— 0
Type 2A: Os+ H,O— CO+ CHy+ 32 41 5.9 0.64
Type 2B: O3+ H,O0— CO+ CHy— 5 6 7.1 0.79
Type 2C: O3+ H,O0— CO—- CH4+ 7 9 7.5 0.67
Type 2D: O3+ H,0— CO— CHy— 8 10 5.3 0.59
Type 3A: O3— H,0+4 CO+ CHy+ 2 3 9.7 0.42
Type 3B: Os— H,O+ CO+ CH,— 4 5 9.1 1.28
Type 3C: O3— H,0+ CO— CH4+ 3 4 4.8 1.28
Type 3D: O3— H20+4+ CO- CHy— 2 3 8.0 0.94
Type 4A: O3— H,0—- CO+ CH i+ 1 1 8.3 0.23
Type 4B: O3— H,O— CO+ CHs— 1 1 7.7 1.07
Type 4C: O3— H20— CO- CHq+ 2 3 8.7 0.98
Type 4D: O3— H20— CO— CHy— 3 4 8.1 0.66

Total/mean 79 6.6 0.70

2 Altitude and thickness are means.

mon type. Since high ozone/high stability /low water
vapor is a signature of a layer extruding from the strato-
sphere into the troposphere (at least initially) [e.g., Cho
et al., 1999b], the results here reinforce the notion that
stratospheric intrusions are one of the main physical
processes creating layers.

3.3. Sixteen Types of Layers:
03, Hgo, CO, and CH4

To learn more about the origin of the air masses
associated with these layers, we can use other trace
gases measured aboard the aircraft. In this case we
use the CO and CH4 measured on the DC-8 (no mea-
surements of CH4 were made on the P-3B). The anal-
ysis methodology is the same for the CO and CI4 as
for the Oz and H50. Background profiles are calculated
and deviations above critical levels (3 ppbv for both
CO and CHy) are attributed to layers. By introduc-
ing the two extra variables (CO and CHy) to the two
already discussed (O3 and H,0) 16 different permus-
tations of layer types are possible. Table 3 gives the
decomposition of the 16 types of layers only using the
DC-8 measurements. There are fewer layers in total
than in Tables 1 and 2, not only because just the DC-8
data were used, but also because some of the previously
defined layers did not have sufficient deviations in CO
and CHy to be redefined as layers. As with the pre-
vious PEM data (see details by Stoller et al.-[1999)]),
independent of the total number of layers, we can see
that the most populous category of layers (with 41%)
is of the O3+H30— CO+CHg4+ type, which is indica-
tive of pollution from the continental boundary layer.
The dryness of the layer may be attributable to sub-
siding motion after the pollution was raised up by con-
vection from the boundary layer. We also note that
10% of the layers show a “pure” stratospheric signature
(034+-H20-CO—-CH4—) compared to 3% during PEM-
Tropics A, 3% during PEM-West A, and 21% during

PEM-West B. (We recalculated the statistics presented
by Stoller et al. [1999] using an ozone deviation thresh-
old of 10 ppbv to be consistent with the current study
and so that a comparison can be made.) The fact that
the O3+H;0—-CO+CH4+ type is the most populous
category does not necessarily contradict the fact that
we also mostly observe O3+H,0—S+ layers. As stated
previously, this may indicate that the capping process
is common in the troposphere. Stable stratospheric air
may trap polluted plumes coming from the boundary
layer. The two air masses are then mixed together and
we can observe both the stratospheric and the polluted
boundary layer characteristics in the same (for our al-
gorithm) layer. Indeed, a recent study from Parrish
et al. [2000] has reported a case of close proximity of
air masses with contrasting source signature: high lev-
els of anthropogenic pollution immediately adjacent to
elevated ozone of stratospheric origin.

4. Seasonal Cycles Using SHADOZ
and MOZAIC Data

The large difference between the number of layers ob-
served during PEM-Tropics A and B and the large dif-
ferences in the meteorological situation between these
two campaigns suggest that the number of layers seen
in this region may show a seasonal variation. A recent
study from Thouret et al. [2000] has shown the existence
of large and robust seasonal cycles in layer diagnostics
in other regions of the world. The measurements made
during PEM-Tropics A and B cannot in themselves es-
tablish the existence of a robust seasonal cycle as they
cover only a few months of the year. Alternative data
sets are required to establish the seasonal cycle of these
diagnostics.

The SHADOZ network of ozonesondes provides such
a data set (for details see the Web site: http://code
916.gsfc.nasa.gov/Data services/shadoz/Shadoz_hmpg2
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.html). These ozonesondes are released from various
locations in the southern hemisphere tropics and offer
coverage from at least 1998 to 1999. The data in the
tropical Pacific (Tahiti, Fiji, Samoa) are especially valu-
able for comparing with the PEM-Tropics data set. The
same definition of layers and the same statistics algo-
rithm have been applied to these data from the three
SHADOZ sites in order to assess the seasonal cycle of
these statistics in this region. A total of 253 soundings
(almost equally divided between the three sites) have
been analyzed to obtain this statistic. Figure 3 shows
the seasonal cycle of the percentage of the vertically
sampled space occupied by layers. We note that the rel-
ative layer abundance is much less in March-April (the
PEM-Tropics B period) than. in September-October
(the PEM-Tropics A period). The relative layer abun-
dance obtained from the SHADOZ network data is very
similar to the ones calculated with the PEM data for
the two periods of sampling as shown in Figure 3.
Strong seasonal cycles were manifest in the MOZAIC
data from all subregions as well [Thouret et al., 2000].
It is therefore curious that such a difference was not
observed between the PEM-West A and B campaigns.
These missions were also carried out during opposite
seasons but in the western Pacific, mostly at midlati-
tudes [Hoell et al., 1996, 1997]). The observed seasonal
cycle from MOZAIC may explain why. Figure 4 shows
the seasonal cycle of the relative layer abundance cal-
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culated with the MOZAIC data set selecting only those
measurements at midlatitudes. This cycle shows a max-
imum (~25%) in summer and a minimum (~8%) in
winter. The PEM-West missions were conducted in
March-April and September-October, and as we see
from the MOZAIC measurements, these two opposite
seasons show the same abundance of layers, which is
close to 14% as it has been calculated with the PEM-
West data set. Thus the lack of a seasonal cycle in the
PEM-West data is consistent with the seasonal cycle
calculated in other campaigns.

5. Sensitivity of Statistics to Ozone
Threshold

The minimum mean ozone concentrations occur be-
tween February and April in the PEM-Tropics region.
This has been observed in both satellite measurements
[Fishman et al., 1990] and from the SHADOZ net-
work data. Figure 5 shows the ozone concentration
at an altitude of 5 km calculated from all the sound-
ings launched at Tahiti, Fiji, and Samoa as part of the
SHADQZ program. This ozone cycle shows a maximum
in September—October related to the period of intense
biomass burning in the southern tropics and shows a
minimum in January-April. This ozone seasonal cycle
at 5 km altitude is in agreement with the mean ozone
concentrations that we calculated for the two PEM-
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Figure 3. Seasonal cycle of the percentage of the vertically sampled space occupied by lay-
ers (“relative layer abundance”) based on 2 years of measurements (1998-1999) from the three

SHADOZ sites: Fiji, Samoa, and Tahiti.
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Tropics data sets (~40 ppbv during PEM-Tropics A abundance (see Figure 3). To ensure the robustness
and 25 ppbv during PEM-Tropics B). It is interesting of the seasonal cycle found in the number of layers in
to note that this seasonal cycle in mean ozone has a the troposphere, we analyze the influence of the min-
similar shape to the seasonal cycle in the relative layer imum ozone deviation (MinO3dev) required to define
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Figure 5. Mean ozone concentration at 5-km altitude calculated from all the soundings launched
at Tahiti, Fiji, and Samoa in 1998 and 1999 as part of the SHADOZ program. Mean values (using
all altitudes) are shown for the PEM-Tropics A and B data sets as reference.
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Table 4. Layers Observed During PEM-Tropics B*

Layer Type Observations  Percentage Altitude, kin  Thickness, km
Type 1: Os+ HyO+ 84 15 6.4 0.35
Type 2: O3+ H,0— 320 55 5.4 0.49
Type 3: Oz3— H20+ 95 16 6.1 0.57
Type 4: Os— H,0— 84 14 6.2 0.41

Total/mean 583 5.7 0.47

2QOzone minimum deviation is 5 ppbv. Total of ascent and descent checked for layers:
1330.06 km. Part of the troposphere occupied by layers: 20%. Altitude and thickness are

means.

a layer in our algorithm. (What we call relative layer
abundance is similar to the number of layers because
the layer thickness has no seasonal cycle as shown by
Thouret et al. [2000].) As described previously, we fixed
this deviation at 10 ppbv for ozone. If we lower this
threshold to 5 ppbv for ozone and still use 5% relativity
humidity for water vapor, the layer statistics for PEM-
Tropics B becomes similar to those for PEM-Tropics
A when using 10 ppbv for ozone. Table 4 gives these
new statistics for PEM-Tropics B. They are surprisingly
similar.

Since MinO3dev clearly affects the number of layers
detected, we decided to use an ozone deviation thresh-
old that is a quarter of the ozone mean concentration at
5 km altitude taken from the SHADOZ network mea-

surements (Figure 5) in order to be consistent with the
fact that we took 10 ppbv for PEM-Tropics A, while
the ozone concentration was maximum (~40 ppbv), and
5 ppbv for PEM-Tropics B when ozone was minimum
(~20 ppbv). Figure 6 presents the seasonal cycles of
the number of layers both when the algorithm used a
MinO3dev of 10 ppbv for each month, when the algo-
rithm used a MinO3dev that was a quarter of the mean
ozone for each month, and when the algorithm used a
MinO3dev of § ppbv for each month.

The three lines are not dramatically different in
shape, which is reassuring. This suggests that our
statistics are reasonably robust. There is little influ-
ence on our choice of MinO3dev on the conclusions that
we have made. We may be able to gain more insight
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from this result. By having a MinO3dev that varies
with the mean O3 we may have factored out the sea-
sonal variation in ozone production to some extent. If
this were the case and there was no seasonal variation
in the meteorological parameters associated with layer
production, we might expect the seasonal cycle of the
relative layer abundance to be flat. However, we still
see a seasonal cycle in both the case with the constant
MinO3dev and a varying MinO3dev, which suggests
that possibly it is the meteorological or geographical as-
pects of the layer production/destruction that is more
important than any chemical effects. This is somewhat
speculative, however.

6. Interpretation of the Differences
Between PEM-Tropics A and
PEM-Tropics B

In this section we will briefly examine both the ma-
jor chemical and meteorological differences between the
two missions, and the impact these differences may have
on trace constituent layers in the troposphere. The
PEM-Tropics A campaign emphasized the importance
of biomass burning in the southern hemisphere and the
location of the intertropical convergence zone (ITCZ)
and the South Pacific convergence zone (SPCZ) in de-
termining the composition of the atmosphere. We will
discuss how changes in these parameters are reflected
in the statistics we described earlier in this paper.

6.1. Chemistry

During PEM-Tropics A, biomass burning in the
southern hemisphere tropics (South America, southern
Africa, and northern Australia) played a significant role
in determining the composition of the atmosphere over
the tropical Pacific [Hoell et al., 1999; Schultz et al.,
1999]. This is the dry season for these locations and
satellite-based fire counts show that this is the maxi-
mum period of biomass burning in the southern hemi-
sphere tropics. This contrasts with the PEM-Tropics B
period, which is the wet season for the southern hemi-
sphere tropics and biomass burning is at a minimum.
In the Northern Hemisphere tropics the situation is re-
versed. PEM-Tropics B occurred during the dry sea-
son (spring) in the Northern Hemisphere and so dur-
ing the maximum of the northen hemisphere biomass
burning (predominantly in northern Africa below the
Sahara and southeast Asia). PEM-Tropics A occurred
during the northern tropical wet season and so little or
no biomass burning took place there. So it might be rea-
sonable to expect a change in layer statistics based on
the change in ozone sources alone. That is, one might
expect a reduction in Oz+ layers with a decrease in
ozone sources.

6.2. Meteorology

Fuelberg et al. [this issue] give a meteorological
overview of PEM-Tropics B, and the authors also as-
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sess the differences between the two missions. One of
the major differences is the activity of the ITCZ and the
SPCZ. During PEM-Tropics A, both of these features
were more clearly defined from the divergent wind com-
ponent at low levels than were observed during PEM-
Tropics B. However, the ITCZ had a double-walled
structure during PEM-Tropics B (convection strips just
north and south of an equatorial subsidence zone) [Hu
et al., this issue], and may have provided an extra bar-
rier to interhemispheric transport. This would have
decreased the mixing of pollutants from the Northern
Hemisphere (where, in this season, the biomass burn-
ing is occurring) to the Southern Hemisphere, where the
creation of polluted layers would be reduced.

Convection probably plays a dual role in layer forma-
tion/destruction. On one hand, convection at a surface
source of ozone (or a surface sink like the tropical ma-
rine boundary layer) would help form layers by pumping
either ozone-rich or ozone-poor air to higher levels until
flattened by stratification or stretched by vertical shear.
On the other hand, convection through an already ex-
isting layer can destroy it by vertical mixing. The latter
mechanism may have contributed to the relative dearth
of layers during PEM-Tropics B, since greater vertical
moisture fluxes in the sampled region (compared to dur-
ing PEM-Tropics A) [Hu et al., this issue] suggest more
vertical mixing locally where the layers were sampled.
Therefore, again from the meteorology alone we might
expect a minimum in the occurrence of layers in the
tropical Pacific during this period.

6.3. Future

A wholly convincing explanation of the mechanisms
leading to the production, maintenance, and destruc-
tion of atmospheric layers is not possible at the moment.
We cannot in any quantitative way describe the relative
importance of any process in producing or destroying
layers. It is thought that these mechanisms rely upon
both meteorological and chemical processes that act on
a large variety of both timescales and length scales. It
is hoped that by using CTMs at sufficiently high res-
olution, the relative roles of meteorology (convection
and frontal systems) and chemistry (ozone production
and destruction) in producing layers may be elucidated
quantitatively.

7. Summary Discussion

The PEM-Tropics B mission conducted in March~
April 1999 concluded the PEM series by surveying the
atmosphere over the South Pacific during the south-
ern tropical wet season. This corresponded with the
minimum in the seasonal cycle of ozone in the western
equatorial Pacific reflecting the minimum in biomass
burning.

Tropospheric ozone layers have been studied with the
four PEM data sets. The results from PEM-Tropics A
and B exhibit the strong seasonal cycle in the abun-
dance of layers in the troposphere seen recently with the
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extensive MOZAIC data set [Thouret et al., 2000], with
PEM-Tropics A showing a maximum and PEM-Tropics
B displaying a minimum. This apparent seasonal vari-

ation is supported by 2 years of SHADOZ ozonesonde.

data from the same region. The sounding data exhibit
the same features as the PEM-Tropics data in the statis-
tics on layers and mean ozone concentrations. With this
dataset we were also able to study the influence of the
ozone deviation threshold used in the layer detection al-
gorithm. Although this minimum threshold influences
the number of layers seen it does not strongly alter the
shape of the seasonal cycle of the relative layer abun-
dance. This suggests that the occurrence of these layers
is not only linked to the ozone sources and sinks but also
to the meteorological conditions.

Interpreting the differences in the layer statistics be-
tween PEM-Tropics A and B is difficult. We would ex-
pect to see fewer pollution layers due to the reduction in
the influence of biomass burning on the area, which may
have been aided by the suppression of interhemispheric
transport by the double-walled ITCZ. The reduction in
relative layer abundance during PEM-Tropics B may
also have been caused by an increase in vertical mixing
in the sampling region (which could have increased the
layer dissipation rate) as evidenced by a greater vertical
moisture flux in the south tropical Pacific.

We have collected extensive statistics on a variety of
observationally based parameters for layers in the tro-
posphere and have speculated on the mechanisms lead-
ing to the production, maintenance, and destruction of
these layers. It would seem like a good moment to at-
tempt a more complex synthesis of this data. CTMs of-
fer the next approach to understanding these layers. At-
tempting to reproduce these layers will provide a unique
challenge to both the dynamics and chemistry of these
models.
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