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Abstract. Based on the tracking of the movement of port of O3 from the stratosphere to the troposphere is the
the tropopause over the whole year, the extent/depth oflominating source of ®in the troposphere. Second, where
stratosphere-troposphere exchange (STE) events and thdiopospheric @is produced in situ via the photoxidation of
seasonal variations is investigated. It is found that a stratovolatile organic compounds in the presence ofyN&g. see
spheric signature can be observed at pressures as high &onks, 2000, and references therein). The quest to under-
400 hPa in a hemisphere during its winter to spring period,stand the variety of sources and their impact on tropospheric
while a tropospheric signature can be observed at pressureé3s is highlighted by the need to find a consistent explanation
as low as 190 hPa during the hemispheric summer to autumof the observed spring4£Imaximum (Monks, 2000).
months. The major implication for such a pronounced verti-  Transport of @ from the stratosphere to the troposphere
cal movement is that the downward penetration of air fromoccurs following air exchange in the lower stratosphere and
the stratosphere is likely to deposit elevated levels pir@d upper troposphere (e.g. Murphy and Fahey, 1994), and some
the upper troposphere. Though the analysis at 250 hPa restudies have suggested that STE might be the main contribut-
veals that the values of the stratosphere-troposphere indeixg factor to the spring ozone maximum (e.g. see reviews in
are similar all year round, a result which is consistent with Monks, 2000). Since no preferred occurrence of STE events
other studies, it is found that an intrusion from the strato-has been shown in spring compared with any other season,
sphere to the troposphere is more likely to occur during theMonks (2000) argued that if the STE process is the main
hemispheric winter to spring period than other seasons.  contributing factor for the spring ozone maximum, then it
must be the extent or depth associated with the STE events
Bstead of their frequency that would contribute to the ozone
maximum.

In light of this insightful observation, the purpose of this
paper is to examine the extent or depth of STE events during
the year following the seasonal movement of the tropopause.
A brief description of the experimental design is described in
the next section, followed by a discussion of the results.
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1 Introduction

Tropospheric @is recognized as one of the most important
greenhouse gases, along with £QH,, and NO (Johnson
et al., 1999). Hence, it is very important to understand the .
processes which govern levels of @ the troposphere (e.g. 2 Tracking the tropopause
Lelieveld and Dentener, 2000), especially under the context
of future climate change in the stratosphere and in the tro-
posphere, and the prospect of an increasing trend in anthrg
pogenic and pyrogenic emissions o§ Producing precur-
sors, such as N CO, and hydrocarbons, over the next cen-
tury.

Essentially, there are two processes which can give rise t
elevated ozone in the remote troposphere. First, where tran

A detailed description of the formulation and evaluation of
the model used in this study can be found in Wang et al.
(2001a b). In this study, the model uses analyzed winds
from the European Center for Medium Range Weather Fore-
casts (ECMWEF), and it contains 19 vertical layers which

xtend from the surface to about 10 hPa. The definition of
ghe tropopause is taken as: (1) the model PV is 1.6 PVU

1PVU=10°%m?Kstkg™1), for latitudes pole-ward 25
Correspondence tK.-Y. Wang (2) the potential temperature is 380 K, for latitudes between
(kuoying@mail.atm.ncu.edu.tw) 25° N and 25 S (Hoskins, 1991).




872 K.-Y. Wang et al.: Seasonal tropopause variation

STRATOSPHERE - TROPOSPHERE INDEX While the model boxes remain permanently in the strato-

sphere and troposphere for altitudes above 150 hPa and be-
low 500 hPa, respectively, variations in the index values be-
100 P tween 0 and 1 characterize the seasonal movement of the
. tropopause.

For example, the box at 250 hPa has an index value of
0.2 during winter to spring. This indicates that this model
box experiences stratospheric air 80% of the time and tro-
pospheric air only 20% of the time during this period. The
index value at this location increases to 0.9 in summer, indi-
cating a complete reversal, where it now experiences tropo-
spheric air 90% of the time and only 10% stratospheric air.
Hence, the air with stratospheric/tropospheric characteristics
prevails in the UTLS region during the winter/summer pe-
riod. Intrusion of the tropospheric/stratospheric air into the
high/low altitudes is seen as contours with values between 0
and 1, between 150 hPa and 500 hPa. Processes of this kind

PR S are often followed by the exchange of the air between the
INDEX troposphere and the stratosphere (e.g. Vaughan et al., 1994;

Holton et al., 1995; Bethan et al., 1996).

Fig. 1. Seasonal mean vertical index profiles of the stratosphere (de- Since there is a clear seasonal variation of the stratosphere-
noted as 0), troposphere (denoted as 1), and the transient movemetibposphere index in the UTLS region, as shown in Fig. 1,
of the tropopause in the UTLS region (denoted as values betweean analysis, such as taking a space-time cross section along
0 and 1) for the NH spring (open circles), summer (solid circles), 5 |ongitudinal circle at a specified latitude as a function of
autumn (open squares), and winter (solid squares) calculated at 2y des and time, can indicate the temporal and spatial vari-
location in the NH (40N, 105" W). ations of the tropopause annually. Figure 2 shows such anal-
yses (Hovndller diagrams) for the SH at 4%. Notice that

During the model integration, each model box below thethe light shading in Fig. 2 indicates the influence of the strato-

tropopause is said to be in the troposphere and is assignedsghere, while the dark shading indicates the influence of the

number 1, while the model box above the tropopause is Saiéroposphere.

. ; . At a high altitude of 190 hPa (Fig. 2a), the model is dom-
to be in the stratosphere and is assigned a number 0. Hencﬁfated by the stratospheric influence during the SH winter to
there is a time-varying distribution of these 3-D Os and 1s y P 9

in the upper troposphere and lower stratosphere (UTLS)Sprmg pe_nod. Some minor tropospheric per_1etrat|ons can be
. S . 5een during the SH summer to autumn period. On the con-
according to the wave activities in the UTLS region (e.g.

Holton et al., 1995, and references therein). A model boxf[rary, at the lowest altitude of 450 hPa (Fig. 2d), the model

always has a value of 1/0 if it stays permanently in the tro-'> completely dominated by the troposphere, except for some

posphere/stratosphere. However, if a model box stays in thgerIOd of time when patches Of. strato;pherlc |anuen_ce ap-
UTLS region, it is exposed to sharp transitions, as air fromPear during the SH winter to spring period. For the altitudes

either the lower stratosphere or upper troposphere dominateg'ewveen 320hPa (Fig. 2c) and 250hPa (Figure 2b), strato-

hence, its assigned value will change swiftly between 1 ands]oheric influence has become more prominent with increas-

0. Notice here that the boxes stand still and the air moves'.ng height during the SH early winter to early spring period,

The frequency of the switch between 1 and 0 depends enyvhile the tropospheric influence gradually fades away with

tirely on the STE frequency (Elbern et al., 1998), while the increasing altitude during the SH summer to autumn period.

depth (altitude) where a box with 1 or with 0 can reach de- Hence, a stratospheric perturbation can penetrate as far

pends entirely on the strength and maintenance of the wavgOWn as 400 hPa in the SH during its winter to spring period,

instability in the UTLS region. Hence, when a time averageWhlle tropospheric perturbation can extend up to 190hPa

of these 3-D model boxes is taken, the distribution of boxesdurlng the SH summer to autumn months. The downward

with values which vary between 0 and 1 is clearly seen tOQeep penetratign from stratosphere into the troposphere is
appear in the UTLS region. likely to dep_osn elevated Ievels of0n the upper tropo-

sphere. Notice that the analysis at 250 hPa reveals that the
distribution of the stratosphere-troposphere index is quite
3 Results similar year-round. This indicates that there is no preferred

season of tropopause excursions, a result which is consistent
Figure 1 shows the seasonal mean vertical index profiles ofvith other studies (see a review by Monks, 2000). However,
the stratosphere (denoted as 0), troposphere (denoted as the significant point is that stratospheric air is more likely
and the transient movement of the tropopause in the UTLSo0 penetrate to low altitude during the SH winter to spring
region calculated at a location in the NH (49, 105 W). period than during other seasons.
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Fig. 2. Hovmoller diagrams of the distribution of the stratosphere- Fig. 3. The same as in Fig. 2 but for latitude at4$.
troposphere index along the 4S latitude at(a) 190hPa,
(b) 250 hPa(c) 320 hPa, andd) 400 hPa surfaces.
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Figure 3 shows a similar analysis but for the NH at K5 for Atmospheric Science is a joint initiative of the Department of
Identifiable stratospheric air can be seen as low as 400 hP@hemistry and the Department of Applied Mathematics and Theo-
during the NH winter to spring period, while tropospheric air retical Physics. This work also forms part of the NERC U.K. Uni-
can appear as high as 190 hPa during the NH summer to alyersities Global Atmospheric Modelling Programme. _
tumn months. Distinctive stratospheric influences (with the Topical Editor D. Murtagh thanks a referee for his help in
stratosphere-troposphere index less than 0.5) prevail durin§24ating this paper.
the NH winter to spring months.
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