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Abstract. We present a statistical study on tropospheric layers as allowed by the
most extensive ozone and water vapor database currently available. Considering
O3 and H,0O deviations from an automatically calculated background, we define
four types of layers. These tropospheric layers are a common feature, with the
percentage of the troposphere occupied by such layers varying from 7% to 33%
depending on the region and the season. Most of the layers are found between
4 and 8 km altitude, and the median thickness is about 500 m. At northern
midlatitudes we find 4 times more layers in summer than in winter, while in tropical
Asia we observe a spring maximum in the occurrence of the layers. The most
abundant layer type everywhere is O34+H,0— and corresponds to the signature of
stratospheric intrusions or continental pollution. This suggests that stratosphere-
troposphere exchanges or at least their influence are not negligible in summer at
midlatitudes or in the tropics. A complete understanding of the layers could lead
to a better empirical assessment of the different tropospheric ozone sources and to

an assessment of the potential vorticity fluxes in the troposphere.

1. Introduction

The atmosphere is full of layered structures of var-
ious kinds, from sodium layers near the mesopause
[Bernard, 1938] to submeter-scale temperature and hu-
midity sheets in the lower troposphere [Muschinsk: and
Wode, 1998]. Our study deals with trace constituent
layers in the troposphere. While stratospheric ozone
laminae are hypothesized to be generated by differential
advection against a background vertical tracer gradient
[Danielsen et al., 1991; Newman and Schoeberl, 1995],
the tropospheric layers are thought to originate from
surface sources plus convection and capping, strato-
spheric sources plus intrusion and fragmentation, and
other such combinations of source plus advection mech-
anism.

Previously, the NASA Global Tropospheric Experi-
ment (GTE) Pacific Exploratory Missions (PEM) data
were used to study different layer types [Newell et al.,
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1996; Wu et al., 1997; Stoller et al., 1999]. Then the use
of the more extensive ozone and water vapor data bank
provided by the Measurement of Ozone and Water Va-
por by Airbus In-Service Aircraft (MOZAIC) program
[Marenco et al., 1998] revealed the ubiquity of such lay-
ers in the troposphere [Newell et al., 1999]. Layers
defined with ozone and water vapor are found every-
where, all the time, and occupy 14-20% of the tropo-
sphere from 2 to 12 km altitude [Newell et al., 1999].
Using ozone and water vapor measurements, we can de-
fine four types of layers with different combinations of
positive or negative deviations from the automatically
calculated background vertical profile. An explanation
of the current algorithm and some examples are given
in section 2 and by Stoller et al. [1999].

We will refer to ozone-rich and water-vapor-rich (Oz+
H,0+) layers as type 1; to ozone-rich and water-vapor-
poor (O3+ H20-) layers as type 2; to ozone-poor and
water-vapor-rich (Oz— H5O+) layers as type 3; and to
ozone-poor and water-vapor-poor (O3— H,O—) layers
as type 4. The type 1 layers should be characteristic
of convection from the polluted boundary layer. Type
2 could have two possible origins: the stratosphere and
polluted continental air. The most likely origin of type 3
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is convective motions which carry unpolluted boundary
layer air aloft that stabilizes in the free troposphere.
Type 4 is probably clean marine air that has undergone
subsidence. We already know that type 2 layers are
the most abundant everywhere in the 2-12 km altitude
range in regions studied with MOZAIC and PEM data
[Newell et al., 1999].

We believe these layers to be important players in
both dynamical and chemical processes in several re-
spects. First, from a transport perspective, layers may
contain significant fractions of pollution and strato-
spheric air that have not yet been well mixed into the
tropospheric background. Current models that cannot
resolve such layers would not be able to accurately rep-
resent the actual advection that takes place. Layers may
also be involved in the transport of dynamical quantities
such as momentum and potential vorticity (PV) at the
same time. Second, nonlinear photochemical reaction
rates for crucial species such as ozone imply that not
resolving the layer structures can produce inaccuracies
in the net production/destruction of the species. Third,
the sharp concentration gradients in radiatively impor-
tant species at the top and bottom of the layers can gen-
erate substantial differential heating/cooling that can
alter the stability of the layer and its environment (wa-
ter vapor is the most important gas in this case). For
example, wet layers can generate clear-air turbulence,
while dry layers create a self-stabilizing motion and thus
influence the general circulation. Furthermore, dry and
wet layers can add or subtract nontrivially to the net
amount of radiative cooling to space of the order of up
to 8 W m~2 (J. Cho and R. Newell, unpublished data,
2000).

The availability of the MOZAIC measurements (see
details in section 2) allows us to go further in the in-
terpretations. The MOZAIC program data help us to
focus, for example, on seasonal and regional variations
and to complete the statistical study started previously
with the PEM data. The 3.5 years of regular mea-
surements “worldwide” allow a reliable statistical study
about the general characteristics (mean altitude, mean
thickness, etc.) of these tropospheric layers in order
to help us understand the origin of this stratification.
In this paper we will give for the first time a global
characterization of this relatively new finding we call
tropospheric trace constituent layers.

2. Data Set and Layer Detection
Algorithm

The MOZAIC program was designed especially to
collect ozone and water vapor data, using automatic
equipment installed aboard five long-range Airbus A340
aircraft flying regularly all over the world [Marenco
et al., 1998]. The program started in August 1994, and
the data set used for this study corresponds to mea-
surements of ozone and water vapor recorded between
August 1994 and December 1997. For this study we
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only used vertical profiles corresponding to takeoff and
landing phases in the vicinity of about 50 airports vis-
ited by MOZAIC aircraft. Most of the MOZAIC data
have been recorded at northern midlatitudes (Europe,
North America, China, and Japan), but the program
also provides data in the northern tropics (northern
South America, Africa, and the Indo Asian subconti-
nent) and in the Southern Hemisphere, mostly Brazil
and South Africa. For further details, see Marenco
et al. [1998]. = A map of the coverage is given by
Marenco et al. [1998] and Cho et al. [1999a] and is avail-
able from the MOZAIC Web site (http://www.aero.obs-
mip.fr/mozaic/).

The accuracy and resolution of ozone and water vapor
measurements allow us to define very well the small-
scale vertical structures involved in this study. The
MOZAIC program provides measurements every 4 s for
both ozone and water vapor, and given that the ver-
tical speed of the aircraft is around 5-7 m s™!, the
vertical resolution of the data is about 20-28 m. For
ozone a dual-beam UV absorption instrument (Thermo-
Electron, model 49-103) is used, and the measurement

accuracy was estimated at 42 ppbv + 2%; details are
given by Thouret et al. [1998a]. For water vapor a ca-

pacitive relative humidity sensor (Humicap -H, Vaisala)
is used, and overall uncertainties are within £4-7%, as
described in detail by Helten et al. [1998].

In order to analyze atmospheric layers, in terms of
correlations or anticorrelations between ozone and wa-
ter vapor, we determined automatically for each vertical
profile a background profile. Definitions of the different
types of layers may be made by considering positive or
negative ozone and water vapor deviations from this
background. Altitude and thickness of the layers are
drawn only from the ozone profiles. The water vapor
profiles are only used to check if the deviation in H,O
is positive or negative (i.e., if the ozone layer detected
is dry or not). In that way, we are avoiding the prob-
lems related to the water vapor sensor time response as
discussed by Iselin and Gutowski [1997] when studying
only water vapor layers.

The minimum deviations required for defining a layer
are 10 ppbv for ozone and 5% relative humidity for wa-
ter vapor. Even though this last criterion is similar to
the uncertainty in humidity measurement, this water
vapor deviation is sufficient for identifying a layer. Sev-
eral deviations have been tested (from 5% to 20%), as
shown by Newell et al. [1999], and even if the the num-
ber of layers decreases when H2O deviation increases,
there is almost no change in the resulting statistics. For
both background calculations and layer analyses we ne-
glected the lowest 2 km of the troposphere to avoid
defining the boundary layer as a layer in our statistics,
so our sampling of layers is not contaminated by the fact
that measurements are taken near the major sources
of pollution (big cities). We also avoided defining the
lower stratosphere as a layer by stopping both the layer-
finding algorithm and the counting of vertical distance



Table 1. Regional Differences

Eastern China- Southern Tropical Tropical Tropical Southern
Europe  United States Japan  United States Asia America Afyica Hemispuere
40°-60°N 35°-60°N 30°-60°N 20°-35°N 5°5-25°N  20°S-20°N  20°S-20°N 0°-30°S
5°W-25°E 90°-60°W  100°-180°E 110°-90°W  70°-120°E 90°-60°W 0°-60°E  60°W-60°E All
Number of observations
Type 1 1396 514 266 156 312 174 95 400 3460
Type 2 5595 1881 830 496 849 425 265 980 11853
Type 3 1930 569 265 163 274 129 107 262 3931
Type 4 1603 850 306 295 258 138 79 511 4288
Percentage of observations
Type 1 13 13 16 14 18 20 17 18 15
Type 2 54 50 50 45 50 49 49 46 50
Type 3 18 15 16 15 16 15 20 12 17
Type 4 ) 15 22 18 26 16 16 14 24 18
Percentage of troposphere
occupied by layers 17.0 16.6 16.3 19.8 19.5 15.4 24.3 19.0 17.6
Number of layers per
profile 1.79 1.76 1.48 1.54 1.65 1.43 2.08 1.25 1.70
Thickness, m
(Mean, median)
Type 1 639 (406) 663 (394) 721 (483) 743 (507) 751 (433) 640 (398) 692 (342) 821 (538) 691 (426)
Type 2 806 (542) 758 (506) 857 (510) 942 (632) 1064 (704) 1025 (688) 1015 (665) 954 (670) 854 (566)
Type 3 746 (545) 835 (580) 818 (555) 843 (649) 854 (698) 591 (413) 762 (577) 738 (494) 780 (564)
Type 4 636 (451) 680 (498) 689 (505) 837 (570) 785 (549) 792 (602) 634 (472) 847 (606) 714 (508)
Altitude, km
(Mean, median)
Type 1 6.7 (6.9) 6.2 (6.3) 5.9 (6.1) 56 (54)  6.2(5.9)  56(54) 6.3 (6.3) 5.5(5.3) 6.2 (6.3)
Type 2 5.7 (5.6) 5.5 (5.2) 5.8 (5.6) 53(5.2)  6.1(6.1)  6.1(6.2) 6.1 (6.1) 5.7 (5.6) 5.7 (5.6)
Type 3 5.9 (6.0) 6.0 (6.2) 6.1 (6.3) 57(5.6) 5.1 (47)  51(4.0) 5.9 (5.1) 58 (5.4) 5.9 (5.8)
Type 4 6.0 (6.2) 5.8 (5.8) 6.0 (5.8) 58 (5.7) 6.0 (6.0)  6.4(6.9) 6.6 (6.9) 5.9 (5.9) 6.0 (6.0)
Number of profiles 5869 2164 1129 721 1025 606 262 1421 13809

MOZAIC data from September 1994 to December 1997. Minimum Oj deviation is 10 ppbv, and minimum H,O deviation is 5%. Both the mean and median

values (the latter in parentheses) are given for the thickness and altitude of layers.
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profiled when the tropopause was reached (according
to the temperature definition). A full description of the
procedure used for defining the constituent background
is given by Stoller et al. [1999].

As previously done, we assume the aircraft measure-
ments during ascent and descent to be vertical pro-
files. There is, of course, the possibility that horizon-
tal structures could be aliased into “vertical” struc-
tures. With a one-dimensional measurement it is im-
possible to completely unravel this ambiguity. In gen-
eral, we rely on the very large horizontal-to-vertical as-
pect ratio of the atmosphere. However, comparisons
with ozonesondes (which ascend more steeply than air-
craft) [Thouret et al., 1998a] and lidar (which provide a
two-dimensional coverage of layers) [Stoller et al., 1999]
have shown that the assumption of vertical profiling by
aircraft is quite good. Of course, there will be some
amount of noise introduced into the layer statistics due
to this assumption, but we have no reason to believe
that the noise will be biased for key statistics, such as
the percentages of the types of layers.

3. General Characteristics and Regional
Differences

Because the MOZAIC program provides data almost
worldwide, we are now able to identify the regional dif-
ferences in the occurrence of the layers. Table 1 gives
some general characteristics of the tropospheric layers:
(1) number of observations in each category, (2) per-
centage of observations in each category, (3) percentage
of the troposphere occupied by layers, (4) average num-
ber of layers per profile, (5) mean thickness and mean
height for each type of layer, and (6) indication of the
number of MOZAIC profiles for each region described
here. These refer to the whole set sampled by MOZAIC
aircraft during the first 3.5 years of the program.

As noticed previously by Newell et al. [1999], who
compared statistical results between MOZAIC (col-
lected almost everywhere but the Pacific region) and
three PEM data sets (collected only in the Pacific re-
gion), there are no real regional differences in the gen-
eral characteristics of these layers. When considering
only MOZAIC data, we still notice that type 2 is the
most abundant everywhere (45-54%, with a maximum
in Europe). Seventeen percent of the troposphere is oc-
cupied by layers (15-24%), equivalent to an average of
1.70 (1.43-2.08) layers per profile. Notice, though, that
tropical Africa is only represented by 262 vertical pro-
files for the period April-December, 1997. The mean al-
titude of the layers is between 5 and 6 km, and the mean
thickness is about 600-1000 m. However, we notice a
big difference between the mean and the median values
of the thickness. Histograms including the natural log-
arithm of the thickness will be shown and discussed in
the next section, and they illustrate that half of the lay-
ers are less than 500 m thick. If we consider the mean
value, we notice that the type 2 layers are the thick-
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est layers everywhere but in the eastern United States
and are globally thicker in the tropical and subtropical
latitudes than at midlatitudes. The differences in me-
dian are not so obvious, especially for types 2 and 3 at
midlatitudes. That type 2 layers are thicker than the
others is an argument in favor of the trapping process,
as already suggested by Stoller et al. [1999]. Sometimes
layers defined as type 2 are a combination of pollution
from the boundary layer and stable stratospheric air on
top of it, thus giving a thicker layer than a pure polluted
layer or a pure stratospheric intrusion.

As a remark, we have to be aware that MOZAIC air-
craft sample the atmosphere from 0 to 12 km altitude
and our study deals with layers observed between 2 km
altitude and either 12 km altitude or the tropopause. So
at midlatitudes, all the troposphere is sampled, but in
the tropics only 75% (12 km/16 km) of the troposphere
is sampled. Thus we could argue that there are more
layers in the tropics that are unobserved than at midlat-
itudes. In any case, layers are a common tropospheric
feature, as already presented by Newell et al. [1999],
and we are now able to present the general characteris-
tics of these layers with the most appropriate data set
currently available.

Figures 1, 2, and 3 present the general characteristics
of the layers. The histograms have been plotted using
the whole MOZAIC data set. Figure 1 gives the alti-
tude distribution for the four types of layers. Even if
the mean altitude is about the same for every type of
layer (between 5 and 6 km altitude, as shown in Ta-
ble 1), types 1 and 3 present many more layers close to
the 2 km lower-altitude limit than the two other types.
That is probably due only to the fact that types 1 and 3
(moist layers) have a surface source while types 2 and 4
(dry layers) have an upper tropospheric source. Even if
Types 2 and 4 have a boundary layer origin, they must
have passed through the upper troposphere to make
them drier. In the potential temperature (6) distribu-
tion (Figure 2), we observe more Graussian distributions
centered at about 315-320 K for all categories, which
is a little bit higher than (but still in agreement with)
what Iselin and Guiowski [1997] found studying only
water vapor layers. This was not the case for the alti-
tude distributions, so it may imply an isentropic trans-
port for the layers. The thickness distributions (Fig-
ure 3) look alike for each type of layer, and as mentioned
previously, we note that most of the layers are thinner
than average. The median values are about 500 m for
each type of layer (see Table 1 for precise values). Fig-
ure 4 gives the histograms of the natural logarithm of
the thickness. The distributions now appear Gaussian,
and the means and medians at about 6.0-6.3 (about
400-550 m) for the four types of layers are better de-
fined.

We can also assess the meridional variations using
this data set. Figure 5 gives the altitude and thickness
means (in both altitude and potential temperature co-
ordinates) versus latitude. Statistical results have been
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Figure 1. Histogram of the altitude distribution for the four types of layers, from the whole
Measurement of Ozone and Water Vapor by Airbus In-Service Aircraft (MOZAIC) data set.

computed for five different latitude bands: 25°S-5°N,
5°N-15°N, 15°N-25°N, 25°N-35°N, and 35°N-50°N,
covering thus all the airports documented by MOZAIC
aircraft. The distributions in Figures 1-4 are quite sim-
ilar (shape-wise) from one region to another, but Fig-
ure 5 reveals differences in midlatitudes versus tropics.
As noticed in Table 1, type 2 layers are the thickest lay-
ers everywhere (probably characteristic of the trapping
process). In terms of potential temperature, each type
of layer is globally thicker at lower latitudes, as empha-
sized by the plot giving the thickness in kelvins. The
troposphere is globally less stable in the tropics, and so
layers can spread out more vertically in the tropics than
at midlatitudes. The latitudinal variation of the mean
altitude does not show a clear trend. Plotted against 8,
the layers appear to be “higher” (i.e., greater absolute
value for 6) in the troposphere at low latitudes than at
midlatitudes. At first this may seem to contradict the
isentropic latitudinal long-range transport hypothesis,
because we would have expected no variation in mean 6
versus latitude. However, since we avoid the first 2 km
of the troposphere and the lower stratosphere, we can-
not define layers with potential temperature lower than
~310 K in the tropics or greater than ~330 K at mid-
latitudes, resulting thus in a lower mean value at mid-
latitudes.

4. Seasonal Variations

The PEM data gave a lot of information about the
layers and their probable origins. With 3.5 years of reg-
ular measurements the MOZAIC program allows us now
to investigate the seasonal variations of these layers.
We will show statistical results for the whole MOZAIC
data set and for three particular regions. In order to
avoid any problems related to the representativity of the
data, we will only focus on the analysis of the seasonal
variations of the two most documented regions at mid-
latitudes (Europe and the eastern United States) and
the most documented tropical region (Southeast Asia).
There were about 6000, 2000, and 1000 ozone and wa-
ter vapor vertical profiles for Europe, eastern United
States, and tropical Asia, respectively (see Table 1).

An important criterion to analyze is what we call
“percentage of the troposphere occupied by layers” cor-
responding to the sum of the thicknesses divided by
the total kilometers profiled. As seen previously, this
number is about 17% of the 2-12 km range in the tro-
posphere. Figure 6 presents the seasonal variations of
this number for the whole MOZAIC data set and for
the three selected regions. Then, we can see that this
part of the troposphere occupied by layers goes from
7 to 33% depending on the region and on the season,



17,384 THOURET ET AL.: TROPOSPHERIC OZONE LAYERS

TYPE1 O3+H20+
250 '

2001

150}

100}

501

0
280 300 320 340
8 (K)

TYPE3 0O3-H20+

300

2501

200

150

100}

50t

0
280 300 320 340
0 (K)

TYPE2 O3+H20-

800

600

4001

200t
0
280 300 320 340
6 (K)
TYPE4 0O3-H20-
350 '
300¢
2501
200
150
100
50
0
280 300 320 340
8 (K)

Figure 2. Histogram of the potential temperature distribution for the four types of layers, from
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Figure 4. Histogram of the natural log thickness distribution for the four types of layers, from

the whole MOZAIC data set.

with a maximum in summer for the midlatitudes and
a maximum in spring for tropical Asia. Figure 6 also
gives the number of layers per profile (multiplied by 10
for easier viewing on this plot). First, we notice that
these two quantities present exactly the same seasonal
cycle everywhere. So we deduce that there is no sea-
sonal cycle for the thickness of the layers. Layers are
as thick or thin in winter as in summer. Finally, Fig-
ure 6 also gives an indication of the relative number of
profiles without any layer. It is interesting to notice the
completely opposite seasonal cycle. This means that
more no-layer profiles may occur in winter at midlati-
tudes because sources of excess ozone and moisture are
weaker, the mechanism generating layers is weaker, or
processes maintaining layers after generation are less
effective. Stronger vertical mixing would be one factor
making layer maintenance less effective.

Figure 7 is an extension of Figure 6 in the sense that
it also represents the number of layers per profile and
the decomposition in each type of layer for the entire
MOZAIC data set and for the three selected regions.
We know that globally we observe more layers in sum-
mer than in winter at midlatitudes. Is there any sea-
sonal behavior for each different type of layer? The an-
swer is no, because each layer category follows exactly

the same cycle as the total number of layers. This means
that there is no seasonal cycle in the fraction of layers
falling into each category. Type 2 (stratospheric intru-
sions and/or continental pollution) is the most abun-
dant everywhere for every season. Considering averages
for the whole MOZAIC data set, the percentage of ob-
servations in type 2 is always greater than 47% and can
reach 56%. Only 13-23% of observations are classified
in any of the three other types. For both Europe and
the eastern United States we observe a strong summer
maximum in the total number of layers, with a factor
of 4 between the minimum in January and the maxi-
mum in July. Summer at northern midlatitudes is the
period of the most intensive ozone photochemical pro-
duction, and because of that, the seasonal cycle of the
mean ozone concentration in the free troposphere also
presents a summer maximum [Thouret et al., 1998b],
and given that type 2 is the most abundant, we can
hypothesize that stratospheric air mixed with pollu-
tion is the dominant subtype of layer. It also means
that stratospheric intrusions are not negligible in sum-
mer at northern midlatitudes. Summer at midlatitudes
is also the season of more intensive convection, giving
then an additional source for creating layers. For ex-
ample, convection can raise pollution from the ground,
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data set.

and then stable air masses likely coming from the lower
stratosphere can trap the polluted plume and force it
to spread out horizontally.

In tropical Asia we observe a spring maximum and
a secondary peak in June, and as for midlatitudes, we
notice the same behavior for each category of layers.
Once again, spring is the period of intensive biomass
burning in this region [Hao and Liu, 1994], and the
seasonal cycle of the ozone concentrations in the free
troposphere also presents a spring maximum [Chan et
al., 1998; V. Thouret et al., manuscript in preparation,
2000]. Type 2 is also the most abundant, and we can
argue that the main mechanism for creating layers is
buoyant pollution capped by stratospheric air. When
looking at all individual MOZAIC profiles in the region,
we notice that in February, for example, most of the
profiles contain two layers in the troposphere (see Fig-
ure 8, top). The first one is observed at about 2-3 km
altitude, with high ozone and high water vapor thought
to be due to biomass burning in the local area (as al-

ready observed by Liu et al. [1999] over Hong Kong, for
example), and another one is observed at about 5-6 km
altitude, with high ozone and low water vapor proba-
bly due, when looking at back trajectories (not shown
here though), to long-range transport of polluted air
masses either from biomass burning in Africa or from
the stratosphere. The secondary peak in June cannot
be explained this way. June is the beginning of the sum-
mer monsoon. Thus we often observe flat profiles with
low ozone values throughout the troposphere, revealing
the intense vertical mixing. On the other hand, we also
observe a number of profiles with very low ozone val-
ues throughout the troposphere up to 6-8 km altitude,
and above we find high to very high ozone values prob-
ably corresponding to stratospheric intrusions or conti-
nental pollution (Figure 8, bottom). This Oz+ H;0—
layer might have been produced farther north and then
transported through the anticyclone present in this sea-
son in the region. Figures 6 and 7 showed that there
is no seasonal cycle for thickness and for the ratio of
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Figure 6. Percentage of the troposphere occupied by layers, number of layers per profile (multi-
plied by 10 for easier viewing), and relative number of profiles without any layers, calculated for
the whole MOZAIC data set and for the three selected regions.

observations in each category. Only the number of lay-
ers per profile present a strong seasonal cycle, with a
maximum in summer at midlatitudes and in spring in
tropical Asia. To look for any altitude dependence for
the occurrence of layers, Figure 9 gives the number of
layers per kilometer profiled for five ranges between 2
and 12 km altitude for the whole MOZAIC data set and
the three selected regions. We used the quantity “num-

ber of layers per kilometer profiled” to give a reliable
number of layers independent of the number of profiles.
This is particularly important for the last altitude range
(10-12 km) because some profiles (almost half of them)
do not reach the 12 km top altitude. As we noticed with
thickness, Figure 9 reveals the lack of any seasonal cy-
cle for the altitude of the layers. At any altitude level
the number of layers presents a maximum in summer
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Figure 7. Total number of layers per profile and decomposition in each category, calculated for
the whole MOZAIC data set and for the three selected regions.

at midlatitudes and in spring in tropical Asia. As no-
ticed previously with the distributions (Figure 1), the
largest numbers of layers are found between 4 and 8 km
altitude, somewhat fewer are found at either 2-4 km or
8-10 km, and only a few layers are found at 10-12 km.

Finally, we have to keep in mind that the layers are
detected through ozone deviations. In that sense, it is
not very surprising to notice that the number of layers
per profile follows the same seasonal cycle (the same

shape) as the ozone concentrations in the free tropo-
sphere for every region considered in this study. To
identify layers through our algorithm, we need a rather
big enhancement in the ozone concentrations compared
with the background (for Os+ layers) or a rather high
background compared with the real profile to be able
to notice Os— layers. This is probably why we observe
a maximum of layers in summer at midlatitudes or in
spring in tropical Asia. It also probably means that
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we miss many layers only because they have no ozone
signatures. The tropospheric layers as defined in this
study require a dynamical source to create the layer
itself and an ozone signature to be depicted by our al-
gorithm. The use of another tracer, with a different
seasonal cycle, could lead to another seasonal cycle for
the number of layers per profile. From January 2000 on,
MOZAIC IIT will provide CO measurements. We look
forward to seeing the new results including 1 year of
03, H,0, and CO measurements. Moreover, additional

CO measurements will give us the opportunity to dis-
tinguish stratospheric intrusions from pollution or from
pollution trapped by stratospheric air within the type
2 layers.

5. Stability Criteria

To go further in identifying the physical mechanisms
responsible for the formation and development of the
layers, we analyzed potential temperature profiles in
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Figure 9. Total number of layers per kilometer profiled for each altitude range, calculated for
the whole MOZAIC data set and for the three selected regions.

order to compare the gradient inside and outside the
layers. As for ozone and water vapor, we defined auto-
matically a background profile for each potential tem-
perature profile. This background corresponds to the
fitted lines for three altitude ranges (2-5, 5-8, and 8-
12 km). We used three background profiles because the
general trends in potential temperature profiles change
with height. Then we compared the gradients for the

bottom half (dry layers) or top half (wet layers) of the
layer and outside the layer. As calculated by Stoller
et al. [1999] and Newell et al. [1999], dry layers give
a relative radiative cooling near the layer base and a
radiative heating near the top, thus stabilizing the air
in the layer and preventing vertical mixing across the
layer, while it is the contrary for wet layers. In this way
we obtain a new set of layer types, with each one of the
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Table 2. Percentage of Layer Types Cate-
gorized Versus Stability

Higher Lower

Layer Type Stability ~ Stability
Type 1 (O3+ H20+) 8% 7%
Type 2 (Oa+ H20-) 34% 17%
Type 3 (O3— H20+) 7% 9%
Type 4 (O3— H,0-) 8% 10%

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 background. The results calculated for the whole
MOZAIC data set are given in Table 2.

We see that this new criterion of stability is not very
meaningful for types 1, 3, and 4 because we obtain a
similar decomposition in each category. For type 2,
though, it appears clearly that most of the observed lay-
ers (34% versus 17%) have a higher stability than the
environment outside the layer. This is not really sur-
prising if we interpret stability as a “subsidence tracer.”
Type 4, however, does not reveal such a feature (8%
versus 10%). This new finding could be a strong ar-
gument for stratospheric intrusions helping create type
2 layers. Stability is obviously not the ideal tracer for
stratospheric intrusions but gives nevertheless a very
good idea, as demonstrated by Cho et al. [1999b] study-
ing two cases of tropopause folding during the NASA
Subsonics Assessment (SASS) Ozone and Nitrogen Ex-
periment (SONEX) mission. Cho et al. [1999b] found a
very good correlation in time and space between ozone
and stability throughout the tropopause folding event.
To go further in the analysis, we plan to use PV pro-
files as a stratospheric tracer, and apply our automatic
algorithm for each individual PV vertical profile and
obtain in this way a new set of layers. If we obtain, for
example, the type O3+ HyO— PV+ as the most abun-
dant type of observed layer, it would be another strong
argument for stratospheric intrusions as the main mech-
anism responsible for creating layers.

6. Discussion

For the first time, we now hava more extensive knowl-
edge of these tropospheric layers in terms of their gen-
eral characteristics at a global scale. Everywhere, all
the time, stable O3+ H5O— layers are the most com-
mon type. These layers, as well as the others are mostly
present between 4 and 8 km altitude, with a thickness of
about 500 m. The most surprising feature in this study
is the lack of any seasonal variations. The only seasonal
cycle and regional difference observed concern the aver-
age of the number of layers per profile (strong maximum
in summer at midlatitudes and in spring in tropical
Asia). The relevant physical mechanisms are not clear
then. For type 2, for example, 1t 1s still very difficult to
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discriminate between pure stratospheric intrusions and
pure subsiding pollution. We think it might be a combi-
nation of the two processes that we could call “pollution
with a stratospheric cap,” meaning that pollution can
be raised by convection and then spread out horizon-
tally, trapped by stable air originating from the strato-
sphere. As defined previously dealing with the three
previous PEM data, type 2A (O3+H20—-CO—CH4+)
is the most abundant everywhere in these missions (24—
32% of the observations) and corresponds to aged pol-
lution, but “stratospheric air, sometimes mixed with
trapped pollution, was the dominant layers source in
all three missions” [Stoller et al., 1999, p. 5745]. There-
fore types 1 and 2 are not easily separated. This new
finding reveals then that stratospheric intrusions (or at
least their influence) are not negligible in summer at
midlatitudes or in the tropics, as previously thought.
Such conclusions have been already drawn by Chen
[1995]. Using a semi-Lagrangian transport model and
analyzed winds from the European Centre for Medium-
Range Weather Forecasts, it is found that on the 330-
K isentropic surface and below (the domain sampled
in this study), stratosphere-troposphere exchange oc-
curs vigorously in all seasons, caused mainly by the ir-
reversible mixing and transport by breaking synoptic-
scale baroclinic disturbances. More accurately, accord-
ing to Postel and Hitchman [1999], tropopause folding
due to Rossby waves breaking at 350 K present an oc-
currence maximum in summer at northern midlatitudes
with a factor of 5 between July and January. This is in
complete agreement with the number of layers per pro-
file (same summer maximum with a factor of 4 between
July and January at northern midlatitudes), giving then
another argument in favor of stratospheric intrusions for
helping the creation of layers.

Types 3 and 4, which may be associated with con-
vection over the ocean, are also difficult to separate.
In respect to mass conservation, convection and subsi-
dence may be seen as coupled ascending and descending
motions even if the two parts do not occur in the same
area.

From the MOZAIC data set we now have a first as-
sessment of the behavior of layers in the troposphere.
To go further and really assess the physical mecha-
nisms involved, we still need new inputs in this huge
database. We plan to use PV profiles calculated for
each MOZAIC profile by Centre National de Recherches
Météorologiques. The next phase of the MOZAIC pro-
gram will start in January 2000 and provide regular
measurements of CO, as well as of ozone and water
vapor. Thus we will be able to discriminate more ac-
curately between the stratosphere and pollution. If we
are to recommend that three-dimensional chemical and
transport models (3-D CTMs) should reproduce this
phenomenon, we still have to try to answer more accu-
rately these types of questions: Why do we find most of
the layers between 4 and 8 km altitude? Why are half
of the observed layers O3+H;0~7 What are the physi-
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cal mechanisms involved in the creation of these layers?
We have given here the beginning of an answer. Tro-
pospheric ozone layers are mostly found in the middle
troposphere, where convection from the boundary layer
and intrusions from the stratosphere or large-scale sub-
sidence meet. The predominance of Oz+H,O— layers
reveals both of the two major sources of tropospheric
ozone and probably affects the overall mass balance be-
tween the troposphere and the lower stratosphere. The
main physical mechanisms involved for creating layers
are thought to be stratospheric intrusions and convec-
tion and also probably both of them coupled. To learn
more about them and about the lifetime of the layers,
however, and their extent and motion, we have started
case studies. This paper deals only with the statisti-
cal results of layer distributions and behavior from the
most extensive data set currently available.

This real property of the troposphere needs to be ex-
plored in detall, and a good assessment of the layers
could lead us to a better empirical assessment of the
different tropospheric ozone sources. One of the main
uncertainties in the current 3-D CTMs is the ozone flux
into the troposphere from the stratosphere. Being able
to assess this flux through the mass of ozone involved in
the layers could give us a better estimate of the natural
tropospheric ozone source, which has important impli-
cations for atmospheric chemistry. Another main inter-
est of this study is related to the large-scale dynamics of
the atmosphere, and further development could provide
an assessment of the PV fluxes in the troposphere.
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