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Abstracto This study investigates the distribution and the sources of ozone 
(03) observed in the uppermost troposphere and lowermost stratosphere within 
the framework of the Measurement of Ozone and Water Vapor by Airbus In- 
Service Aircraft (MOZAIC) program. The 03 measurement data taken aboard 
five commercial aircraft during a 1-year period are combined with 8-day three- 
dimensional back trajectories ending at the aircraft positions. Potential vorticity 
along the trajectories is used to form subsets of the data taken in the troposphere, 
in the stratosphere, and in stratosphere-troposphere exchange flows. A measured 
03 value is then attributed to the entire path of the corresponding trajectory. A 
statistical analysis of this data set extends previous global MOZAIC 03 climatologies 
which are restricted to the major flight corridors. Furthermore, it allows source 
region identification of the measured 03. It is found that the North American and 
Eurasian continental boundary layers are the major sources of upper tropospheric 
03 in spring and summer, while the African boundary layer is the greatest 03 source 
in fall and winter. The seasonal 03 variation is strongest in air masses exported 
from central Asia, followed by North America. The central Asian 03 maximum is 
higher and occurs earlier in the year than the North American maximum, which 
possibly indicates a great influence from biomass burning emissions in Asia. In the 
lowermost stratosphere the dominant structures in the 03 distribution are a strong 
north-south gradient and a wave-like pattern with 03 maxima over North America 
and eastern Asia. 03 concentrations in stratosphere-troposphere exchange flows are 
higher than in tropospheric air throughout the year and thus provide an important 
03 source for the troposphere. However, our analysis suggests that photochemical 
03 formation is more important than stratosphere-troposphere exchange during 
most of the year. 

1. Introduction 

The four-dimensional climatological distribution of 
03 in the troposphere and lowermost stratosphere is 
known only with relatively large uncertainty. The ex- 
istence of numerous surface 03 monitoring networks 
has led to a relatively good knowledge of the seasonal 
and spatial variations of O3 in the boundary layer, but 
there is still a lack of measurement data throughout 
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the free troposphere and lowermost stratosphere. Air- 
craft measurement campaigns, although important in 
improving our knowledge of the processes controlling 03 
are inappropriate for building 03 climatologies because 
they provide neither the necessary global coverage nor 
the seasonal information. Until recently, the only data 
source for establishing 03 climatologies was the global 
ozonesonde network [e.g., Logan, 1999; Beekmann et al., 
1994], which has a rather poor global coverage. Satellite 
data, such as from the Total Ozone Mapping Spectrom- 
eter, have global coverage, but the vertical resolution, 
if so any, is inadequate to infer much more than tropo- 
spheric columns [e.g., Fishman et al., 1990]. 
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In the last few years, a few commercial airliners 
were equipped with 03 sensors [Brunner et al., 1998; 
Marenco et al., 1998] which has increased available 03 
data in the free troposphere tremendously. The spatial 
coverage of all flights performed within Measurement of 
Ozone and Water Vapor by Airbus In-Service Aircraft 
(MOZAIC), the most comprehensive of these monitor- 
ing programs, is shown in Figure 1. The measurements 
are restricted to the major flight corridors and, with 
the exception of ascents and descents near airports, to 
the flight levels at 9-12 km. On the other hand, air 
masses are transported to the flight corridors from vari- 
ous regions, and because of the lifetime of 03 of about 1 
month in the free troposphere [Liu et al., 1987], these air 
masses carry information on the 03 concentrations in 
regions upwind of those actually flown through. In this 
paper we combine 03 measurements from the MOZAIC 
program [Marenco et al., 1998] with back trajectories 
to learn about the global distribution of 03, thereby 
extending the available MOZAIC 03 climatology pre- 
sented by Thouret et al. [1998]. 

Photochemical models are presently the only tool 
available to distinguish between the relative contribu- 
tions of different 03 sources to the global budget. The 
models suggest that photochemical 03 formation from 
anthropogenic precursors is the largest source in the 
Northern Hemisphere [e.g., Lelieveld and Dentenet, 
2000], but as the results are still poorly constrained 
by measurements and have considerable uncertainties, 
a confirmation independent from photochemical mod- 
eling is desirable. In addition to providing an 03 cli- 
matology, this study also aims at identifying the source 
regions of 03 on a global scale using only measurement 
data and back trajectories. 

2. Measurement Data, Trajectory 
Model, and Analysis Method 
2.1. Measurement Data 

In this paper we use 03 data collected with five 
commercial airliners equipped with O3 sensors (preci- 
sion better than +2 ppb) within the MOZAIC program 
[Marenco et al., 1998]. MOZAIC data have been used 
previously by numerous authors to establish 03 clima- 
tologies [e.g., Thouret et al., 1998], to study layers in 
the troposphere [e.g., Newell et al., 1999], and to vali- 
date chemistry transport models [e.g., Law et al., 2000]. 
Data from about eight flights per day are available in 
the MOZAIC database. We used integrated data with 
a time resolution of at least I min and a vertical resolu- 

tion of 150 m or better. At flight level each data point 
represents a flight segment of approximately 15 km. 
Measurements taken in the boundary layer may be in- 
fluenced by local contamination, especially because the 
aircraft descend and ascend close to big cities. There- 
fore we used data from above the 700 hPa level only. 
The data cover the period November 1999 to October 
2000 and comprises a total of some 1.4 million 1-min 
averages. 

2.2. Trajectory Model 

We calculated three-dimensional 10-day back tra- 
jectories ending at all aircraft positions where mea- 
surements were taken using the FLEXTRA trajectory 
model [Stohl et al., 1995; Baumann and Stohl, 1997; 
$tohl and Seibert, 1998]. FLEXTRA is driven with 
global analysis fields every 6 hours and with 3-hour fore- 
cast fields every other 3 hours. The wind fields have a 
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resolution of 1 ø longitude x 1 ø latitude and were re- 
trieved from the European Centre for Medium-Range 
Weather Forecasts (ECMWF) [1995] archives. In Octo- 
ber 1999 the ECMWF model resolution was enhanced 

to 60 model levels, which is equivalent to a spacing 
between model levels of approximately 700 m at the 
typical MOZAIC aircraft cruising altitude, and much 
less below. As our period of study was November 1999 
to October 2000, all wind fields we used have an ex- 
cellent vertical resolution in both the troposphere and 
the stratosphere. FLEXTRA uses bicubic horizontal, 
quadratic vertical, and linear time interpolation. No 
isentropic assumption is invoked, which is important 
especially for ascending airstreams, where condensa- 
tion causes diabatic heating. While small-scale convec- 
tive cells are not resolved, the general characteristics 
of larger convective regions are well captured, result- 
ing in upward transport in these regions. The vertical 
positions of the ending points of the back trajectories 
were determined by matching the pressure measured 
by the aircraft with the pressure of the ECMWF analy- 
ses. Trajectory positions were stored every 3 hours to- 
gether with potential vorticity (PV) interpolated from 
the ECMWF analyses. 

2.3. Data Classification 

03 concentrations and 03 sources vary considerably 
throughout the year. Therefore we carried out our anal- 
yses separately for each of the four seasons, winter (De- 
cember to February), spring (March to May), summer 
(June to August), and fall (September to November). 
The seasons refer to the Northern Hemisphere, as most 
of the data were obtained there. 

03 concentrations differ strongly in the troposphere, 
in the stratosphere, and in air masses that have recently 
been transferred from the troposphere to the strato- 
sphere (troposphere-stratosphere exchange flows, TSE) 
or vice versa (stratosphere-troposphere exchange flows, 
STE). PV is a quasi-conservative tracer that is high 
in the stratosphere and low in the troposphere. It is 
modified by diabatic heating or cooling only. The PV 
definition of the tropopause is not applicable in the 
tropics, but there all data are sampled well below the 
tropopause and can be considered tropospheric. We 
therefore classified data as purely tropospheric when 
the PV of all trajectory positions was less than 2 PV 
units (1 pvu=lx10 -6 m 2 K kg -1 s -1) (> -2 pvu in 
the Southern Hemisphere); purely stratospheric when 
the PV of all trajectory positions was greater than 
2 pvu; TSE when the PV at the measurement loca- 
tion was greater than 2 pvu but the minimum PV 
along the trajectory was less than 2 pvu; and STE 
when the P V at the measurement location was less than 

2 pvu but the maximum PV along the trajectory was 
greater than 2 pvu. The first two criteria distinguish 
very strictly between purely tropospheric and purely 
stratospheric air as they require air to have been re- 
siding in the respective atmospheric compartiment for 

at least l0 days. STE and TSE flows, howevers are 
difficult to distinguish, because many of the respective 
trajectories travel back and forth across the 2 pvu sur- 
face, possibly leading to multiple exchange events be- 
tween the troposphere and the stratosphere (H. Wernli 
and M. Bourqui, A one-year Lagrangian "Climatol- 
ogy" of (deep) cross-tropopause exchange on the ex- 
tratropical Northern Hemisphere, submitted to Journal 
of Geophysical Research, 2001) (hereinafter referred to 
as (Wernli and Bourqui, submitted manuscript, 2001)). 
Thus both STE and TSE air masses have stratospheric 
as well as tropospheric characteristics and should be 
viewed as transitional airflows in the tropopause region. 
We also present a sensitivity study using more strict 
definitions of STE and TSE. 

A critical point in the data classification is the resolu- 
tion of exchange processes between the stratosphere and 
troposphere in the ECMWF data. We have good expe- 
rience in using PV and trajectories based on ECMWF 
data for this purpose, even with previously available 
coarser vertical resolution [Stohl and Trickl, 1999; Stohl 
et al., 2000]. But sometimes stratospheric intrusions 
and lower tropospheric air masses can come very close 
together [Parrish et al., 2000; Prados et al., 1999]. In 
these cases the PV of the originally stratospheric air 
mass will typically have decreased to tropospheric val- 
ues and, due to limited resolution, the trajectories may 
not trace the air mass back into the stratosphere, lead- 
ing to a misclassification. To explore the possible effect 
of such misclassifications on our results for purely tro- 
pospheric air, we make three sensitivity studies: First, 
we decrease the PV threshold to I pvu. Second, in con- 
junction with the 2 pvu threshold we use the MOZAIC 
humidity data to exclude particularly dry air masses. 
Third, we use only a humidity criterion. 

Mixing of stratospheric intrusions into the tropo- 
sphere blurs the relations between O3 and both hu- 
midity and PV [Beekmann et al., 1994]. The originally 
stratospheric O3 participates in non linear photochem- 
ical processes and eventually becomes part of the tro- 
pospheric O3 budget. At that stage, a classification of 
O3 in the troposphere as being stratospheric becomes 
meaningless, even though there may be still some con- 
tribution from the stratosphere. Thus our results for 
the troposphere still reflect some stratospheric "back- 
ground" influence. Possibly, some STE events that have 
been misclassified as tropospheric air may have some in- 
fluence as well. 

2.4. Trajectory Statistics 

The trajectory statistics method we use is related to 
flow climatologies [Miller, 1987], cluster analysis [Moody 
and Galloway, 1988], and residence time analysis [Ash- 
baugh et al., 1985]. All these methods have been used 
to obtain qualitative information on the pathways that 
deliver polluted air masses to a receptor site [see Stohl, 

Seibert et al. [1994] and Stohl [1996] developed more 
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quantitative methods that were recently tested by Wo- 
tawa and Krb'ger [1999] on their ability to reconstruct 
emission inventories. With each of these methods, a 
measured concentration is attributed to all points of its 
corresponding back trajectory. Thus the measured con- 
centration is smeared out along the path the air has 
taken before arriving at the measurement location. Af- 
ter this is done for all trajectories, a so-called "concen- 
tration field" is obtained by averaging all values that 
occur within a grid box. This field is smoothed with 
the restriction that all averages are kept within their 
99% confidence intervals [Seibert et al., 1994]. In this 
study we used a global grid with a horizontal spacing 
of 10 ø longitude x6 ø latitude and three vertical layers 
from the surface to 700 hPa, 400-700 hPa, and above 
400 hPa for evaluating the concentration fields. 

The concentration field can be interpreted in two 
ways. Assuming that the substance studied is a passive 
tracer, the concentration field represents its "true" av- 
erage spatial concentration distribution under the con- 
dition that transport takes the air to the receptor lo- 
cations, in our case, the flight tracks of the MOZAIC 
aircraft. If the meteorological or chemical environment 
under this condition differs from the average one, the 
concentration field may be different from an uncondi- 
tioned field as it would be obtained by averaging in 
situ measurements throughout the region. As an exam- 
ple, O3 concentrations in the lowest layer of the field 
may be different from the true average ones, since air- 
flows are required to ascend to the aircraft tracks, and 
upward transport occurs under specific meteorological 
conditions. The second interpretation of the concentra- 
tion field is that it shows the source (sink) regions of the 
substance, that is, regions from where high (low) con- 
centrations are advected toward the receptors. This, 
however, requires the sources to be reachable by the 
back trajectories which, because of the long lifetime of 
stratospheric 03, is not the case in the stratosphere. 
Therefore the stratospheric concentration fields should 
be interpreted more under the aspect of the concentra- 
tion distribution in the lower stratosphere rather than 
as the identification of stratospheric O3 sources. In 
summary, one can perceive the concentration fields ei- 
ther as source (sink) regions for the receptors or, with 
the condition that transport to the receptor must oc- 
cur, as average spatial distributions. While these two 
aspects appear to be very different from each other, and 
each has its own limitations, they are intimately tied to- 
gether by the transport. 

The method of $tohl [1996], in an iteration process, 
could subsequently improve on this concentration field 
in order to reconstruct the sharp gradients typically 
found in the emission fields of many substances, and 
which are smeared out along the trajectories with the 
above procedure. However, Stohl's method depends 
critically on the condition of strictly linear chemistry 
and temporally constant emission fields of a substance 
and is thus not applicable to 03. Thus redistribution 

was not applied. Even with Seiberts method, the as- 
sumption of O3 being a passive tracer over the dura- 
tion of the back trajectories is critical. If not fulfilled, 
it invalidates the attribution of a concentration to all 

points of a back trajectory. But since the lifetime of O3 
in the free troposphere is of the order of 1 month [Liu 
et al., 1987], the error introduced by this assumption 
is acceptable. Furthermore, we tested the sensitivity of 
the concentration field to the length of the trajectories 
by applying the method with 2-day, 5-day, 8-day, and 
10-day trajectories and found our main results to be 
unaffected (see section 3). We finally used 8-day trajec- 
tories, which is a compromise between a good geograph- 
ical coverage of the climatology (the longer the trajec- 
tories the better the coverage) and the ability to detect 
smaller-scale features (using long trajectories tends to 
smooth the concentration patterns). 

Trajectory accuracy is important, because trajectory 
errors lead to a smoothing of the concentration field. It 
is unlikely, though, that with a large data set random 
trajectory errors can generate spurious concentration 
maxima. Thus we require a minimum of 100 trajec- 
tories to pass through a grid box in order for a value 
to be reported. An important exception is deep con- 
vection which is not resolved by the trajectories and 
occurs systematically over certain regions. If O3 from 
an actual boundary layer source is lifted by convection 
to the upper troposphere, the concentration field would 
show a maximum at high levels, where the trajectories 
pass through the convective cells. While the horizontal 
position of the O3 source would still be determined cor- 
rectly, its vertical position would be shifted to higher 
levels. This has to be kept in mind when interpreting 
the results, especially in the tropics. 

The quality of the concentration field also depends on 
the density of the observations. Where the results are 
poorly constrained by measurements (e.g., there are no 
MOZAIC measurements over the Pacific, see Figure 1), 
the results are more uncertain than in other regions and 
show less details. 

3. Results 

3.1. Air Mass Statistics 

Table I presents the frequency (percent) of O3 mea- 
surements taken in purely tropospheric and in purely 
stratospheric air, and in STE and TSE flows, respec- 
tively, for three latitudinal belts and for the four sea- 
sons. In the tropical belt from 15øS to 21øN more than 
90% of the measurements were done in the troposphere, 
and the rest in STE and TSE flows, while very few data 
were sampled in stratospheric air. In the middle lati- 
tudes (21øN to 57øN), tropospheric measurements are 
most frequent in summer, when the tropopause is high- 
est, whereas stratospheric measurements are most fre- 
quent in winter, when the tropopause is lowest. Here 
the frequency of both $TE and TSE air masses is the 
highest of the three latitudinal belts, consistent with 
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Table 1. Frequency of 03 Measurements Above 700 hPa Taken in 
Purely Tropospheric, in Purely Stratospheric Air, and in STE and 
TSE Flows for Three Latitudinal Belts and for the Four Seasons a 

Latitudinal Belt Season Tropospheric Stratospheric STE TSE 

15 ø S- 21 ø N spring 92 0 4 4 
15 ø S- 21 ø N summer 93 0 4 4 

15 ø S- 21 ø N fall 93 0 4 3 

15 ø S- 21 ø N winter 90 0 6 4 

21 ø N- 57 ø N spring 31 36 14 19 
21 ø N - 57 ø N summer 39 28 13 20 

21 ø N - 57 ø N fall 34 34 14 19 

21 ø N- 57 ø N winter 27 46 11 16 

57 ø N- 90 ø N spring 14 70 6 11 
57 ø N- 90 ø N summer 14 65 7 14 

57 ø N-90 ø N fall 11 71 7 11 

57 ø N- 90 ø N winter 12 77 4 7 

Units in percent. 

the position of the tropopause break associated with 
the polar front where most of the exchange takes place. 
At high latitudes, most of the measurements were done 
in the stratosphere. At middle and high latitudes, TSE 
and STE airflows can be expected to have similar fre- 
quency [Stohl, 2001; Wernli and Bourqui, submitted 
manuscript, 2001], even though the net effect will be 
a mass transfer into the troposphere (net STE). The 
higher frequency of TSE airstreams in the middle and 
higher latitudes as seen in Table 1 is likely due to the 
flight routing of commercial aircraft that favors flights 
in the stratosphere. Furthermore, commercial aircraft 
avoid the turbulent regions of tropopause folds and may 
thus sample fewer STE events. 

03 mixing ratios in these air masses are very differ- 
ent from each other (Table 2). Tropospheric 03, with 
the lowest concentrations of all classes, has a clear sum- 
mer peak and a winter minimum in all three latitudinal 
belts. The highest concentrations are observed in the 
middle latitudes, except in winter when they are high- 
est in the tropics. Stratospheric 03 has a distinct spring 

maximum and a fall minimum in the middle and higher 
latitudes. 

Both STE and TSE flows have concentrations inter- 

mediate between the tropospheric and the stratospheric 
classes. Interestingly, STE 03 concentrations are much 
lower than those in TSE flows. There are three possi- 
ble explanations for the TSE 03 concentrations being 
higher than the STE ones. First, many of the TSE 
air parcels, although temporarily residing in the tro- 
posphere, actually originate in the stratosphere. It is 
known that a significant branch of an airflow descending 
into the troposphere returns to the stratosphere shortly 
after a STE event [e.g., Vaughan et al., 1994] and thus 
still contains stratospheric 03 concentrations. Second, 
errors in the trajectories may suggest a STE or TSE 
event, while in reality the air stayed in the respective 
compartiment. Third, mixing brings 03 concentrations 
in STE and TSE flows closer to those in the surrounding 
air. 

To explore this in more detail, we redefined STE and 
TSE flows using more strict criteria: STE flows are sam- 

Table 2. Average 03 Mixing Ratios Measured Above 700 hPa in 
Purely Tropospheric, in Purely Stratospheric Air, and in STE and 
TSE Flows for Three Latitudinal Belts and for the Four Seasons a 

Latitudinal Belt Season Tropospheric Stratospheric STE TSE 

15 ø S- 21 ø N spring 51 - 76 117 
15 ø S- 21 ø N summer 58 - 78 105 
15 ø S- 21 ø N fall 47 - 55 80 

15 ø S- 21 ø N winter 47 - 59 88 

21 ø N - 57 ø N spring 63 340 83 168 
21 ø N - 57 ø N summer 69 268 86 140 

21 ø N- 57 ø N fall 50 173 61 93 
21 ø N- 57 ø N winter 45 244 60 104 

57 ø N- 90 ø N spring 58 428 78 194 
57 ø N - 90 ø N summer 64 335 86 163 
57 ø N - 90 ø N fall 51 222 60 107 
57 ø N- 90 ø N winter 43 311 55 121 

Units in ppb. 
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Plate 1. 03 concentration fields obtained with trajectory statistics for purely tropospheric data 
for each of the four seasons: (a) fall, (b) winter, (c) spring, and (d) summer. Shown in each 
panel are the results for altitudes (top) above 400 hPa, (middle) between 400 and 700 hPa, and 
(bottom) below 700 hPa. Grid boxes containing less than 100 trajectories are left blank. On the 
left-hand side of each panel "ALL DATA" gives the number of all MOZAIC O3 measurements 
available, and "SELECTED" indicates the number of purely tropospheric measurements that 
were used in this plot. The percentages given below the pressure ranges give the frequency of 
trajectory points falling into the respective level. 



STOHL ET AL.' TRAJECTORY STATISTICS APPLIED TO MOZAIC DATA 27,763 

pied in air with P V< 1 pvu but the maximum P V along 
the trajectories is greater than 3 pvu. TSE flows are 
sampled in air with PV>3 pvu but the minimum PV 
along the trajectories is less than 1 pvu. This led to a 
small decrease of 03 concentrations in STE flows and a 
small increase of 03 concentrations in TSE flows. This 
excludes multiple fluctuations around the tropopause as 
being the reason for the higher TSE 03 concentrations 
compared to the STE ones. Thus trajectory errors or 
mixing must be responsible. It is not unlikely, though, 
that mixing is the main reason, because observations 
show that stratospheric intrusions into the troposphere, 
once below the 2 pvu threshold, are rarely ever associ- 
ated with 03 concentrations much above 100 ppb [•qtoh! 
et al., 2000; $tohl and Trickl, 1999], which would be 
typical for the stratosphere. Similarly, tropospheric in- 
trusions observed in the stratosphere have typical 03 
mixing ratios above 100 ppb [Vaughan and Timmis, 
1998]. Thus the result that STE airflows have lower 
03 concentrations than TSE airflows does not contra- 
dict observational case studies of these airstreams. 

Both the rather low frequency of STE air masses and 
the fact that 03 in these air masses is enhanced only 
moderately over tropospheric values suggest that STE, 
although certainly a contributing factor, is less impor- 
tant than photochemical Oa formation for the upper 
tropospheric 03 budget. 

3.2. Troposphere 

Plate 1 shows the concentration fields for purely tro- 
pospheric 03. In fall and winter, the highest 03 concen- 
trations occur in the equatorial and southern subtropi- 
cal region, and particularly over Africa. The maximum 
over Africa is found both at the uppermost level (i.e., 
pressure below 400 hPa) and for air masses ascending 
from the 400-700 hPa level. There are relatively few air 
parcels ascending from the lowest (i.e., pressure greater 
than 700 hPa) level, but it is very likely that also the up- 
per tropospheric maximum is the signal of photochem- 
ically produced Oa lifted from the surface by convec- 
tion. Particularly, African savanna fires peak during 
this season [Cahoon et al., 1992] and cause significant 
Oa production. Lightning, which produces NOx, also 
has a maximum over the African continent [Christian et 
al., 1999] and may contribute also to the 03 maximum. 
The fact that no significant maximum is identified over 
South America is likely due to the poor coverage of this 
region by MOZAIC flights. Generally, our results are in 
agreement with the idea that in the tropics the ascend- 
ing branch of the Walker circulation heaves polluted 
air masses into the upper troposphere over the conti- 
nents, causing upper tropospheric 03 maxima [Jacob 
et al., 1996]. The small maxima over North America 
and Eurasia in fall are a signal of fading summer time 
photochemistry in September. 

In spring and summer, the spatial gradients in the 
tropospheric 03 concentration fields are greater than 
during fall and winter. The highest 03 values are found 

in the Northern Hemisphere middle latitudes and the 
lowest ones occur in the Asian monsoonal flow. Espe- 
cially in summer, there are distinct maxima over the 
North American and the Eurasian continents. These 

maxima are found at all levels, pointing toward the 
importance of convection, but the patterns are most 
pronounced for the lowest level, confirming that much 
of the " ' motion is ' ' by .... trajectories. reso•veu t•ne vertical 

Air masses that are lifted from the North American 

or Eurasian boundary layer have 03 mixing ratios in 
the range of 60-80 ppb, whereas air masses lifted from 
the North Atlantic have 03 mixing ratios of only about 
40-55 ppb. Some of the oceanic air masses may have 
been ascending right from the maritime boundary layer, 
where 03 concentrations are low JOltroans and Levy, 
1994] because of photochemical destruction. This is a 
very strong indication for the importance of photochem- 
ical 03 formation in the continental boundary layers 
and subsequent export of 03 pollution to higher levels 
for the global tropospheric 03 budget. A case study of 
such an 03 transport from the North American bound- 
ary layer to the uppermost troposphere was recently 
presented by Stohl and Tvickl [1999]. Plate 1 docu- 
ments that in spring and summer such events must be 
very frequent and are possibly the major source of 03 
in the upper troposphere. This strong impact of 03 
formed in the continental boundary layers on upper tro- 
pospheric 03 is due to both convection over the heated 
landmasses and frontal uplifting downwind of the conti- 
nents [Stohl, 2001]. Compared to this, low-level outflow 
of 03 from the continental rims [Parrish et al., 1993; 
1998; Crawford et al., 1997] may be much less bnportant 
for the global 03 budget. The fact that the continental 
03 sources are revealed so clearly by our method also 
makes it unlikely that 03 formation in the background 
global troposphere plays an equally important role. 

Perhaps surprising is that the 03 maximum over 
Eurasia is higher than the one over North America. 
Also, its position is in poor agreement with inven- 
tories of anthropogenic 03 precursor emissions [e.g., 
Benkovitz et al., 1996]. Because of the coarse resolu- 
tion of our method, several smaller maxima that may 
actually exist over Asia may be smoothed out, yield- 
ing a single maximum over central Asia. However, in- 
tense (though not exceptionally intense) biomass burn- 
ing (about I million ha of forest burned in Siberia ac- 
cording to official estimates, see http://www.ruf. uni- 
freiburg. de/fireglobe/current/archive/archive.htm) oc- 
curred in Siberia in the year 2000. As continental-scale 
03 plumes can form from boreal forest fire emissions 
[Wotawa and Trainer, 2000; C. Forster et al., Transport 
of forest fire emissions from Canada to Europe, accepted 
by Journal of Geophysical Research, 2001; S. A. McK- 
een et al., Ozone production from Canadian wildfires 
during June and July of 1995, submitted to Journal of 
Geophysical Research, 2001], this may be an explana- 
tion for the location of the Asian 03 maximum. 

In order to analyze the seasonal cycle of photochem- 
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Table 3. Definition of the Boxes Used to Study the 
Seasonal Variation of Tropospheric O3 

Box Name Longitude Range Latitude Range 
North America 120 ø W- 80 ø W 30 ø N- 48 ø N 
Central Asia 40 ø E- 100 ø E 36 ø N- 60 ø N 
North Atlantic 50 ø W- 20 ø W 30 ø N - 60 ø N 
Southern Africa 10 ø E - 30 ø E 24 ø S- 0 ø N 
Tropical Atlantic 40 ø W- 10 ø W 12 ø S- 12 ø N 
Maritime continent 90 ø E- 150 ø E 12 ø S- 18 ø N 

ically produced 03 in more detail, we recalculated the 
trajectory statistics for each of the 12 months separately 
but evaluated the concentration fields for a few large 
regions only. These regions were defined by latitude- 
longitude boxes as shown in Table 3. To concentrate 
on cases with upward transport to the flight levels, the 
two lowermost layers (reaching from the surface up to 
400 hPa) were combined. 03 values associated with 
trajectory points falling into the respective boxes were 
averaged and are reported as monthly means. The se- 
lection of the boxes was done in order to contrast the 
strongest source regions of photochemically produced 
03 found in Plate I with remote ocean areas. 

The results are shown in Figure 2. The most strik- 
ing feature is the large seasonal cycle in all three of the 
Northern Hemisphere mid latitude boxes. The sum- 
mertime peak indicates strong photochemical activity. 
The annual variation is much stronger in the continental 
(North America, central Asia) boxes than in the North 
Atlantic box, in agreement with the theory that 03 for- 
mation in the continental boundary layers exerts the 
largest influence on upper tropospheric 03. The sum- 
mer maximum over the North Atlantic is likely due to 
outflow from the continents, which is supported by the 
fact that it is less strong in the lowermost layer (surface 
to 700 hPa). Interestingly, the central Asia box shows 
a higher summer time peak (83 ppb) than the North 
America box (71 ppb), whereas 03 concentrations in 
other seasons are very similar to North America. Fur- 
thermore, the summer peak is much sharper and occurs 
in June, while the North America box shows a broader 
summer maximum peaking in August. The reason for 
these differences is not clear. Since the central Asia box 
is located further north than the North America box, 
photochemical processes therein may be more sensitive 
to the decline of solar radiation after June. Another im- 
portant difference between the two boxes is that while 
the North America box covers a region of strong anthro- 
pogenic 03 precursor emissions, anthropogenic emis- 
sions in the central Asia box are much lower. However, 
according to official reports, approximately 200,000 ha 
of forested and more than 100,000 ha of non forested 
land were burned by wildfires from June I to July 12, 
2000. It seems plausible that this peak in fire activity 
contributed significantly to the maximum in 03 produc- 
tion in June. 

03 concentrations in the tropical boxes are lower 
than those in the northern mid latitudes during most 
of the year (note that the curves for southern Africa, 
the tropical Atlantic, and the maritime continent have 
been offset by-20 ppb in Figure 2 for clarity of pre- 
sentation). The smallest variation is found over the 
tropical Atlantic, where 03 ranges from about 40 to 
50 ppb throughout the year. This reflects the absence 
of 03 production and suggests 03 import from other re- 
gions. The lowest concentrations, ranging from 24 ppb 
in March to 50 ppb in June are found in the maritime 
continent box. Higher 03 concentrations can be ex- 
pected there in E1 Nifio years, when due to the dry con- 
ditions intense biomass burning takes place [Thompson 
et al., 2001]. But in more normal years, like 2000, the 
sunlit and moist tropical maritime boundary layer is 
a highly efficient O3 sink. The highest 03 concentra- 
tions in the tropics are found in the southern Africa 
box. The maximum (66 ppb) occurs in austral spring 
and summer, likely due to both biomass burning and 
anthropogenic emissions. The high value for February 
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Figure 2. Seasonal variation of the 03 mixing ratios 
as obtained with trajectory statistics for the six grid 
boxes defined in Table 3. Only data from the two lowest 
layers (i.e., below 400 hPa) were used. For clarity of 
presentation, the curves for southern Africa, equatorial 
atlantic and maritime continent were shifted by-20 ppb. 
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Plate 2. 03 concentration fields summarized over all altitude levels obtained with trajectory 
statistics for purely stratospheric data taken during the four seasons: (a) fall, (b) winter, (c) 
spring, and (d) summer. On the left-hand side of each panel "ALL DATA" gives the number 
of all MOZAIC O3 measurements available, and "SELECTED" indicates the number of purely 
stratospheric measurements that were used in this plot. 

may be an artifact since the number of available trajec- 
tory points was more than an order of magnitude lower 
than during the other months. The analysis shows that 
in the tropics, like in the northern mid latitudes, the 
highest O3 concentrations in the upper troposphere are 
observed upon export from the continental (African) 
boundary layer. 

3.3. Stratosphere 

Plate 2 depicts the purely stratospheric O3 concen- 
tration fields. As stated in section 2, these fields can- 
not be interpreted in terms of the sources of strato- 
spheric 03, because for that the trajectories are not 
long enough. Because data coverage below 400 hPa is 
poor, all data are integrated into a single panel for each 
season. Stratospheric 03 concentrations show a strong 
latitudinal gradient, since the tropopause is much lower 
at higher latitudes than at lower ones and thus the air- 
craft fly deeper in the stratosphere at higher latitudes. 
A striking feature, especially in winter and spring, is 
the wave-like pattern with 03 maxima over the north- 
ernmost parts of North America and eastern Asia, and 
a minimum over the Atlantic. Both maxima are down- 

stream of regions of strong overall Lagrangian descent of 
air [Stohl, 2001], which are due to the quasi-permanent 
troughs over the continents caused by PV conservation 
as airflows over mountain ranges [Fleagle and Businger, 
1980]. 

3.4. STE and TSE Flows 

The patterns of the STE and TSE concentration fields 
(not shown) are similar to the purely stratospheric ones, 
but at concentration levels that are intermediate be- 

tween the stratosphere and the troposphere. This sug- 

gests a strong stratospheric component of the 03 con- 
tained in these air masses, especially in TSE air masses. 
STE air masses show also patterns seen in purely tro- 
pospheric air, which is indicative of the importance of 
continental O3 formation for the global O3 budget, even 
in the tropopause region. 

3.5. Sensitivity Studies 

At the example of summertime tropospheric 03, we 
made several sensitivity studies (Plate 3). First, we 
studied the sensitivity of our results to changes in the 
duration of the back trajectories. Using 10-day trajec- 
tories the results are almost the same as with 8-day 
trajectories (not shown). Two-day trajectories, while 
also revealing the upper tropospheric maxima over the 
continents in summer, are too short to yield appropri- 
ate data coverage below 700 hPa. Five-day trajectories 
(Plate 3a) give results similar to the 8-day trajectories 
but perhaps identify the continental source regions even 
better than the 8-day ones. Generally, our main results 
are very robust against changes in the duration of the 
back trajectories. 

Second, it may be argued that the 2 pvu threshold 
may include some data that are actually stratospheric 
or at least stratospherically influenced. Therefore, we 
lowered the PV threshold to I pvu. This decreases the 
number of available tropospheric data by almost a fac- 
tor of 2 and reduces the coverage of our climatology. 
However, both the magnitude and the patterns of the 
tropospheric O3 concentration fields are almost identi- 
cal (Plate 3b) to the results obtained with the 2 pvu 
threshold. 

Third, one may question whether PV alone is suf- 
ficient to distinguish between stratosphere and tropo- 
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Plate 3. Same as the results for summer shown in Plate ld, except that different sensitivities 
are explored.: (a) 5-day trajectories were used instead of 8-day trajectories, (b) I pvu threshold 
instead of 2 pvu threshold, (c) 2 pvu threshold and water vapor mixing ratio below 0.1 g-• kg, 
and (d) water vapor mixing ratio below 0.15 g-.1 kg. In plate (d) black areas include some 03 
concentrations greater than 93 ppb. 
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sphere, as fine-scale stratospheric filaments may not be 
resolved in the ECMWF data. Thus we used, in addi- 
tion to the 2 pvu threshold, the criterion that the mea- 
sured water vapor mixing ratio must be greater than 0.1 
g-• kg, a value that is typical for the troposphere [Hel- 
ten et al., 1998]. This reduces the number of available 
tropospheric data by a factor of 2 but does not change 
our original results (Plate 3c). 

Fourth, Plate 3d shows the effect of using only a hu- 
midity threshold. Since it turned out that the threshold 
of 0.1 g-1 kg used previously in conjunction with the 
2 pvu threshold still includes many stratospheric data 
at high latitudes (average 03 concentrations of several 
hundred ppb were obtained in some grid cells), we used 
an even higher value of 0.15 g-1 kg. This yields only 
half of the number of data points obtained with the 
2 pvu threshold and is thus a very strict criterion. While 
the results for the lower two layers are similar to those 
obtained previously, the results for the uppermost layer 
still appear to include some stratospherically influenced 
data points. Thus we conclude that PV is much more 
efficient than humidity in discriminating between the 
troposphere and the stratosphere. 

4. Conclusions 

Trajectory statistics proved to be a powerful tool to 
analyze the MOZAIC data set in two ways: First, it 
was possible to extend MOZAIC 03 climatologies which 
are otherwise restricted •0 •he major fligh• corridors. 
Second, trajectory statistics could shed some light on 
where tropospheric 03 is produced, independently from 
photochemical modeling. 

In spring and especially in summer, the North Ameri- 
can and Eurasian con;inental boundary layers are iden- 
tified as the major sources of 03 observed in the upper 
•roposphere, while •he marialine boundary layers are re- 
vealed as 03 sink regions. In fall and winter the African 
boundary layer appears to be •he grea•es• 03 source. A• 
leas• in summer, STE is clearly less important for upper 
tropospheric 03 than photochemical 03 formation. 

The seasonal 03 variation is much s•ronger in air 
masses exported from the continents •han in air masses 
exported from ocean areas. This is valid for bo•h •he 
northern middle latitudes and the tropics. Especially 
s•riking is ;he summer •irne 03 maximum in air masses 
exported from North America and central Asia. The 
central Asian maximum is higher and occurs earlier (in 
June) in the year than the North American one (in Au- 
gust). This possibly indicates significant 03 production 
from biomass burning emissions in central Asia. 

A question that cannot be resolved with our method- 
ology is how much 03 is produced within the continental 
boundary layers themselves, and how much is produced 
on •ransit from precursors •ha• have been lifted from 

•he continents •0 the free •roposphere. But •he rela- 
tively short timescales involved point toward export of 
03 itself rather than precursor export followed by 03 
formation. 

In the lowermost stratosphere the dominant structure 
in the 03 fields is a strong north-south gradient and a 
wave-like pattern with 03 maxima over North America 
and Eastern Asia, likely caused by the stronger descent 
in these regions than in others. 

STE and TSE air masses have 03 concentrations in- 
termediate between tropospheric and stratospheric val- 
ues. Both are dominated by stratospheric 03, but espe- 
cially STE flows show also some signals of photochem- 
ical 03 formation over the continents. 
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