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Abstract. Occurrence of ozone Epenhanced lay- 1 Introduction
ers in the troposphere over the equatorial Pacific Ocean
and their seasonal variation were investigated based offhe tropospheric ozone ¢pconcentration in the tropics is
ozonesonde data obtained at three Southern Hemisphere Algenerally low, especially over the Pacific Ocean, in com-
ditional OZonesondes (SHADOZ) sites, Watukosek, Ameri- parison with that in the midlatitude (e.g., Fishman et al.,
can Samoa and San Cristobal, for 6 years between 1998 artB90; Brasseur et al., 1999; Kondo et al., 2002). How-
2003. @-enhanced layers were found in about 50% of ob-ever, G-enhanced layers are often observed in the tropics
served Q profiles at the three sites. The formation processeqe.g., Newell et al., 1996; Stoller et al., 1999; Thouret et
of Os-enhanced layers were investigated by meteorologicahl., 2001). Photochemical production from the frecur-
analyses including backward trajectories. On numerous ocsor gases emitted from biomass burning is considered to in-
casions, @enhanced layers resulted from the transport ofcrease @ concentrations in the tropical troposphere. In-
air masses affected by biomass burning. The contribution otreases in @associated with biomass burning over the trop-
this process was about 30% at San Cristobal during the peieal Pacific Ocean have been repeatedly reported. Oltmans
riods from February to March and from August to Septem-et al. (2001) suggested that thg-enhanced layers observed
ber, while it was relatively low, about 10%, at Watukosek and at Fiji (18.1° S, 178.2 E), Samoa (143S, 189.4 E), Tahiti
Samoa. A significant number of thg@nhanced layerswere (18.0° S, 211.0 E), and Galapagos (0%, 270.4 E) with
attributed to the transport of midlatitude upper-troposphereozonesondes were attributable to the transport of air masses
and lower-stratosphere (UT/LS) air. Meteorological analy- affected by biomass burning in Australia and South Amer-
ses indicated that these layers originated from equatorwaréta. In Indonesia, during the local late dry season between
and downward transport of the midlatitude UT/LS air massesSeptember and November, enhancements of troposphgric O
through a narrow region between high- and low-pressure syseoncentrations are often observed (Komala et al., 1996; Fu-
tems around the subtropical jet stream. This process adiwara et al., 2000), and similar{£®nhancements have also
counted for 50—80% at Watukosek between May and Decembeen observed in Malaysia between March and May (Yone-
ber, about 80% at Samoa on yearly average, and 40-70% a&tura et al., 2002a). Especially during EIfidi periods, when
San Cristobal between November and March, indicating thatevere droughts and extensive biomass burning occurred in
it was important for @ budget over the equatorial Pacific Indonesia, remarkably larges@hcreases have persisted (Fu-
Ocean. jiwara et al., 1999; Yonemura et al., 2002b). Satellite total
O3 data also showed£Increases over the Indonesian region
and the Indian Ocean during these periods (Chandra et al.,
1998; Kita et al., 2000).

Transport of @Q-abundant air masses is another cause of
tropospheric @ increases in the tropics. Active convection
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the upper troposphere, increasing theddncentration over
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In this work, 6-year ozonesonde data at three equatorial

[e2]
o

- L -
sites in the western, central and eastern Pacific Ocean were
Baol 3 NG el used to examine the occurrence gf€nhanced layers in the
% San Cristobal : free troposphere over this region and its seasonal variations.
3 0 (0.92S, 270.40E Contributions of biomass burning and the intrusion of midlat-
< ™ f* : * itude UT/LS air masses, as well as their seasonal variations,
£ | ' ; were examined. The transport process of midlatitude UT/LS
S agl .. (7.57S,112.65E)) Samoa . . . . .
= Lf\j ).14.235, 189.44E) air masses into the equatorial region and its importance are
g ST : : also discussed.
-60 L | L | L |
60 120 180 240 300

East Longitude (deg)

2 0Ozone and meteorological data
Fig. 1. The locations of the three ozonesonde stations, Watukosek,
Samoa and San Cristobal, are indicated by stars. In order to investigate @enhanced layers in the troposphere

over the western, central, and eastern Pacific Ocean, we
Indonesia, the Indian Ocean and northern Australia (Kita etnalyzed ozonesonde data obtained at three equatorial sta-
al., 2002). The downward transport of air masses from thetions, Watukosek (7.575, 112.68E), Indonesia, American
upper troposphere and lower stratosphere (UT/LS) is alséSamoa (14.23S, 189.44E), and San Cristobal (0.93,
suggested to increase thes @oncentration in the tropics. 270.40 E), Galapagos. Figure 1 shows the location of these
Fujiwara et al. (1998) observecs@nhancement in the up- three sites. In general, ozonesonde observations have been
per troposphere at Watukosek (2%, 112.65 E), Indonesia  regularly carried out once per week as a part of the South-
and indicated that the breaking of equatorial Kelvin wavesern Hemisphere Additional OZonesondes (SHADOZ) ex-
around the tropopause causeg @nsport from the strato- periment (Thompson et al., 2003a and b), and the data are
sphere into the troposphere. Intrusions of the midlatitudeavailable at the SHADOZ websitétfp://croc.gsfc.nasa.gov/
UT/LS air in association with the breaking of Rossby wavesshadoZ). The data analyzed in this work were obtained be-
around the subtropical jet stream have been suggested taeen August 1999 and April 2002 at Watukosek, between
cause the @increase as well as decrease of humidity in the January 1998 and March 2003 at Samoa, and between March
tropics (e.g., Baray et al., 2000; Scott et al., 2001; Waugh1998 and August 2002 at San Cristobal. Focusing on the
and Funatsu, 2003; Waugh, 2005). Yoneyama and Parsorfsee troposphere that is not directly affected by the strato-
(1999) found extremely dry layers in the lower and mid- sphere, only the ©data obtained below 12km were used in
dle troposphere over the tropical western Pacific Ocean, anthis study.
suggested that they originated from Rossby wave breaking. In the observation, @concentration and RH were mea-
Zachariasse et al. (2001) founds @nhancement with low sured with balloon-borne electrochemical concentration cell
relative humidity (RH) in the middle troposphere over the In- (ECC) ozonesondes (Science Pump type 6A at Samoa and
dian Ocean, and suggested that it was attributed to a pair ofan Cristobal, and ENSCI type 2Z at Watukosek) with
anticyclones located along the subtropical jet stream over th&/aisala RS-80 radiosondes (Oltmans et al., 2001; Fujiwara
western Pacific and Australia. Baray et al. (1998) discusseet al., 2003). Although @data were derived using MEISEI
the possible influences of tropopause foldings near the subRSII-KC79D ozonesondes between May 1993 and July 1999
tropical jet stream on the tropical tropospherigé@ncentra-  (Komala et al., 1996; Fujiwara et al., 2000), these data were
tions. They showed that tongues of air mass near the subtrogrot included in this study because RH was not measured dur-
ical jet stream with high potential vorticity (PV) values ex- ing this period. The precision of thezOneasurements is
tended to the subtropical latitudes in the middle troposphere5-10% in the troposphere. The measured RH is valid with-
Occurrence of intrusions of high-PV air masses, induced byout any corrections down to abowt30°C air temperature
wave-breaking events, were relatively high over the Pacific(e.g., Miloshevich et al., 2001). The vertical resolution gf O
and Atlantic Oceans during northern winter, when westerlyconcentration and RH is less than about 100 m.
ducts are strongest (e.g., Postel and Hitchman, 1999; Waugh In order to investigate the origins and transport routes of
and Polvani, 2000). These studies showed that the high-P¥he O;-enhanced air masses, kinematic backward/forward
air masses could directly intrude into latitudes of abolit 20 trajectories were calculated. In the calculation, the European
However, itis not clear whether the transportation of these ailCentre for Medium-Range Weather Forecast (ECMWF)/the
masses to the equatorial region {d6-15° S) from midlati-  World Climate Reseach Program (WCRP) level llI-A a Trop-
tude UT/LS directly contributes to £2enhancement in this ical Ocean and Global Atmosphere (TOGA) gridded data
region. Systematic studies on the contribution of the midlat-and a computing program developed by Tomikawa and Sato
itude UT/LS air intrusions to tropospherics@nhancement (2005) were used. The spatial and temporal resolution of the
in the equatorial region using long-term observational dataused ECMWF data was 2.52.5x21 levels and 12 h, re-
have been quite limited. spectively. The time step for calculation was 15 min, and the
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Fig. 2. Vertical profiles of median ozone mixing ratios(a) Watukosek(b) Samoa andc) San Cristobal. Black and white squares indicate
median values in two different periods of the year. The horizontal bars indicate the central 66.6% range for each 1-km altitude range. The
numbers in parentheses are the numbers of observational data used for calculating median values in each period.

vertical displacement of air masses was calculated using the L T =L e
vertical wind component of the ECMWF data.

PV was used to indicate the transport of the midlatitude
UT/LS air to the equatorial region. PV values were calcu-
lated from the ECMWF operational analysis gridded data us-
ing a computing program developed by National Institute of
Advanced Industrial Science and Technology (AIST). The
spacial and temporal resolution of the used ECMWF data -
was 1.128x1.125 x61 levels and 6 h, respectively. In this i
program, isentropic surface levels were evaluated from ver- I SRR
tical temperature profiles at each grid. The horizontal wind o- s N e AR
vectors were linearly interpolated to the isentropic surfaces 0 20 40 60 80 100 0 20 40 60 80 100
in the vertical direction to calculate PV values from them. O3 (ppbY), RH (%) Os (ppbY), RH (%)

The location of convection, which can upwardly trans-

port air in the planetary boundary layer (PBL), was inferred humidity (dashed line) at Watukosék) on 3 December 2000, and
using outgoing longwave radiation (OLR) data. National ,»','7 june 2000. The median values of therfixing ratios in
Centers for Environmental Prediction (NCEP) operationaly, o period from December to July are shown by gray squares, and
OLR data (ttp://www.cdc.noaa.gov/Composites/Dwere their central 66.6% ranges are shown by horizontal bars.

used in the analysis. The locations of biomass burning,

which can emit @ precursors, were shown using satel-

lite hot-spot data (spots indicating high temperature) ob-ang San Cristobal, respectively. Median values and central
tained from the World Fire Atlas provided by the Euro- gg g4 ranges of the observed mixing ratios were separately
pean Space Agencyitp:/dup.esrin.esa.it/ionia/wfa/index. cajcylated in each 1-km altitude range between 0 and 12 km
asp using Along Track Scanning Radiometer (ATSR)-2 qyring these periods at each station, and are shown in Fig. 2.
data. The median values of £mixing ratios over the equatorial
Pacific Ocean were between 20 and 40 ppbv.

When the measuredOmixing ratio exceeded its lower
83.3 percentile range in the free troposphere at altitudes be-
3.1 The occurrence of enhanced layers low 12 km, we regarded it as arg@nhanced layer. If the

enhancement reached altitudes above 12 km, we excluded it
The tropospheric @ concentrations measured at the three from this analysis because of the possibility of its being a
sites showed a seasonal variation: it was higher in the pedirect influence of the tropospheric tropopause layer (TTL),
riods from August to November, June to December and Julywhich is connected to the stratospheres; €@hancement
to November than the periods from December to July, Jannear the surface, probably in the PBL, was also excluded be-
uary to May and December to June at Watukosek, Samoaause it was considered to be a result gfg@oduction in the

10

&
I

&
I

Altitude (km)
1
1
1
1
Altitude (km)

.......

Fig. 3. Vertical profiles of Q mixing ratio (solid line) and relative

3 Results and discussion
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Fig. 4. Occurrence of troposphericg@nhanced layers &) Watukosek(b) Samoa andc) San Cristobal by month. The number shown in
the upper right of each panel is the number aff@ofiles with G3-enhanced layers in the whole data period, and the number in parenthesis
is the total number of observed;@rofiles.

surface-polluted air. Figure 3a and b show vertical profiles oflf an Oz-enhanced air mass were raised by convection just
O3 mixing ratios and RH at Watukosek on 3 December 2000before it was observed, its RH would be higher than those
and on 7 June 2000, respectively.z @ixing ratios obvi-  at the altitudes above and below the layer. On the contrary,
ously exceeded their lower 83.3 percentile range at altitudes an Oz-enhanced air mass was transported downward, RH
between 2 and 6 km in Fig. 3a, and at altitudes between 2.5vould be lower. Especially, if the £2enhanced air mass was
and 4 km, between 4.5 and 5.5 km and between 6.5 and 8 krtransported from the UT/LS region, the RH should be very
in Fig. 3b, and these altitude ranges are considered tgsbe O low. We found that the RH in more than 90% of the aj-O
enhanced layers. We excluded the cases in which the verticanhanced layers was lower than those in altitudes above and
thickness of the layer was less than about 1 km, such as theelow the layer, as in the three layers shown in Fig. 3b, at
layer at about 10.5km in Fig. 3a, because it is difficult to in- all three sites. This result suggests that downward transport
vestigate these small-scale events by trajectory analyses. Waf air masses, such as downward transport of the UT/LS air
consider that these thin peaks are insignificant because thmass, is very important for the formation ok@nhanced
number of these excluded peaks accounted for only 6% of allayers. On the contrary, the RH in thg-®nhanced layer was
observed @-enhanced layers and because these layers havaigher than those above and below the layer in about 40% of
fewer O; molecules than those in thick layers. The increaselayers found in December and January at Watukosek, and
of Oz up to about 50 ppbv below 1.5 km in Fig. 3b was also in about 20% of layers found in March and October at San
excluded, because it occurred in the PBL. Cristobal. This result suggests that upward transport prob-

Figure 4 shows the occurrence of-®nhanced layers at ably due to active convection may produce agédhanced
the three sites by month. The number of occurrence waddyer in some cases.
calculated by dividing the number of profiles where one or
more G-enhanced layers appeared by the total number o8.2 The formation process ofs&nhanced layers
successful observations in each month. At these sites, the
yearly average of the occurrence was about 50%, indicat3.2.1 Biomass burning
ing that G-enhanced layers occurred frequently. This oc-

currence suggests that their formation processes are signififransport of plumes from biomass burning and thepBo-
cant for the Q budget in the equatorial Pacific region. The tochemical production in them is one way thg-éhhanced
occurrence shows a seasonal variation. At Watukosek, it wafayers were assumed to form. As shown in Fig. 3a, gh O
about 40% in the periods from January to April and from Au- enhanced layer was observed at altitudes between 3.5 and
gust to November, while it exceeded about 70% in the othefs km at Watukosek on 3 December 2000. The RH also in-
months. At Samoa, it was less than 40% between Februcreased in this layer. Figure 5 shows 10-day backward tra-
ary and April, while it was about 50% or more from May to jectories calculated from nine grid points around Watukosek
January except for August. At San Cristobal, it was less tharyt 550 hPa (about 5 km) from the measurement time. A major
30% in April, May and July, while it generally exceeded 50% part of the trajectories show that the air mass was transported
in other months. These seasonal variations are connected Wbm the boundary |ayer over northern Australia as shown by
the processes by whichs@nhanced layers are formed, as red curves. Higher RH in this layer is consistent with this
discussed in Sects. 3.2 and 3.3. result. Black squares in Fig. 6 show that there were many
RH in the G-enhanced layer is considered as an indica-hot spots in northern and eastern Australia during the period
tor of the vertical displacement ofg@enhanced air masses. when the trajectories passed over this region, indicating that
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Fig. 5. Ten-day backward trajectories from Watukosek at 550 hPacated by a star.

on 3 December 2000. The trajectories were calculated from 9 grid

points, and the center of the grid points was over Watukosek. The

spat!al interval of the grid points was 2.5;n Iatltgde by 2.8 in _ |3.2.2 Transport of midlatitude UT/LS air
longitude. Upper and lower panels show the horizontal and vertica

motion of air masses, respectively. Dots show the air mass position
on a representative trajectory in each 24-h interval. Location ofBecause of the frequent stratosphere-troposphere exchange,
Watukosek is indicated by a star. active @ photochemical production in the urban polluted
air, and less @ destruction due to lower water vapor con-
centration, the @concentration in the midlatitude is gener-
biomass burning was active there. The daily average OLRally higher than that in the tropics. The transport of midlat-
values on 30 November, when the trajectories suggested gude UT/LS air can form @enhanced layers with signifi-
rapid upward transport in the northern Australia, in Fig. 6 cantly low RH in the tropical middle troposphere. As shown
show that they were significantly low over this region, im- in Fig. 3b, G-enhanced layers at altitudes between 2.5 and
plying that active convection occurred there. These resultsi km, between 4.5 and 5.5km and between 6.5 and 8 km,
strongly suggest that £precursors emitted from biomass were observed at Watukosek on 7 June 2000. The RH neg-
burning over northern Australia were upwardly transportedatively correlated with @in these layers. Figure 7a shows
by convection over the northwest of this region, and that O nine 10-day backward trajectories calculated from the center
photochemical production during the transport formed thelayer at 550 hPa (about 5km) from the measurement time.
Os-enhanced layer found over Watukosek. Backward trajectories calculated from upper (about 7 km)
In this way, we categorized thes@nhanced layers result- and lower (about 3.5km) layers were similar to those in
ing from the biomass burning by adopting following crite- Fig. 7a. The trajectories can be categorized into two groups:
ria: 1) a major part of the backward trajectories from the trajectories coming from a region along the subtropical jet
layer were passed over a convection region of low-OLR val-stream at about 255 over the Indian Ocean (shown by red
ues less than about 200 Wrh 2) the backward trajectories curves) and those coming from eastern Indonesia/north of
suggests upward transport from the lower troposphere in th@ustralia (shown by blue curves). The former trajectories
low-OLR region, and 3) hot-spot distribution suggests thatshow a downward motion from about the 300 hPa level, and
biomass burning occurred on the windward side of the low-the latter trajectories show an upward motion from the PBL
OLR region in the lower troposphere. We considered that(not shown). Low-RH values in this layer are consistent
significant biomass burning occurred when more than 5 hotwith the former trajectories, indicating that the air masses in
spots were found in a°55° area. Although the numbers in these layers were transported eastward along the subtropical
the above criteria are rather arbitrarily chosen, the result doefet stream at about 2% several days and were transported
not critically depend on them. equatorward and downward after that.

In similar way, we categorized thes&@nhanced layer re-
sulting from the transport of midlatitude UT/LS air by adopt-
ing the criteria: 1) a major part of backward trajectories
from the layer indicated that the air masses in the layer were
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Fig. 7. Ten-day backward trajectories from the altitude af€nhhanced layers with low relative humidity) Trajectory from Watukosek on

7 June. Dots show the air mass position on a representative trajectory in each 24-h iitgri@land(d) Thirty representative trajectories

tracing back to the subtropical jet stream region from Watukosek, Samoa, and San Cristobal, respectively. Blue and red curves in (b) show the
trajectories classified into the transport routes as shown in Fig. 13a and b. Red, blue and green curves in (d) show the trajectories classifiec
into the transport routes as shown in Fig. 13d, e and f, respectively. The numbers shown in (b), (c) and (d) are the percentage of “transport
of midlatitude UT/LS air” cases along the route as shown in Fig. 13a—f to all “transport of midlatitude UT/LS air” cases at each station. The
colors of the numbers correspond to those of the trajectory curves. Location of observational sites is indicated by a square.

transported from latitudes higher than°2@ear the subtrop- 3.2.3 Contribution of each formation process
ical jet stream and from UT region higher than the 300 hPa
level, which is close to the midlatitude tropopause where in'Figure 8 shows the number Ofganhanced |ayers observed
fluence of the LS air is significant, and 2) no low-OLR (less at Watukosek, Samoa, and San Cristobal in each month. The
than about 200 Wrr?) region was found along the transport number of layers resulting from biomass burning is shown
route from the subtropical jet region to the layer. The re-py plack bars. The contribution of biomass burning was rel-
sult does not critically depend on the numbers in these criteatively large (about 30%) at San Cristobal during the periods
ria. As shown in Sect. 3.1,4%enhanced layers with low RH, - from February to April and from August to September, prob-
similar to those in Fig. 3b, accounted for about 90% of 8 O aply due to the influence of biomass burning in South Amer-
enhanced layers observed at the three sites. A significant pajta. At Watukosek and Samoa, it was relatively small (less
of these @-enhanced layers with low RH were categorized than 10%). The small contribution of biomass burning in the
into that reSUlting from the transport of midlatitude UT/LS western Pacific region was parﬂy because biomass burning
air. Figure 7b—d show representative examples of 10-dayyas inactive over this region including Indonesia between
backward trajectories calculated from these layers, showing 998 and 2002, when the La i tendency dominated. Sig-
that the high-@, low-RH air masses observed in these layerspificant Q; increases in this region were reported in the El
were transported from latitudes higher thari Bar the sub-  Nifio periods (Chandra et al., 1998; Fujiwara et al., 1999;
tropical jet stream and from altitudes higher than the 300 hP&ijta et al., 2000; Yonemura et al., 2002b).
level to the equatorial middle troposphere. No low-OLR re- Red bars in Fig. 8a—c show the number of layers result-
gion was fOL!”d a]ong the trajectorie; (not shown), implying ing from the transport of midlatitude UT/LS air, indicating
that convection did not affect these air masses. that this process significantly contributed to the formation
of Osz-enhanced layers in the equatorial Pacific region. At
Watukosek, about 50-80% of theg@nhanced layers were
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Fig. 8. Number of G-enhanced layers by month(@) Watukosek(b) Samoa andc) San Cristobal. Black, red, and yellow bars indicate the
number of layers resulting from biomass burning, the transport of midlatitude UT/LS air, and the transport of tropical UT air, respectively.
White bars show the number of layers whose formation process was not identified. The number shown in each panel is the total number of
Osz-enhanced layers.

attributed to this process in the periods from June to Septem-
ber and from November to December. At Samoa, this pro-
cess accounted for a major part of thg-€nhanced layers
throughout the year, and the contribution of this process was
about 80% on yearly average. At San Cristobal, the O
enhanced layers resulting from this process contributed about
40-70% in the period from November to March, and about
30% between August and September. Seasonal variation in
the contribution of this process would be connected with that
of the transport route of the midlatitude UT/LS air, as dis- 60° 120° 180°
cussed in the next section. East Longitude
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The formation process of the otheg-@nhanced layers re-
mains uncertain. Backward trajectories calculated from these
layers show that the high-Qlow-RH air masses in these lay- _ )
ers were often transported within tropical latitudes betweenf9- - A contour map of PV on the 327 K isentropic surface on 5
20° N and 20 S and in the UT higher than the 300 hPa level June 2000. Location of Watukosek is indicated by a star. The color

. bar indicates the PV values in PVU.
for about a week. They did not pass over a low OLR re-
gion in this period. In these cases, the layers were cate-

gorized as “tropical UT air". As shown by yellow bars in masses could not be identified because backward trajectories
Fig. 8a—c, it accounted for more than 30% in March andfrom 9 grid points around the layers diverged significantly.
June-December periods at San Cristobal, while this categorys shown by white bars in Fig. 8a—c, percentages of these

accounted for insignificant percent of 5}” the-@nhanced ot identified” layers were not very large at the three sites.
layers at Watukosek and Samoa. In this category case, the

source of the @enhanced air masses can not be traced bacls.3  The transport process of the midlatitude UT/LS air to
by the backward trajectories. The ozone increase might be the equatorial region

attributed to long-range transport of air masses affected by

the biomass burning and by the upward transport due tdn order to understand the transport process of the midlati-
convection, mixing of stratospheric air in the tropospherictude UT/LS air masses to the equatorial Pacific region, we
tropopause layer (TTL), and nitric oxide (NO) production investigated the transport route of the air masses and con-
by lightning discharge. The rest of thes@nhanced lay- nections with the meteorological condition by using the data
ers were categorized as “not identified” layers. This cate-derived in 2000. We have adopted absolute FR¥/() values
gory included various cases. For example, backward trajectarger than 1 PV unit (PVU: 1 PVU=16 m?s 1K kg™1) to
tories suggest that some@nhanced air masses passed overindicate the midlatitude UT/LS aifPV| values about 1 PVU

a low OLR region without biomass burning area, and thatare usually found in the UT region close to tropopause.
other air masses were transported from lower tropospheréThe transport of the midlatitude UT/LS air” in this study
over the tropical ocean, wheres@oncentration is gener- is mainly attributed to the transport of midlatitude UT air,
ally low. In some cases, transport routes gf€hhanced air  although the cross-tropopause transport of stratospheric air
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Fig. 10. Three-day forward trajectories calculated from the region horizontal wind velocity in ms™. Location of Watukosek is indi-
of PV=-1 PVU shown in Fig. 9 on the 327 K isentropic surface on cated by a star.

5 June 2000. Open circles indicate the air mass position on repre-
sentative trajectories in each 24-h interval. Location of Watukosek
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is indicated by a star. 30°
1]
may contribute to it. Figure 9 is a contour map of PV on E .
the 327 K isentropic surface on 5 June 2000, 2 days before ks 0
the layer was observed at Watukosek. The trajectory shown £
in Fig. 7a show that the air mass in thg-@nhanced layer 2
in Fig. 3b at 5km was located at about*Z near the sub- 30° | (
tropical jet stream at 327 K. Although higRV/| (larger than M
1PVU) air masses projected into the tropics at aboutSL7 60° 120° 180°
latitude and 120E longitude, no highPV| values calculated East Longitude
from the ECMWF data were found near the equator even e —— )
when the @-enhanced layer was observed over Watukosek. 7100 72g)eop;t3£:tial ,:i?ght 7500 7600

Figure 10 shows the 3-day forward trajectories indicating
the transport ofPV|=1PVU air masses. Black dots indi- Fig 12 A contour map indicating the daily average value of the
cate the position of the air masses at longitudinal intervals ofyeopotential height at 400 hPa on 5 June 2000. The data were ob-
1.12% between 75E and 130E on 5 June. The trajecto- tained from the NOAA-CIRES Climate Diagnostics Centetty:
ries calculated from these positions suggest that the transpottvww.cdc.noaa.gov/Composites/DayT he color bar indicates the
of the midlatitude UT/LS air masses could be categorizedgeopotential height value in m. Location of Watukosek is indicated
into two groups: air masses west oP®and north of 21S by a star.
are transported equatorward and downward to Indonesia in-
cluding Watukosek by a counterclockwise flow as shown by
red curves, and the other air masses are transported eastwardnsported into the equatorial region by way of a narrow re-
along the winding subtropical jet stream. The former resultgion between high- and low-pressure systems. The air tem-
is consistent with the backward trajectories in Fig. 7a. perature, RH and vertical pressure velocity over the same

Figures 11 and 12 are wind fields and contour maps of theegion at the same pressure level (not shown) indicated the
geopotential height at 400 hPa on 5 June around Indonesia@lownward transport of dry and cold air through this region,
respectively. They suggest that the counterclockwise flowbeing consistent with the downward transport of the mid-
was due to the circulation around a high-pressure system ihatitude UT/LS air toward the equator. This meteorologi-
the west of northern Australia, roughly at 15, 95 E), and  cal condition in association with the transportation of mid-
that the winding of the subtropical jet stream was due to alatitude UT/LS air into the equatorial middle troposphere is
low-pressure system over central Australia. The equatorcharacterized by subsiding and intrusion of a dry air mass
ward trajectories show that the midlatitude UT/LS air was with high |PV| and high Q through the region between the
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Fig. 13. Schematic illustrations of the transport processes of midlatitude UT/LS air masses to the equatorial Pacifi@)dgrofatukosek

in the dry season, between June and Septenibefor Watukosek in the period from October to Decemlge)for Samoa all year around;

(d) for San Cristobal in the period from February to Maré) for San Cristobal in the period from August to September; @ntbr San

Cristobal in the period from November to January. Solid curves with arrows are representative examples of the forward trajectories indicating
motions of|PV|=1 PVU air masses. Red dots and dotted curves with arrows indicate the position of observational sites and the schematic
path of the jet stream, respectively. The signs “H” and “L” indicate the rough positions of the high- and low-pressure systems which affected
the transport of midlatitude UT/LS air masses to the observational sites.

high- and low-pressure systems in UT near the subtropicamiddle- and upper-troposphere, the subtropical jet stream
jet stream. It is analogous to those connected with the intruwound north and south as shown by the dotted curve, and the
sion of stratospheric air in the midlatitude (e.g., Palmen andmidlatitude UT/LS air mass was intruded equatorward and
Newton, 1969; Waugh and Funatsu, 2003; Waugh, 2005) bydownward toward Watukosek through the region between the
Rossby wave breaking around the jet stream, although it dichigh- and low-pressure systems. Transport of the midlatitude
not necessarily lead to cross-tropopause transport of stratdJT/LS air along similar transport routes often occurred in
spheric air in this case. the transition period from the dry season to the wet season
between October and December.

Figure 13a schematically illustrates the transportation pro-
cess of the midlatitude UT/LS air near Watukosek during the Figure 13b illustrates the transportation process which
dry season between June and September. The solid curve®metimes occurred near Watukosek in the transition period
with arrows are forward trajectories calculated from 13 Juneto the wet season, between October and December. The solid
2000, 1 day before an42enhanced layer was observed at curves with arrows are forward trajectories calculated from 3
Watukosek. During the dry season, a steady high-pressurBecember 2000, 6 days before ag-€nhanced layer was
system existed over western Australia in association with theobserved at Watukosek. In the wet season, a steady low-
subsidence phase of the Hadley cell. When a low-pressurgressure system existed over northern Australia. When a
system developed east of this high- pressure system in thkeigh-pressure system developing over the Indian Ocean at
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about 17 S extended eastward and a low-pressure systenover the northern central Pacific Ocean roughly &tiR@&nd
developed south-east of this high-pressure system at abodi8®® E, or over the southern central Pacific Ocean roughly at
28 S, the midlatitude UT/LS air mass was intruded equator-20° S and 180 E. After the intrusion, the midlatitude UT/LS
ward and downward over the Indian Ocean at abouPEQO air was transported eastward to San Cristobal. This transport
through the region between these high- and low-pressure sygccurred when the westerly wind prevailed over the eastern
tems. After that, the midlatitude UT/LS air mass was trans-Pacific Ocean in the equatorial UT. Longitude-time section
ported eastward to Watukosek by cyclonic circulation aroundof the 30—70 day band-pass-filtered zonal wind anomaly (not
the low-pressure system over northern Australia. From Janshown) shows that the intrusion of midlatitude UT/LS air,
uary to April, transport of the midlatitude UT/LS air seldom which was transported to San Cristobal in this period, mostly
occurred at Watukosek, probably because the jet stream ruregccurred at the transition phase of the zonal wind from east-
at latitudes considerably higher than those in the dry seasorerly to westerly, suggesting that it may be related to the
Transport of the midlatitude UT/LS air occured more fre- Madden-Julian Oscillation (MJO) in UT over the equatorial
quently at Samoa than that at the other sites, probably beeentral Pacific Ocean. In May, June, and July the transport
cause it is located near the subtropical jet steam. As showf midlatitude UT/LS air seldom occurred at San Cristobal.
in Fig. 13c, a high-pressure system often existed over the As shown by example backward trajectories with different
south-west of Samoa, roughly at 745, all the year around.  color curves in Fig. 7b—d, most cases of “transport of midlat-
The solid curves with arrows are forward trajectories calcu-itude UT/LS air” can be classified into the six typical trans-
lated from 15 May 2000, 4 days before ag-€nhanced layer port routes shown in Fig. 13a—f. The percentage of the cases
was observed at Samoa. As similar with the Fig. 13a caseglassified into each typical transport route to all “transport of
the midlatitude UT/LS air mass was transported to Samoanidlatitude UT/LS air” cases is also indicated by numbers
when a low-pressure system occurred in the east of the highin Fig. 7b—d. The transport routes as shown in Fig. 13a and
pressure system. b accounted for 81% and 7% at Watukosek. Although the
At San Cristobal, the midlatitude UT/LS air was trans- transport of midlatitude UT/LS air along the route as shown
ported from the northern or southern hemisphere, dependin Fig. 13b often occurred between November and December
ing on the positions of the intertropical convergence zonein 2000, it was transported mainly along the routes as shown
(ITCZ) and the subtropical jet stream. Figure 13d and e arein Fig. 13a in the same period of the other years. The trans-
schematic illustrations of the main transportation processegort routes as shown in Fig. 13c accounted for 88% at Samoa,
of the midlatitude UT/LS air near San Cristobal in the peri- and those as shown in Fig. 13d—f accounted for 36%, 31%,
ods from February to March, and from August to Septem-and 22% at San Cristobal, respectively. Seasonal variation
ber, respectively. The solid curves in these figures are forof the occurrence of the transport of midlatitude UT/LS air,
ward trajectories calculated from 18 February and 15 Au-shown in Fig. 8a—c, was related to the meteorological con-
gust, respectively, 2000, 6 days and 9 days before gn O ditions discussed above. The occurrence was relatively high
enhanced layer was observed at San Cristobal. From Febrin the period from May to December at Watukosek and in
ary to March, the northern subtropical jet stream runs closehe three periods from February to March, from August to
to San Cristobal. When a high-pressure system existed oveseptember, and from November to January at San Cristobal.
Central America at about $® and a low-pressure system These periods correspond to those when the transport of mid-
existed north-east of the high-pressure system, the midlatiatitude UT/LS air along the routes as shown in Fig. 13a, d,
itude UT/LS air was intruded equatorward and downwarde, and f typically occurred.
at around 289E and was transported westward toward San
Cristobal by anticyclonic circulation. Between August and
September, the austral subtropical jet stream runs close t¢ Summary and conclusions
San Cristobal. When the high-pressure system existed over
South America at about 2%, 300 E and the low-pressure Ozonesonde data obtained in the western (Watukosek), cen-
system existed in the south-east of the high-pressure sydral (Samoa) and eastern (San Cristobal) Pacific regions were
tem, the midlatitude UT/LS air was intruded equatorward analyzed to discuss the occurrence gféhhanced layers in
and downward through the region between the high- and lowthe troposphere over the equatorial Pacific Ocean and their
pressure systems around 8Eand was transported toward formation processes. The median and lower 83.3% percentile
San Cristobal. Figure 13f illustrates the transportation pro-values of @ mixing ratio between the surface and 12 km at
cess which often occurred in the period from November tothree sites were between 20 and 40 ppbv and between 30
January. The solid curves in figure are forward trajectoriesand 55 ppbv, respectively. Ani@nhanced layer was de-
calculated from 5 December 2000, 9 days before an O fined by G mixing ratios in excess of the lower 83.3% per-
enhanced layer was observed at San Cristobal. In this pecentile range at each altitude. At the three sites, the occur-
riod, the midlatitude UT/LS air was often intruded equator- rence of @-enhanced layers was about 50% on yearly av-
ward and downward into the middle and upper troposphereerage, indicating that £enhanced layers occur frequently
through the region between high- and low-pressure systemever the equatorial region. The occurrence shows a seasonal
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variation. At Watukosek, it was about 40% in the period from study shows that it is quite rare that such a hig¥| air is di-
January to April and August to November, while it exceededrectly transported to the equatorial middle/lower-troposphere
70% in the other months. At Samoa, it was less than 40%ower than 12 km, and that significant part of the observed
between February and April, while it was generally 50% or dry, Oz-enhanced layers in this region were resulting from
more from May to January except for in August. At San the transport from the midlatitude UT region.
Cristobal, it was less than 30% in April, May and July, while  The transport route of midlatitude UT/LS air toward
it generally exceeded 50% in other months. Watukosek and San Cristbal differed by seasons in associ-
O3 photochemical production following biomass burning ation with a seasonal variation of the meteorological con-
is one of the processes by which-®nhanced layers are dition. Midlatitude UT/LS air masses were transported to
formed. Based on satellite hot-spot data, the OLR data andVatukosek along the route shown in Fig. 13a in the dry
backward trajectory analyses, the contribution of biomassseason between June and September, when stationary high-
burning was estimated to be relatively high (about 30%)pressure system exists over north-west of Australia, corre-
at San Cristobal during the periods from February to April sponding to the subsiding phase of the Hadley cell. They
and August to September, probably due to the influence ofvere often transported along the similar transport route with
biomass burning in South America. In contrast, it was rel-that in Fig. 13a or along other transport routes as shown in
atively low (about 10%) at Watukosek and Samoa. The lat-Fig. 13b in the transition period from the dry season to the
ter result is at least partly because Ldillior La Niia-like wet season between October and December. During the wet
conditions prevailed in the period when the analyzed dataseason from January to April, the transport of the midlati-
were obtained (between 1998 and 2002). During LAaNi tude UT/LS air seldom occurred around Watukosek proba-
periods, biomass burning was inactive over the western Pably because the jet stream runs at latitudes higher than those
cific region including Indonesia. Another significant processin the dry season. At San Cristobal, the midlatitude UT/LS
for the formation of @-enhanced layers is the transport of air masses were transported from the northern hemisphere
midlatitude UT/LS air. A major part of @enhanced layers in Februrary and March and southern hemisphere in August
occurred with very low-RH, indicating downward displace- and September, as shown in Fig. 13d and e. In these periods,
ment of the air masses and/or transport of dry air masseghe northern and southern subtropical jet stream respectively
Backward trajectory analyses showed that numerous dry, O approached to equator over the American continents in as-
enhanced air masses were transported from latitudes higheociation with the seasonal shift of ITCZ position. Between
than 2% around the subtropical jet stream region and from November and January, the midlatitude UT/LS air masses
altitudes higher than the 300 hPa level. This process signifwere often intruded into the equatorial middle- and upper-
icantly contributed to the formation of Zenhanced layers troposphere over the central Pacific Ocean and were trans-
in the equatorial Pacific region. Its contribution was 50— ported eastward to San Cristobal, as shown in Fig. 13f. This
80% at Watukosek between May and December, about 80%ransport route may be related with MJO.
at Samoa all year around, 40-70% between November and To evaluate the contribution of the transport of midlaitude
March at San Cristobal, and about 30% between August andJT/LS air to the tropical tropospherica®udget, additional
September there. This result suggests that it was importardnalyses similar to this study using long-term observational
for the O; budget over the equatorial Pacific Ocean. data over other equatorial regions such as the tropical Indian
The transport process of the midlatitude UT/LS air to- Ocean and Atlantic Ocean are necessary. In addition, a com-
ward the equatorial region has been revealed by meteorologparison with results of chemical transport models would be
ical analyses including PV and trajectories. Forward trajec-significant to examine whether this process has been fully
tories calculated from the region ¢?V|=1PVU show that incorporated into the present model calculations.
the midlatitude UT/LS air masses were drawn out from rela-
tively narrow region between high- and low-pressure systemg\cknowledgementsThe authors thank two anonymous referees
in the upper troposphere near the subtropical jet stream anff" their constructive comments for improving our work. The
transported to the equatorial region. These meteorologicai JSCtoTY calculation program used in this paper was developed by
. . . Tomikawa and K. Sato at National Institute of Polar Research,
characteristics and the transportation process were analogo pan.
to those of the intrusion of stratospheric air in the midlati-
tude (e.g., Palmen and Newman, 1969; Waugh and Funatsiggited by: M. Dameris
2003; Waugh, 2005) in association with Rossby wave break-
ing. Some previous studies (e.g., Baray et al., 1998; Waugh
and Polvani, 2000) had already shown that the ozone in-
crease attributable to the transport of higf®v| (exceeding
1.5 PVU) air probably from the LS region occurred in the free
troposphere at latitudes around®2hd in the uppermost tro-
posphere near the tropopause in equatorial region at latitudes
less than 15 Based on the 6-year ozonesonde data, this
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