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Abstract.  Fingerlike structures reaching from lower  Sensitivity simulations with E39/C, which represent recent
into extra-tropical latitudes significantly contribute to the and possible future atmospheric conditions, have been em-
tropical-extratropical exchange of air masses. This is also aployed to answer the question how climate change would al-
exchange of upper tropospheric and stratospheric air. Thosker streamer frequencies. This shows that the seasonal cycle
so called streamers can, on a horizontal plane, be detectedbes not change but that significant changes occur in months
in N2O or O3 since they are characterised by highQNor ~ of minimum and maximum streamer frequencies. This could
low O3 values compared to undisturbed mid-latitude values.have an impact on the mid-latitude distribution of chemical
A climatology of streamer events has been established, emiracers and compounds.

ploying the chemical-transport model KASIMA, which is
driven by ECMWF re-analyses (ERA) and operational anal-
yses. For the first time, the seasonal and geographical dis-

tribution of streamer frequencies has been determined on thé Introduction

basis of 9 years of meteorological analyses.

For the current investigation, a meridional gradient cri- The stratospheric ozone distribution is influenced not only
terion has been newly formulated and applied to th®©N by in-situ chemistry but also by a broad variety of different
distributions calculated with KASIMA. A climatology has dynamical processes like tropospheric dynamics (e.g. Perl-
been derived by counting all streamer events between 2Witz and Graf, 1995, 2001; Appenzeller et al., 2000; Hu and
and 25 km for the years 1990 to 1998. The results havelung, 2002), stratosphere-troposphere exchange (e.g. Holton
been compared with a streamer climatology which has beegt al., 1995; Grewe and Dameris, 1996; Kowol-Santen et al.,
established in the same way employing data of a multi-2000), or meridional transport in the stratosphere (e.g. Salby
year simulation with the coupled chemistry-climate model and Callagham, 1993; Waugh, 1997). Observations of chem-
ECHAMA4.L39(DLR)/CHEM (E39/C). Both climatologies ical tracers made by the CRISTA instrument (Offermann et
are qualitatively in agreement, in particular in the northernal., 1999) or from the UARS satellite (Randel et al., 1993)
hemisphere, where much higher streamer frequencies ar@dicated a strong latitudinal gradient in these trace species,
found in winter than in summer. In the southern hemisphereWwhich confirmed the existence of a sub-tropical transport bar-
the KASIMA analyses indicate strongest streamer activity infier (Plumb, 1996). Therefore, (quasi-) horizontal mass ex-
September. E39/C streamer frequencies clearly displays aghange between the tropics and mid-latitudes is restricted.
offset from June to October, pointing to model deficienciesBut observations of chemical compounds and analyses of
with respect to tropospheric dynamics. KASIMA and E39/C meteorological quantities like Ertel's potential vorticity do
results agree well from November to May. Some of the find-indicate that transport occurs in form of pronounced finger-
ings give strong indications that the streamer events found iike structures, so-called streamers. Those frequently ap-
the altitude region between 21 and 25 km are mainly forcedpear over the Atlantic and the Pacific Ocean near the storm
from the troposphere and are not directly related to the dyiracks. Large areas characterised by low ozone and HNO
namics of the stratosphere, in particular not to the dynamic®r high NoO mixing ratios are advected (quasi-) horizontally

of the polar vortex. towards mid-latitudes and are partly irreversibly mixed with
surrounding air masses. An example of a CRISTA-1 mea-

Correspondence tov. Eyring surement of NO (Version 5) at 30 hPa on November 6, 1994

(Veronika.Eyring@dir.de) is shown in Fig. 1 (Offermann et al., 1999).
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Fig. 1. CRISTA-1 measurements of (Version 5) at 30 hPa on 6 November 1994 (Offermann et al., 1999).

It is still an open question how streamers are related tobeen determined only on data records of at most 3 years
large-scale dynamics. The role of the variability of the strato-(Waugh, 1996; Orsolini and Grant, 2000). In the current
spheric polar vortex, which is directly connected to the ac-paper a 9-year data record is used to determine a streamer
tivity of (quasi-stationary) planetary waves is still not well frequency climatology. It is based on calculations of a
understood. There are hints that the frequency of occurrencehemical transport model which uses ECMWF re-analyses
as well as the intensity (spatial size) of streamers might b ERA) and operational analyses. Most of the currently avail-
linked to enhanced wave activity (Waugh, 1993). Rossbyable models, in particular chemical-transport models (CTMs)
wave breaking events are capable of eroding the polar vorand chemistry-climate models (CCMs) underestimate the ob-
tex, which can cause irreversible mixing. Streamers are ofterserved ozone trend in the northern hemisphere mid-latitudes
linked to strong vertical and horizontal advection processesduring the last two decades. Several possible explanations
This can cause considerable horizontal gradients in ozonéor this underestimation are possible (Becker et al., 1998;
concentration, and therefore, parts of the smaller scale ozon&rewe et al., 1998; Solomon et al., 1998; Steinbrecht et al.,
variability is due to streamer events. Streamers have beet998), but no definite conclusion about the missing or in-
identified at all altitudes from the tropopause up to the mid-sufficiently represented processes in the models have been
dle stratosphere (Waugh, 1996; Orsolini and Grant, 2000). reached.

As mentioned above, a considerable number of papers In this paper a numerical method is developed to de-
have been published which deal with individual observedtect and to count streamers (Sect. 2.1). A description
streamer events (e.g. Offermann et al., 1999; Kouker et al.pf the chemical transport model KASIMA and the cou-
1999a) or discuss streamer events during shorter (seasongl)ed chemistry-climate model ECHAM4.L39(DLR)/CHEM
episodes (e.g. Chen et al., 1994). A reliable streamer cli{hereafter E39/C), is given in Sect. 2.1 and Sect. 2.2. In
matology, which requires long-term data series, is currentlySect. 3, the streamer climatology obtained from KASIMA is
not available. The seasonal and geographical variations haveresented and discussed. In addition, a streamer climatology
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Fig. 2. Schematic longitude-latitude distribution oh® concentration. The shaded area is the region where the meridional criterion as
defined in Sect. 2.1 detects a streamer. For the chemical perturbation study, ozone gradients are additionally regarded. The shaded area | (I
is the area, where theJ® (O3)-values are higher (lower) than the undisturbed mid-latitude values (see text for detail).

has been derived from E39/C, which uses the same countude. The vertical averaging over this domain allows the in-
ing algorithm. The results gained from E39/C have beenvestigation on pressure levels rather than on isentropic levels
compared to KASIMA. This inter-comparison aims at check- even in the presence of adiabatic wave disturbances, because
ing the abilities and deficiencies of E39/C with respect tothe variation of pressure altitude of a typical stratospheric
the temporal and spatial distribution of streamers. Based onvave disturbance does not exceed 2—-3 km even for large am-
distinct model sensitivity studies with E39/C an analysis of plitude events like stratospheric warmings (e.g. Hsu, 1980;
the frequency of streamer events under recent (1960, 198ouker and Brasseur, 1986).,0 values at a certain pres-
1990) and possible future (2015) atmospheric conditions issure level usually decrease from the equator towards the pole
carried out (Sect. 4). A summary and concluding remarksin both hemispheres, which means that th@®Nyradient is
are given in Sect. 5. in general negative in the northern and positive in the south-
ern hemisphere. A streamer can therefore be defined by a
o change of sign in the YO gradient (see Fig. 2). A streamer is
2 Method and model description counted, if the gradient in the northern hemisphere is greater
than 10 ppbv/rad or smaller tharl0 ppbv/rad in the south-
L , .ern hemisphere. This is a slightly weaker criterion than a
streamer criterion and a comparison to other methods '%hange in sign. A change of the threshold by about 30% did

given. Br('jef ﬁ%";‘ma“es c()jffthe ﬁmployed _mode[ sy;tems Aot alter the resulting climatology, which shows the robust-
presented which are used for the current investigations. ness of this method. Whenever the criterion is fulfilled, the

corresponding streamer field is set to one, otherwise zero.
The following reasons limit the regions of applicability of
the algorithm: (1) It is possible that the algorithm counts a
streamer event, if the polar vortex is shifted off the pole, but

This study first aims at finding an objective criterion to iden- has a simple circular structure. If the® structures follows,

tify streamer events in observed and modelled data sets an@ streamer will be detected between the pole and the cen-
to derive a global streamer climatology for all seasons. Usder of the polar vortex because of the formal reversal of the
can be made of chemical and dynamical tracers lik®N N20 gradient. (2) The highestJ® values are typically not
Oz, HNOg, and (Ertel's) potential vorticity (EPV), which found exactly at the equator, but are usually displaced some
have strong latitudinal gradients at almost the same locatioflegrees north- or southwards. (3) At lower altitudes upper
for the different tracers and a pronounced zonally symmetiropospheric high pressure systems can cause a change in the
ric structure under undisturbed atmospheric conditions. Thé\20 gradient. To avoid these problems in our comparison
entry of air masses from different latitudes is therefore ac-We have applied this criterion only betwe#:20° and+70°
Companied by a Change of the vertical and the meridionalatitude and not below 21 km. To derive a full streamer cli-
gradient of those tracer fields. The newly formulated merid-matology the algorithm is applied to the,8-data on the re-
ional criterion detects a change in the meridional gradientsPective model grid twice a day (at 00:00 and 12:00 UTC) on
of a tracer distribution averaged over a 5 km pressure alti2ll vertical layers between 21 and 25 km (in E39/C: 30, 40,

In this section, a detailed description of the meridional

2.1 Definition of a streamer criterion

2.1.1 The meridional streamer criterion

www.atmos-chem-phys.org/acp/3/1007/ Atmos. Chem. Phys., 3, 1007-1021, 2003
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and 50 hPa; in KASIMA: 21, 22, 23, 24, 25 km). The distri- 2. In case the vertical profile has a steep gradient indepen-
bution is normalised with the number of time steps employed dently of its curvature, only a small vertical displace-
and is integrated over the above mentioned altitude range. ment leads to a streamer, whereas a large displacement

An example of a MO-, Os-, and HNQ-distribution at is necessary for a small vertical gradient.

40 hPa and the corresponding streamer field derived with the . o .
meridional criterion at a single time step of E39/C is given Therefore the vertical criterion might not be an adequate ap-

in Fig. 3. Three big streamer events can clearly be identified®roach. In order to avoid these problems, Ehhalt etal. (1983)
in all tracer distributions as well as in the streamer field: one"0rmalized the local standard deviation with the local verti-

streamer event can be seen over the West-coast of Americ&2l 9radient. This so-called “equivalent displacement height”
where comparatively high 0 or low Oz and HNQ val- IS used to examine the temporal variance of stratospheric
ues with respect to the undisturbed mid-latitude values ard'acers. Appenzeller and Holton (1997) investigated the time
detected. A second event extends from the West-coast didt€ of change of vertical tracer gradients by advection due to

Mexico over Florida further northwards towards the Atlantic Vertical shear of the horizontal wind. At the onset of horizon-
Ocean, which transports air masses from tropical to extralal tracer gradients, the method accounts for the production

tropical latitudes. A third big event starts over the Atlantic "ate of vertical gradients. This 1-dimensional problem was
Ocean at the West-Coast of Mauritania and brings tropicafXténded on a 2-dimensional horizontal plane by Kouker et
air masses towards Europe. The meridional streamer crite?!- (1999b) for the discussion on the advective nature of the
rion identifies only the rising and not the trailing edge of the Stréamer evolution. This study, however, focuses on the ex-

N,O-finger like structures. Therefore the area in the streamefStence of the streamers independently of their nature. More-
field is smaller and narrower than that of the corresponding®Vel, We intend to investigate horizontal transport processes.
N,O-area. herefore it is not surprising that a method based on a change

in the horizontal distribution of tracers is better able to repro-
duce those events than a vertical method. The zonal criterion
has problems in reproducing streamers seen in tie-thta

) o (not shown) mainly due to the fact that it is difficult to define
In recent studies (Orsolini and Grant, 2000; Manney et al.,3 rohyst threshold which is applicable for all latitudes. The

2000) changes in the vertical profile were used to deteCineridional criterion was able to reproduce these streamer
streamer events. The vertical criterion detects a streameg;rctures why we will use this criterion in our study.

whenever the local perturbation of the®profile, which
is defined as the difference between the actual vertical pros 5 The 3-D-chemical transport model KASIMA
file and a 5-point vertical running-mean for every evaluated

time step, exceeds more than 5% (Pierce and Grant, 1998k AS|MA is a global chemical transport model configuration
Also a perturbation from the zonal mean or a combination oftoy the simulation of the behaviour of physical and chemical

a change in the vertical and horizontal gradient might be ayrocesses of the middle atmosphere (Kouker et al., 1999b).
possible way to detect streamers. In the current investigatiofrpe meteorological component is based on a spectral archi-
three algorithms (meridional, vertical, and zonal anomaly)iecture with the pressure altitude= —H In(p/ po) as verti-

have been compared (not shown). By applying each algoza| coordinate wherél = 7km is a constant atmospheric
rithm to short test periods of the 1990 E39/C time slice exper-scale height,p is the pressure, ango = 1013hPa is a
iment (e.g. a single November or March of the E39/C model¢onstant reference pressure. The model has previously been
simulation) the streamer fields for a single time step haveysed for studies of stratospheric transport and chemistry (e.g.

been compared to the correspondingNdata. Firstof all,  kouker et al., 1995; Ruhnke et al., 1999; Reddmann et al.,
applying different methods yields different streamer fields.2001).

It was found that the results of the meridional streamer cri- For this study the model is nudged towards the ECMWF
terion at different altitudes and seasons matched best Wit'?e-analyses (ERA-15, until 1994) and operational analyses

2.1.2 Discussion of different methods

streamers seen in the;N data. thereafter. Thus a consistent dataset based on the same
The vertical criterion has two considerable disadvantageCMWF analyses scheme is used. After integrating the
compared to the meridional: primitive equations in the prognostic model, a correction is

applied to the temperature field nudging the calculated tem-

1. Ifthe undisturbed vertical profile has a considerable cur-perature towards the ECMWF analysed temperature using a

vature (i.e. the second derivative of the mixing ratio with Newtonian cooling like algorithm. The setup of the nudging

height is significant), the running mean profile is located coefficient is taken from the experience obtained from sensi-

systematically in the interior of the curved profile. Thus, tivity studies described by Kouker et al. (1999a).

in one direction small deviations from the curved profile  The model is used with a horizontal triangular truncation

count as streamers whereas in the other direction largd42 and 63 levels between 10 and 120 km altitude. The

deviations are necessary. model is initialised in 1990 with an atmosphere at rest and

Atmos. Chem. Phys., 3, 1007-1021, 2003 www.atmos-chem-phys.org/acp/3/1007/



V. Eyring et al.: Climatologies of subtropical mixing 1011

H20 [ppbv] Strearner Frequency

B a5 140 185 230 275 330 0.0 oz 0.4 faX:] oB 1.4

03 [ppmy] HNG3 [ppby]

(c) [ . (d) [ - - |

o 2 4 B B 10 4] b 4 L L 10 12

Fig. 3. (a)NoO-field at 40 hPa as calculated by E39/C for a single time step in Novefi&orresponding streamer-field as it is deduced
from the NbO-distribution using a meridional streamer criterion. Same time step, butsf¢c)@nd HNG; (d).

a barotropic temperature field equal to the U.S. Standard Atspheric clouds (PSCs) and sulfate aerosol, as well as tropo-
mosphere (1976). Some experiments showed that the modsbheric NQ-HOy-CO-CH;-O3 chemistry. Physical, chem-
results yield reasonable atmospheric structures after approdeal, and transport processes are calculated simultaneously
imately 5-10 days (see Kouker et al., 1999a and referenceat each time step, which is fixed to 30 min. Stratospheric

therein). The model runs continuously until 1998. sulfuric acid aerosol surface areas are based on background
conditions (WMO, 1992) with a coarse zonal average. Sea
2.3 The coupled chemistry-climate model E39/C surface temperature and sea ice distributions for the “1990”

simulation are prescribed according to a climatological mean
A detailed description of the coupled chemistry-climate of observed data between 1974 and 1994 (Gates et al., 1999).
model E39/C has been given by Hein et al. (2001), who alsaror the simulations “1960”, “1980” and “2015” the transient
discussed the main features of the model climatology. Theclimate change simulations with ECHA4/OPYC3 (Roeckner
model's horizontal resolution is T30 with a corresponding et al., 1999) have been additionally used.
Gaussian transform latitude-longitude grid of% x 3.75°, Main features of both models are listed in Table 1.
on which model physics, chemistry, and tracer transport are
calculated. In the vertical, the model has 39 levels (L39) ex-
tending from the surface to the top level centered at 10 hPa Comparison of streamer climatologies in the lower
(Land et al., 2002). Water vapour, cloud water, and tracers  stratosphere in a present climate
are advected by the semi-Lagrangian scheme of Williamson
and Rasch (1994), while spectral Eulerian advection is ap3.1 Setup of experiments
plied to the other prognostic variables. The chemistry mod-
ule CHEM (Steil et al., 1998), updated in (Hein et al., 2001) For the first time a 9-year streamer climatology based on
is based on the family concept, containing the most relevanECMWF re-analyses (ERA) from 1990 to 1994 and oper-
chemical compounds and reactions necessary to simulate uptional analyses thereafter until 1998 is derived using the
per tropospheric and lower stratospheric ozone chemistryKASIMA model. The climatology is employed to test
including heterogeneous chemical reactions on polar stratothe ability of the E39/C model to reproduce the seasonal

www.atmos-chem-phys.org/acp/3/1007/ Atmos. Chem. Phys., 3, 1007-1021, 2003
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Table 1. Main model features for E39/C and KASIMA

Model Modeltype  Horiz. Vertical Lower Upper Tracer Simulation
Resol. Levels Boundary Boundary
Coupled 20-year time-slice
chemistry- experiment under
E39/C climate model T30 39 0 km 30 km 10 conditions of the
(CCM) early 1990s
Combination of Idealised  Temperature field
diagnotic and tracer nudged towards
KASIMA prognostic T42 63 10 km 120km  representing ECMWF
model stratospheric analysis:
(CT™) NoO 1990-98

and geographical dependence of the frequency of streaméhose derived for cold (stable polar vortex) and warm (unsta-
events. In this case the KASIMA results are taken as ref-ble polar vortex) winters (not shown). However, there are ob-
erence although some model dependent assumptions cafous quantitative differences between KASIMA and E39/C.
slightly influence the derived streamer climatology (seeE39/C generally simulates lower streamer frequencies dur-
Sect. 2.2). To study transport characteristics related tdng the DJF season. This can also be seen in Fig. 5. It shows
the streamer phenomena, an idealised tracer representirtbe longitudinal distribution of the mean meridional {20-
stratospheric MO is transported by the model winds: The 70° N) streamer frequency in the northern hemisphere. The
tracer has a source region in the equatorial lower stratomaximum value is 0.23 atOongitude in KASIMA, whereas
sphere (equator-wards of Ltatitude and at altitudes below itis only 0.17 in E39/C.

100 hPa) and a prescribed photolysis coefficient depending The streamer activity during March, April, and May
on altitude and zenith angle only. To check the accuracy Of(l\/lAM; Fig. 4b) is notedly reduced in the northern hemi-
this method, model results for specific episodes have beegpnere (spring season) compared to DJF. Both climatologies
compared with values of Ertel's potential vorticity (EPV), indicate smaller frequency values than in DJF. Higher val-
which can be directly derived from ECMWF data. It turned es are found in the southern (fall) hemisphere, which are
out that the agreement was satisfactory which justifies theygain systematically lower in E39/C than in KASIMA. As in
procedure described above. DJF in MAM in the northern hemisphere there is a satisfac-
The E39/C data are taken from a 20-year time-slice expertory agreement between KASIMA and E39/C with regard to
iment representing atmospheric conditions of the early 1990she main activity centers, except in the western part of North
(for details see Hein et al., 2001). The boundary conditionsAmerica, where E39/C simulates nearly no streamers at all.
for this model simulation are briefly summarised in Table 2. In the southern hemisphere the two climatologies agree well
For both data sets, KASIMA and E39/C, the same merid-not only qualitatively but also quantitatively.

ional criterion for the identification and counting of streamer Considering June, July, and August (JJA; Fig. 4c), the
events (Sect. 2.1.1) has been used to derive climatologies\umber of streamer events in the winter (southern) hemi-
The resulting climatologies are presented in Fig. 4. sphere is obviously higher than in the summer (northern)
hemisphere in both climatologies which is qualitatively the
3.2 Seasonal and geographical distribution of streamers same result as that found for DJF (e.g. higher frequencies
in the winter season). Two centers of main activity are
During December, January, and February (DJF; Fig. 4a) bothdentified in the KASIMA and the E39/C climatologies, but
climatologies indicate much higher streamer frequencies irthey differ clearly with respect to the geographical loca-
the northern winter hemisphere than in the southern sumtion. KASIMA shows a pronounced center of action west-
mer hemisphere. The horizontal distributions derived fromward of the southern part of South America. In E39/C, this
KASIMA and E39/C both indicate a clear zonal asymmetry. region is shifted northward. Moreover, the maximum fre-
There is an overall agreement with regard to the main ac-quency values are approximately a factor of 2 smaller than
tivity centers which can be identified over the western partin KASIMA. The second region showing high streamer fre-
of North America, the Eastern Atlantic/Western Europe, andquencies is centered over South Africa, whereas in E39/C
the Far East/Western Pacific region. The KASIMA as well it is shifted eastward and is located between South Africa
as the E39/C results show little interannual variability. The and Australia. Again, the maximum values are smaller in
climatological mean streamer distributions do not differ from E39/C. Generally, the streamer events simulated by E39/C

Atmos. Chem. Phys., 3, 1007-1021, 2003 www.atmos-chem-phys.org/acp/3/1007/
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KASIMA: 1990-98 DJF E39/C: 1990
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Fig. 4. Comparison of KASIMA (left side) and E39/C (right side) streamer-climatologies averaged between 21 and 25 km for different
seasons. From top to bottom: DJF, MAM, JJA, SON-season.
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Table 2. Mixing ratios of greenhouse gases and N@missions of different natural and anthropogenic sources adopted for the model
simulations

1960 1980 1990 2015

CO» [ppmv] 317 337 353 405
CHy [ppmv] 126 157 169 2.05
N>O [ppmv] 295 303 310 333
Cly [ppmv] 0.7 2.3 3.4 3.1
NOx lightning (Tg(N)/year) 5.1 5.2 5.3 5.6
NOx air traffic (Tg(N)/year) 0.0 0.3 0.6 1.1
NOy surface (total) (Tg(N)/year) 219 299 331 438
NOy surface (industry, traffic) (Tg(N)/year) 11.8 195 22,6 329
NOy surface (soils) (Tg(N)/year) 55 55 5.5 5.5

NOy surface (biomass burning) (Tg(N)/year) 4.6 4.9 5.0 5.5

0.40 I

Northern hemisphere KASIMA (DJF)
Southern hemisphere KASIMA (JJA)
= Northern hemisphere E39/C (DJF)
""""""" Southern hemisphere E39/C (JJA)
0.30

0.20

Streamer—Frequency

0.10

0.00 | | | | |

—180 —120 —60 0 60 120
Longitude (Deg)

@
(@]

Fig. 5. Longitudinal distribution of streamer frequencies averaged betweearD70 for the altitude region 21 to 25 km as calculated by
KASIMA (thin lines) and E39/C (bold lines) for the northern (solid) hemisphere in DJF and the southern (dashed) hemisphere in JJA.

are concentrated in a smaller latitudinal beltq(268-70 S) erably higher in KASIMA with a pronounced activity center
than indicated by the KASIMA results. The much higher east of the Mediterranean Sea, which is only weakly repre-
streamer frequency in southern winter can also be seen isented by E39/C (see Fig. 4c).

Fig. 5, which indicates that the total number of streamer g, September, October, and November (SON) the dif-
events counted in KASIMA is approximately a factor of tWo ferences between the KASIMA and the E39/C climatolo-
higher than in E39/C. The longitudinal variance of the Meangies are largest in the southern hemisphere spring season
meridional (20 S—70 S) streamer frequency in the southemn (kg 44). Again, the region of streamer activity in E39/C
hemisphere during winter time is smaller than in the north-ig simylated in a smaller latitudinal band than it is calculated
ern winter season. In the northern hemisphere in summer, thsy KASIMA. As discussed for the other seasons, KASIMA
number of streamer events is very low in E39/C; itis consid-regyits show higher values of streamer frequencies in both

Atmos. Chem. Phys., 3, 1007-1021, 2003 www.atmos-chem-phys.org/acp/3/1007/
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Table 3. Mean streamer frequencies betweefi 28d 70 latitude to October. Atthis time of year, E39/C, as most climate mod-

in the northern (NH) and southern (SH) hemisphere calculated with€!S: Shows marked temperature deviations with respect to ob-

KASIMA and E39/C for the altitude range between 21 and 25 km Servations, a phgnomenon known as the cold bias (Pawson
et al., 2000; Austin et al., 2003). In the model, the southern

DJF MAM JJA SON hemisphere winter and s_pring pol_ar stratosphere is_ much too

cold and the stratospheric vortex is too strong. An important

NHKASIMA 019 016 0.07 0.16 question is how the cold bias of the model and the streamer
NH E39/C 0.14 013 005 015 climatology are related to each other. Are both deficiencies
SHKASIMA 005 0.12 021 0.17 of E39/C caused by the same missing (dynamical) process,
SH E39/C 007 012 012 0.10 or is the poor reproduction of streamer frequencies in winter

and spring a direct consequence of the cold bias?

3.3 Discussion

hemispheres, but it is most obvious in the southern hemi-
sphere for this season. Nevertheless, the main center
activity which lies west of South America is identical for

he annual cycle of streamer events seems to be related to
Ghe dynamics of the stratosphere with high streamer activity
_ . . . in winter months. The results presented here do not show
both cl|matolog|_e§. In the_ nprthern hemisphere, the IOCatlonhigher frequency values during the formation or the decay of
of strongest activity are similar to those found during DJF. the polar vortex as shown in previously published analyses
A quantitative summary of the seasonal dependency of thge g \waugh, 1996). Moreover, for northern winter months
mean streamer frequencies for200 latitude in bothhemi-  paither the KASIMA analysis nor the results of E39/C show
spheres is given in Table 3, for KASIMA and E39/C, respec- giterent streamer frequencies in warm and cold winters,
tively. As formerly described, th_e frequency values derived,ynich is also indicated by the relatively small standard
from KASIMA for the 20°—70’ latitude band are larger than - jevjations of the frequency values in winter (Fig. 6). The
those calculated from E39/C, except for summer (DJF) andsangard deviation refers to the interannual variability of

fall (MAM) conditions in the southern hemisphere. The dif- ,onhiy mean values. Therefore, the dynamics of the polar
ferences between KASIMA and E39/C are most obvious dur-,qiex (stretching of the vortex, displacement from polar

ing southern winter (JJA) and spring (SON) seasons. [_)“””Qatitudes during a minor warming event, decay during a
summer months, streamer _frequenues are smallest in bOtH\ajor stratospheric warming) seems not to be the primary
climatologies and both hemispheres. process which forces streamer events in the analysed altitude
A closer inspection of the seasonal cycle of streamer frexegion. Much more plausible is that large-scale planetary
quencies on a monthly mean basis can be obtained fromRossby) waves which originate in the troposphere verti-
Fig. 6. The annual cycles of the two models agree verycally propagate into the stratosphere and directly generate
well in the northern hemisphere. In the southern hemisphergtreamer events. From linear theory it follows that only
there is a distinct discrepancy between the KASIMA analy- during the west wind phase in the stratosphere (all seasons
sis and the E39/C results especially for the period betweeréxcept Summer) these waves can propagate upward from
June and October indicating deficiencies in the dynamics othe troposphere into the stratosphere (Charney and Drazin,
E39/C during that time. 1961). The upward propagation of those Rossby-waves and
The annual cycle of the KASIMA streamer frequency cli- the breaking of these waves at higher altitudes is one of the
matology shows a clear signature: maximum streamer fremain causes for horizontal transport in that altitude range
quencies are found near winter solstice (pronounced peake.g. Trepte et al., 1993; Chen et al., 1994; Waugh, 1996).
in December in the northern hemisphere) with a shift to- Especially in DJF, the location of the storm tracks shows
wards spring in the southern hemisphere (broad maximumhe same pattern as the streamer frequency (Land, 1999).
from June to September). Interestingly, the maximum val-E39/C storm tracks even reveal the same deviation from ob-
ues are of the same order of magnitude in both hemisphereservations like the streamer frequencies (e.g. underestimated
(approx. 0.22). Minimum streamer frequencies are detecteghorthward tilt in the North Atlantic region), supporting a
in the months after summer solstice, i.e. July in the north-strong link between troposphere dynamics and stratospheric
ern hemisphere and January in the southern hemisphergtreamers.
with slightly higher values in the northern hemisphere (ap-
prox. 0.05 in the northern hemisphere, approx. 0.04 in the |n E39/C, the deficiencies detected in the southern hemi-
southern hemisphere). sphere might partly be caused by the horizontal resolution
Whereas the annual cycle of streamer frequencies in th€T30) which may not be sufficient to resolve the relevant
northern hemisphere is in good agreement between E39/@opospheric dynamical processes which generate planetary
and KASIMA analysis (Fig. 6), significant differences are waves (see discussion below). The systematic underestima-
found in the southern hemisphere for the months from Jundion of (large-scale) wave activity in the southern hemisphere
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Fig. 6. Seasonal cycle of streamer frequencies for KASIMA (light grey boxes) and E39/C (dark grey boxes) and the corresponding interannual
standard deviation averaged between 21 and 25 km. The distribution is a mean of streamer frequencies Beamder02@titude in the
northern hemispher@) and southern hemispheie).

might be one reason for the cold bias (missing dynamicaltropics at the 600 K-level (approx. 25 km in the tropics) is
heating of the polar stratosphere), and it could also be thénto the winter hemisphere and only little transport into the
cause for low subtropical streamer frequencies in winter andsummer hemisphere. For winter in the northern hemisphere
spring season. at the 400 K-level (approx. 17 km in the tropics), Chen et

The seasonal dependency of streamer activity found inaI. (1994) showed that roughly equal amounts of air masses

KASIMA and E39/C agrees qualitatively well with formerly are transported into both mid-latitudes, whereas during win-

published studies (Chen et al., 1994; Waugh, 1996) Chel%er in the southern hemisphere most transport is found into
et al. (1994) also found that tr;;a bulk 'of trans;;ort out.of theSOUthem hemisphere mid-latitudes. Waugh (1996) analysed
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the seasonal variation of the isentropic transport out of theent criteria. The formal differences between those two cri-
tropical stratosphere for the three-year period July 1991 taeria can be found in Sect. 2.1. It is well known from many
June 1994. Strong transport out of the tropics was found tcclimatologies (e.g. CIRA, 1992) that planetary wave activ-
occur whenever there are westerlies throughout the middléty is much smaller in summer than in winter, and that the
latitudes, which is consistent with the KASIMA results. It wave activity in northern hemisphere winter is larger than
was concluded that in the northern hemisphere the transpoih southern hemisphere winter. Since planetary waves are a
out of the tropics fluctuates around an approximately con-major cause for streamers (see Kouker et al., 1999a and ref-
stant value during the fall to spring period (late Septembererences therein), itis expected from the above arguments that
to early May), a finding which is not supported by the cur- the streamer frequency is considerably larger in winter than
rent analysis. A different result was also found in the south-in summer. Consequently the vertical criterion seems not to
ern hemisphere: Waugh (1996) detected maximum transpotbe appropriate for the detection of streamers.
of air mass in early and late winter with a relatively quiet  In summary, although there are some differences com-
midwinter period. The KASIMA results do neither show pared to recently published analyses, the climatology of
an early and/or late winter maximum nor a reduced activ-streamer frequencies based on KASIMA results seems to be
ity in mid-winter. Both studies (Chen et al., 1994; Waugh, reliable, not at least since it employs 9 years of ECMWF re-
1996) also investigated the altitude dependence of the exanalysis and operational analyses. The agreement with the
change of tropical air. Chen et al. showed that the trop-corresponding climatology derived from E39/C is satisfac-
ics are most isolated in the middle stratosphere (600 K) andory, except for the winter and spring season in the south-
that much more air of tropical origin is transported into mid- ern hemisphere. Therefore, in the following E39/C sensi-
latitudes of the winter hemisphere in the upper (1100 K, ap-tivity experiments are conducted to assess possible changes
prox. 38 km in the tropics) and lower (400 K) stratosphere.in streamer distributions and frequencies related to climate
Quialitatively, the same result was gained by Waugh (1996)change.
considering 425 K, 500 K, and 850 K. A reasonable expla-
nation for this behaviour was given by Chen and co-workers:
in the lower stratosphere (tropopause region) there are morg¢ Streamer activity in a changing climate
synoptic-scale waves originating in the troposphere than in
the middle stratosphere (500—-600 K) while the amplitudeAs shown before, streamer frequencies vary clearly with sea-
of planetary-scale disturbances in the upper stratosphere son, and streamers can significantly modify the ozone bud-
much larger than in the middle stratosphere due to the denget in the mid-latitudes due to irreversible mixing of (sub-)
sity effect. The findings in the current paper fit well with this tropical air (Grewe et al., 2003). This gives rise to the ques-
hypothesis, since we do not find a clear relation between théion, if the streamer frequencies are different in a changing
dynamics of the polar winter vortex and streamer events. climate. To get a first idea, four different time-slice exper-
The identified seasonal cycle of streamer activity differsiments of the past and future have been carried out (e.g.
substantially from the one derived by the SLIMCAT chemi- Hein et al., 2001; Schnadt et al., 2002). They represent
cal transport model (Chipperfield, 1999), where a period be-1960, 1980, 1990 and 2015 conditions. Prescribed bound-
tween February 1996 to February 1999 was analysed (Orary conditions for the four simulations are given in Table 2.
solini and Grant, 2000). The main difference is a higher ac-Boundary values for the most important greenhouse gases
tivity in the summer season than in winter season in both(CO,, N2O, CH,) for “1960”, “1980”, and “1990” are taken
hemispheres (Orsolini and Grant, 2000; their Fig. 2). In thisfrom IPCC (1990), those for “2015” are according to the
study the vertical streamer criterion discussed in Sect. 2.1.2PCC-scenario 1S92a (business as usual, IPCC, 1996). Up-
was applied to the pD data. The altitude range between 500 per boundary values for total nitrogen, total chlorine and the
and 600 K (roughly 20-25 km) was averaged. To examinezonal CFC fields are taken from results of the Mainz two-
the differences between the annual cycles of the KASIMA dimensional model (Bl and Crutzen, 1993) for all scenar-
and the E39/C streamer climatologies presented in the curos. For past and present simulations they are adapted to ob-
rent paper and the one of Orsolini and Grant (2000), we haveservations and follow projected changes for “2015” (WMO,
applied the same vertical criterion to the “1990” E39/C time 1999). Each model experiment was integrated over 20 model
slice experiment. Surprisingly the resulting annual cycle isyears. The model results representing recent atmospheric
then in much better agreement with the SLIMCAT study (not conditions have been intensively compared with respective
shown). In particular, we also find higher activity in the sum- observations. It turned out that the model is able to simu-
mer hemispheres, which conflicts with the climatologies de-late not only mean conditions, that agree with observations
rived with the meridional criterion. Since E39/C is able to re- but also intra- and inter-annual changes of dynamical and
produce the climatology obtained with SLIMCAT using the chemical values and parameters, particularly in the northern
vertical criterion and the climatology derived with KASIMA  hemisphere. These findings have been taken as justification
using the meridional criterion, it must be concluded that theto employ E39/C also for an assessment of possible near fu-
differences in the climatologies are mainly due to the differ- ture changes. The results of the four model experiments were
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Fig. 7. Mean streamer frequencies betweefi 28d 70 latitude and the corresponding interannual standard deviation in noldgesnd
southern(b) hemisphere for different time slice experiments of the E39/C model averaged between 21 and 25 km.

provided for an international model inter-comparison (Austin month between the four simulations. But there are a few ex-
et al.,, 2003) which assessed the abilities and deficiencieseptions: In the northern hemisphere, a significant increase
of the currently used chemistry-climate models. Streamerin streamer frequencies is only found in the summer months
climatologies for 1960, 1980, 1990 and 2015 for the altitude(May to August), whereas in the southern hemisphere a sig-
region from 21 to 25 km are shown in Fig. 7. nificant increase can be found in late summer (February) and

. - . . in late winter/early spring (August to October).
First of all, no principle changes in the annual cycle are in- y spring (Aug )

dicated. It is obvious that the inter-annual standard deviation An obvious reduction of streamer frequencies in E39/C
(1 sigma) within a month of one specific model experiment is (from “1960” to “2015") can be detected in both hemispheres
mostly larger than the changes in streamer frequencies of oni@ early winter, i.e. in the months of maximum streamer
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activity. In the southern hemisphere a significant reduction ofing this time of the year, do have the same origin, i.e. the
streamer frequencies is found in May. In the northern hemi-model does not adequately simulate tropospheric synoptic-
sphere a slight decrease of streamer events can be identifiextale waves in the southern hemisphere.
in November. Although the changes in the northern hemi- In the literature (e.g. Tibaldi et al., 1990; Hamilton et al.,
sphere are not as clear as in the southern hemisphere, it £999) clear hints have been presented that a higher horizon-
interesting that again both hemispheres show the same béal and vertical model resolution reduces the (extra-tropical)
haviour (see discussion in Sect. 5). cold bias in climate models at all stratospheric heights, par-
ticularly in the southern hemisphere. In Hein et al. (2001)
it was demonstrated that increasing the number of vertical
5 Conclusions model levels from 19 to 39 in ECHAM/CHEM while keep-
ing the horizontal model resolution constant (T30), yields a
A new criterion has been applied to establish a climatol-much better representation of lower stratospheric dynamics,
ogy of streamer frequencies. For the first time, a 9 yearespecially in the northern hemisphere.
data record has been used to obtain more reliable informa- The climate change sensitivity studies employing E39/C
tion about the geographical distribution and the annual cy-do not indicate dramatic changes regarding neither the geo-
cle of streamer activity in the altitude region from 21 to graphical distribution of streamer activity nor the number of
25 km. The results from the KASIMA model, which em- streamer events. The seasonal cycle does not change in the
ploys ECMWF re-analyses between 1990 and 1994 and opdifferent simulations (1960, “1980”, “1990", and “2015"),
erational analyses thereafter until 1998, show a pronouncede. low streamer activity is always found in summer and
seasonal cycle of streamer activity with highest frequencymaximum activity in winter. A slight increase of streamer
values in northern mid-winter and late southern winter. Veryfrequencies is simulated for summer months and a reduc-
low streamer frequencies have been found during summetion of streamer activity in winter, comparing the frequency
months in both hemispheres. The KASIMA climatology has values of the “1960” simulation with those of “2015”. Al-
been employed to evaluate the corresponding results of théhough these changes are statistically significant, they cannot
coupled chemistry-climate model E39/C. It shows a reasonexplain larger parts of observed mid-latitude ozone reduc-
able agreement, except for southern winter and spring contion, which has been underestimated in most models. In both
ditions where E39/C clearly underestimates the number ohemispheres, the streamer frequencies are found to increase
streamer events. Neither the streamer frequency climatologin the summer months. As already discussed by Schnadt et
of KASIMA nor that of E39/C indicate strong interannual al. (2002), the model shows a systematic decrease of lower
variability, in particular not for northern winter, such as the stratospheric temperatures in summer due to enhanced green-
streamer frequencies and also the geographical distributiohouse gas concentrations which is in agreement with cool-
do not differ for different stratospheric conditions, i.e. yearsing trends estimated on the basis of long-term measurements
with a cold and stable polar vortex and those with a warm(Ramaswamy et al., 2001). The cooling in the model is much
and unstable polar vortex. This indicates that the direct im-more pronounced at high- than at mid- and low latitudes
pact of the dynamics of the stratospheric polar vortex, which(due to the decrease of polar ozone) which yields a reduced
is well described by E39/C (Hein et al., 2001), is weak for meridional temperature gradient in the extra-tropical lower-
the generation and development of streamers in the lowemost stratosphere. This effect could be responsible for more
stratosphere. In agreement with formerly published inves-streamer events since the lower stratosphere is more sus-
tigations (e.g. Chen et al., 1994; Waugh, 1996) it seems thateptible to synoptic-scale disturbances causing perturbations
synoptic-scale waves originating in the troposphere mainlygenerated in the (sub-)tropical troposphere. Moreover, in a
drive streamer events in the lower stratosphere. This gives awarmer troposphere, the generation of tropospheric waves
hint for the possible origin of the cold bias in E39/C, which is may be different. More synoptic-scale waves may be gen-
also found in late winter and spring, especially in the south-erated. Since easterly winds dominate the middle and upper
ern hemisphere. The coarse horizontal resolution of E39/Gtratosphere in summer (which is outside the model domain)
(i.e. T30) probably prohibits the adequate forcing and de-and prevent the upward propagation of planetary waves, we
velopment of synoptic-scale waves (stationary and transienéxpect no significant changes of streamer activity in that
eddies) and their vertical propagation into the middle atmo-altitude region due to climate change. The northern and
sphere. In the northern hemisphere, this model deficiencysouthern hemisphere show reduced streamer frequencies in
might be partly compensated due to the consideration of thearly winter. Since both hemispheres react in the same way,
effects of orographic gravity waves, which do not play suchstratospheric dynamics (variability) which is different in both
an important role in the southern hemisphere, yielding morehemispheres, especially in winter, might play only a minor
realistic heat and momentum fluxes (Schnadt et al., 2002)role in this altitude region (21-25 km). Another aspect sup-
Therefore, we believe that the cold bias of E39/C in the southporting this theory is that the interannual variability of the
polar region in winter and spring and the obvious underesstreamer frequencies are of comparable magnitude in both
timation of streamer activity in the lower stratosphere dur-hemispheres. If stratospheric dynamics played a major role,
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the standard deviations should clearly be larger in the northChipperfield, M. P.: Multiannual simulations with a three-
ern hemisphere. Further analysis of long-term observations dimensional chemical transport model, J. Geophys. Res., 104,
and model simulations are required to get more reliable con- 1781-1805, 1999.

clusions. Ehhalt, D. H., Bth, E. P., and Schmidt, U.: On the temporal vari-
Sensitivity experiments with E39/C have been used to as- ance of stratospheric trace gas concentrations, JAC, 1, 27-51,
1983.

sess the impact of streamers on the ozone budget at midGates W. L., Boyle J. S., Covey C., et al.: An Overview of the Re-

latitudes (Grewe et al., 2003). As found in recent inves- g s of the Atmospheric Model Intercomparison Project (AMIP
tigations, an altitude dependency of the mass of streamers |y gy, Amer. Meteor. Soc., 80, 29-56, 1999.

has been indicated by those E39/C results. A simple modeGrewe, V. and Dameris, M.: Calculating the global mass exchange
assessment shows that the effects of streamers on the mid- between stratosphere and troposphere, Ann. Geophysicae, 14,
latitude ozone distribution have a much larger impact in the 431-442, 1996.
lower stratosphere than in the middle stratosphere. The deGrewe, V., Dameris, M., Sausen, R., and Steil, B.: Impact of strato-
crease of ozone at around 25 km is below 5% whereas at Spheric dynamics and chemistry in northern hemisphere mid-
around 15 km it can reach 80%. Therefore, it is obvious latitude ozor_1e loss, J. Geophys. Res., 103, 25417-25433, 1998.
that a realistic simulation of streamers (amount, distribution, 6"€We: V-, Shindell, D. T. and Eyring, V.. Transport and chem-
seasonal cycle) in CCMs is necessary to calculate the ozone 'St I the tropopause region: lightning NOx and streamers, Ad-

. . . L. vances of Space Review, in press, 2003.
budget at mid-latitudes in a realistic way. The current studyH

S . . . amilton, K., Wilson, R. J., and Hemler, R. S.: Middle atmosphere
indicates that this requires an adequate representation of hor- simulated with high vertical and horizontal resolution versions

izontal transport processes. of a GCM: improvements in the cold bias and generation of a
QBO-like oscillation in the tropics, J. Atmos. Sci., 56, 3829—
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