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Abstract. The connection between the Elfidi Southern  Tropics, in agreement with that deduced from the NIWA col-
Oscillation (ENSO) and the Northern polar stratosphere hasimn ozone database, implying an increased residual circula-
been established from observations and atmospheric modetion in the mean of all model simulations during ENSO. The
ing. Here a systematic inter-comparison of the sensitivityspread in the model responses is partly due to the large inter-
of the modeled stratosphere to ENSO in Chemistry Climatenal stratospheric variability and it is shown that it crucially
Models (CCMs) is reported. This work uses results from adepends on the representation of the tropospheric ENSO tele-
number of the CCMs included in the 2006 ozone assessmentonnection in the models.

In the lower stratosphere, the mean of all model simulations
reports a warming of the polar vortex during strong ENSO
events in February—March, consistent with but smaller than1
the estimate from satellite observations and ERA40 reanal-
ysis. The anomalous warming is associated with an anomarne E| Nijo Southern Oscillation (ENSO) is a tropical
lous dynamical increase of column ozone north 6fM@hat  atmosphere-ocean phenomenon and a source of large-scale
is accompanied by coherent column ozone decrease in th@imate variability for the atmosphere — ocean system. Dur-
ing boreal winter, the typical teleconnection between the
warm phases of ENSO and the mid-latitude North Pacific re-

Correspondence tcC. Cagnazzo gion (Hoerling et al., 1997; Strauss and Shukla, 2000 among
BY

(chiara.cagnazzo@cmcec.it) others) can favour the enhancement of mid-latitude planetary
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waves and consequently their upward propagation into thescribed observed sea surface temperatures (SSTs), and there-
stratosphere (Manzini et al., 2006). Due to this increasefore include the ENSO forcing on the modeled atmosphere.
in extra-tropical stratospheric planetary wave activity, warmHowever, the manifestation of the ENSO effect on the strato-
ENSO events have been found to be associated with anomaphere depends also on the ENSO teleconnection in the tro-
lous warming and anomalously high geopotential height inposphere, not necessarily similarly represented in the CCMs.
the polar stratosphere, both from observations (van Loon anénother aspect obscuring the ENSO signal in the strato-
Labitzke, 1987; Hamilton, 1993; Camp and Tung, 2007;sphere is the typical high variability of the boreal winter
Garfinkel and Hartmann, 2007) and comprehensive modstratosphere.

eling of the troposphere-stratosphere system (Sassi et al., The focus of this work is on the Northern polar strato-
2004; Taguchi and Hartmann, 2006; Manzini et al., 2006;sphere temperature and ozone response during boreal winter,
Garcia-Herrera et al., 2006). Recently, the warm ENSO sig-for the 1980-1999 period. Specifically, we aim at identify-
nal in the Arctic has also been found in radiosonde datqng any coherence in the temperature and ozone responses
(Free and Seidel, 2009). At high Northern latitudes, largeacross the Chemistry Climate Models. This in turn may pro-
zonal mean anomalies, in temperature and zonal wind, aside some insight into understanding the causes of the range
sociated with the warm phase of ENSO appear in the uppepf responses, in terms of interannual variability and model
stratosphere in early winter and then propagate downwards tgjases.

the lower stratosphere on monthly time scales through wave .o that the cold ENSO events that occurred in the 1980—

mean flkowf :\r/llterapt_loT (I'Vlazrgag' Et al"h2006t)h' tthklue mOdeI'Il999 period have been found to have negligible influence
ing work of Manzini et al. ( ) has shown that these zona on the Northern polar stratosphere during winter (Manzini

mean ano_mahes a_ssomated W'th ENSO occur also in the o5 al., 2006; see also Sassi et al., 2004), and therefore are
posphere in late winter and spring, and the subsequent mo 10t considered in this work. The negligible response may

eling wor|_< of (_Zagnaz_zo and Manzini (2009) has_ shown thatbe partly due to the smaller SST anomalies that occurred for

they are implicated in the surface. teleconnection betweer&old events during the period considered here. This apparent

ENS.O and the North European region. : . ... little sensitivity of the Arctic stratosphere to cold ENSO de-
Given that the reported polar warming associated with ived from model results is consistent with the recent analysis

warm ENSO eve_nts IS a manifestation of an enhance f radiosonde temperature data by Free and Seidel (2009).
Brewer-Dobson circulation, more ozone should be trans-

ported from the source region in the tropics toward high po-

lar latitudes during warm ENSO events. In fact, interannual

variations in column ozone and temperature in the north.e'rnz Datasets and methodology

polar stratosphere are linked to planetary scale wave activity

(Fusco and Salby, 1999; Randel et al., 2002; Weber et aI.2 1 Models

2003). At Arctic and mid-latitude sites, an anomalous accu-—"

mulation of column ozone was indeed reported for the strong

and long lasting 1940-1942 ENSO event byBrimann et The CCM datasets used in this work result from transient

al. (2004). In the tropics, a signal in stratospheric ozone haguns aimed at reproducing the time period of 1980-1999

been reported from the SAGE Il satellite dataset (Randel efEyring et al., 2006): most of the simulations include an-

al., 2009). Consistently with the ENSO signal in ozone, Ran-thropogenic and natural forcings based on changes in SSTs,

del et al. (2009) and the independent work of Free and Seilrace gases, solar variability, and aerosol effects (from major

del (2009) report also an ENSO signal in the tropical lower Volcanic eruptions). The models are summarized and refer-

stratosphere temperature. enced in Table 1. The description of the external forcings can
The response to ENSO has also been analysed in a feRe found in Table 2 of Eyring et al. (2006).

Chemistry Climate Models (Fischer et al., 2008; Steinbrecht Modeled monthly zonal mean temperature and column

et al., 2006, Bonnimann et al., 2006; Garny et al., 2009; ozone and (when available) monthly three-dimensional

Randel et al., 2009) and in a chemical transport model (Sassieopotential height fields have been analyzed. AMTRAC,

et al., 2004). CCSRNIES, MRI, SOCOL and WACCM models have pro-
The purpose of this work is to extend these previous studvided a set of 3, 3, 5, 9 and 3 realizations (i.e., they have

ies that analyzed the ENSO response in Chemistry Climateepeated the simulation of the 1980-1999 period with dif-

Models (CCMs), by systematically evaluating the responseferent meteorological initial conditions), respectively. SO-

to warm ENSO in the pool of simulations for the recent pastCOL, E39C-A and MRI models have provided outputs

performed with the CCMs participating in the Chemistry- from updated model versions with respect to those de-

Climate Model Validation Activity (CCMVal-1) of SPARC  scribed in Eyring et al. (2006). The analysis on the AM-

that are discussed in Eyring et al. (2006). Many of these mod TRAC, GEOSCCM, and 2 members of CCSRNIES simu-

els contributed to the 2006 ozone assessment (WMO/UNEHations is restricted to the zonal mean fields, because three-

2007). These simulations have been performed with predimensional fields were not available for these cases.

Atmos. Chem. Phys., 9, 8938948 2009 www.atmos-chem-phys.net/9/8935/2009/
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2.2 Observations and Reanalysis Data Table 1. List of the models used in this work.

Three datasets covering the 1980-1999 period, are consid-

AMTRAC (3) Austin et al. (2006)
ered: Austin and Wilson (2006)
_ , CCSRNIES (3) Akiyoshi et al. (2004)
1. Time series of monthly mean temperature and geopo- Kurokawa et al. (2005)
tential height from the European Centre for Medium- Akiyoshi et al. (2009)
Range Weather Forecast Re-Analysis (ERA-40, Uppala CMAM Beagley et al. (1997)
et al., 2005; Uppala et al., 2004). de Grandpg et al. (2000)
Scinocca et al. (2008)
2. Stratospheric Sounding Unit (SSU) temperatures (Nash E39C-A Stenke et al. (2009)
and Edge, 1989; Brindley et al., 1999) and Mi- Garny et al. (2009)
crowave Sounding Unit (MSU) temperatures (Spencer GEOSCCM Bloom et al. (2005)
and Christy, 1995). These datasets consist of zonal Stolarski et al. (2006)
temperature anomalies every 10 degrees fromS7 LMDZrepro Lefevre et al. (1994)

70° N for the 3 SSU channels (anomalies peaking at 15, ~ MAECHAMACHEM  Manzini et al. (2003)
6, and 2hPa) and 4 synthetic channels (peaking at 50, Steil et al. (2003)

20, 5, 1.5 and 0.5hPa, Nash and Edge, 1989) and for MR () Shibata and Deushi (20082, b)
SOCOL (9) Egorova et al. (2005)

the MSU channel (90 hPa). Rozanov et al. (2005)
UMETRAC Austin (2002)

3. NIWA column ozone dataset, which combines data Austin and Butchart (2003)
from several United States and European satellites with Struthers et al. (2004)
a global set of ground stations (Bodeker et al., 2005). UMSLIMCAT Tian and Chipberfield (2005)

. . WACCM (3) Garcia et al. (2007)
2.3 Diagnostics

Composites for the period 1980-1999 are constructed for

temperature, column ozone and eddy geopotential height . . .

fields. For each month of the extended winter season (Oc- AS discussed for volcanic eruptions, the QBO and solar
tober to April), warm ENSO and NEUTRAL composites cycle_are sources pf var_lablllty for the s_tratosphere_and their
of monthly means are considered, for the models and thdon-linear interaction with the ENSO signal could interfere
datasets. Our standard warm ENSO composite is made uP('ith the stratospheric response to ENSO (e.g. Garfinkel and
of the 4 largest warm events that occurred in the periodriartmann, 2007). As mentioned in Sect. 2.1, most of the
19801999 (hereafter 4 WE), see Table 2 for the list of theCCMVal simulations include these signals. To investigate
events. The events are selected on the basis of the SSHese connections in beyond the scope of this work, therefore
anomaly averaged from January to March in the Nino-3 re-theé modeled stratospheric response to ENSO has not been
gion from the National Centers for Environmental Predic- stratified separating model simulations with and without one
tion (NCEP)/Climate Prediction Center (CP@)tp:/Avww. (or more) of these signals,.an ap.proach that would require a
cpc.ncep.noaa.gov/data/indipehese four events are those Much larger ensemble of simulations.

typically studied in climate research on ENSO teleconnec- ) ) )

tions, for example Strauss and Shukla (2000) and Manzini ef©r every field considered, “ENSO anomalies” are de-
al. (2006). Following Manzini et al. (2006), the NEUTRAL fined as the difference betvyeen the warm ENSO composite
composite is made of the years within the 1980-1999 pe-2nd the NEUTRAL composite.

riod, that exclude these warm ENSO events as well as the [norderto compactly compare the response of each model
4 largest cold ENSO events (see Table 2). Two of the fourto the ENSO forcing, the following 4 indices are defined and
winters considered in the warm ENSO composite analysiscalculated from the ENSO anomalies:

were disturbed by volcanic eruptions (1982-1983 and 1991- AT index, defined as the February—March, polar cap
1992). Intense volcanic eruptions are believed to cause o0i70° N-9C° N) and 30-70hPa average of the ENSO zonal
average a cooling and a strengthening of the vortex (Labmean temperature anomaly1>gnso— <7 >NEUTRAL)-

itzke and Van Loon, 1989) possibly leading to a distortion This index represents the temperature anomaly associated
of the anomaly associated with ENSO in the polar strato-to ENSO in the lower stratosphere at the end of win-
sphere. For this reason, a second warm ENSO compositter/beginning of spring.

has been constructed, including two additional ENSO events AZ index. The known tropospheric teleconnection
(hereafter 6 WE, see Table 2), with the two additional eventsof ENSO with Northern midlatitude stationary waves in
not disturbed by the volcanic external forcing, albeit charac-December-January-February (DJF) consists of an eastward
terized by weaker ENSO phenomena. elongation of the North Pacific trough (Hoerling et al., 1997;

www.atmos-chem-phys.net/9/8935/2009/ Atmos. Chem. Phys., 9, 8938-2009
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Table 2. Warm ENSO, cold ENSO and NEUTRAL years (year index for January) for 4 WE and 6 WE.

4WE 6 WE
Warm 1983, 1987, 1992, 1998 1983, 1987, 1988, 1992, 1995, 1998
Cold 1985, 1989, 1996, 1999 1985, 1989, 1996, 1999

NEUTRAL 1981, 1982, 1984, 1986, 1988, 1990, 1991, 1993, 1994, 1995, 1997 1981, 1982, 1984, 1986, 1990, 1991, 1993, 1994, 1997

see their Fig. 6). In order to quantify this typical tropospheric warming is about 4 K between 50 and 100 hPa significant
pattern and to evaluate the troposphere of the models, wan January and February at 90% for SSU/MSU, and reach-
defined theA Z index in the following way: At 50N and ing 95% in ERA40. In the upper stratosphere, the cooling
500 hPa, for the DJF average: (1) The difference betweerabove the warming may be a manifestation of a large-scale
the warm ENSO and the NEUTRAL ENSO composites, of dynamical response involving the circulation in the meso-
the stationary eddy geopotential height is computed and desphere. Figure 1 also shows that the warming associated
fined to be the tropospheric stationary wave anomaly. (2) Theo ENSO is reduced when considering the 6 largest ENSO
minimum value of the tropospheric stationary wave anomalyevents (4 K between 10 and 1hPa; 2K in the lower strato-
between 180 and 360 longitude is searched and found. (33phere for SSU/MSU; 6K between 10 and 1hPa; 2K in
This minimum value is smoothed by an average over 10%the lower stratosphere for ERA40; the signal is significant
of its value. (4) The smoothed minimum of the troposphericat 95% in the upper stratosphere and not significant in the

stationary wave anomaly multiplied byl is theAZ index. lower stratosphere for both the datasets). This result is con-
The link between this index and the eddy heat flux at 100 hPaistent with the fact that ENSO is weaker for the two ad-
is discussed in the Appendix A. ditional cases. Therefore, the response is reduced and less

AQj3 index, defined as the February—March, polar cap significant due to the internal variability of the Northern po-
(70° N-9C° N) average of the ENSO zonal mean column lar stratosphere. Figure 1 also shows that the temperature
ozone anomaly €03 >gnso— <O3 >NeuTRAL)- This in- response at PN in December, January and February is
dex is aimed at quantifying the column ozone anomaly assothe same for ERA40 and SSU/MSU below 20 hPa, but it is
ciated to the ENSO teleconnection in February and March inabout double for ERA40 above this level. These results are
the polar region only. in agreement with observational studies, in particular with

AO3(FM-ND) index, defined as the February—March Camp and Tung (2007) who applied a linear discriminant
mean minus the November—-December mean of an area awanalysis on 47 years of NCEP stratospheric temperature (10—
erage of the ENSO zonal mean column ozone anomaly. Thi®0 hPa) and found that the warm-ENSO years are 4 K signif-
index has been calculated for the polar cap® (890> N) icantly warmer. In the upper stratosphere the ENSO anoma-
and the tropics (155-15 N) ((<O3(FM)> — <O3(ND)> lies derived from the ERA-40 data have also been found to
)enso— (<O3(FM)> — <O3(ND)>)neuTraL) and it repre-  be larger than those derived from the NCEP/CPC (Manzini
sents the wintertime increase/decrease in the ENSO zonat al., 2006). In our analysis we will focus on the region
mean column ozone anomaly at polar/tropical latitudes.between 30 hPa and 70 hPa.

Salby and Callaghan (2002) have shown that it is the ten- Because we are interested in changes that might be rel-
dency (i.e. the anomalous wintertime increase of columneyant for ozone, we summarize the reporting of the model
ozone at high latitudes) that is coupled to the residual cir-response to ENSO by plotting the time evolution from Oc-
culation. tober to April of the zonal mean temperature response to
ENSO in the lower stratosphere (30—70hPa) over the po-
lar cap (70 N-9C° N) as shown in Fig. 2. The results from
ERA40 and SSU shown in Fig. 2 reproduce those deduced

Figure 1 shows the time evolution from October to April of from Fig. 1. In Fig. 2 (left), one curve per model is plotted,
the ENSO zonal mean temperature anomalies aN7@rom  i-€- the anomaly has been averaged over the set of multiple
100 hPa to 0.1 hPa, for the composite of the 4 warm eventé€alizations performed by the same model, when available,
(top) and the 6 warm events (bottom), for both the SSU/MSUIN order to reduce the number of lines in the plot. In the right
(left) and ERA4O (right) data. Figure 1 shows that in the Panels of Fig. 2 we estimate the response to ENSO, by com-
case of the 4 largest ENSO events, the polar warming ocPuting the mean of all simulations and its significance, the
curs first in the upper stratosphere (about 4K for SSU andatter estimated with a t-Student test performed over the total
8K for ERA40, significant in December at 95%) and then Number (30) of available simulations.

descends to the lower stratosphere, characteristic of the po- For the 4 WE anomaly (Fig. 2 top-right), the largest tem-
lar night jet variability (Kuroda and Kodera, 2001). The perature warming is obtained in February (about 7K for

3 Temperature in the lower stratosphere

Atmos. Chem. Phys., 9, 8938948 2009 www.atmos-chem-phys.net/9/8935/2009/
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Fig. 1. Monthly zonal mean temperature ENSO anomalies (ENSO minus NEUTRAL composites) from October to AgtiNah7Zdnal

mean temperature for (left) the MSU4/SSU satellite and (right) ERA40 reanalysis, considering (top) the 4 and (bottom) the 6 major events
from 1980 to 1999. Horizontal bar reports grey shadings showing the significance levels. Contour interval: 2K, dotted lines represent
negative values.

ERA40 and 5.5 K in SSU), whereas for the mean of all model The analysis of Figs. 1 and 2 shows that the time evo-
simulations the largest warming is found in March (2.8 K, lution of the temperature anomaly for the 6 warm ENSO
significant at 95%). The mean of all model simulations is events, with the two additional events not disturbed by the
positive and significant in February (2 K, significant at 90%) volcanic external forcing, is similar but slightly weaker than
and in April (1.8 K, significant at 90%). The warming for the the anomaly for the 4 largest ENSO events for the model
mean of all model simulations in late winter and spring is rel- mean. From here on the analysis will focus on the 4 warm
atively small compared with the reanalysis and satellite dataENSO composite only.

because the models show quite variable responses (see the

spread of the colored curves on Fig. 2, left). For some mod-

els, the largest positive anomaly at these altitudes is found it Troposphere teleconnection and link to the response
January or even in March-April; for three of them the posi-  in the stratosphere

tive anomaly is greater than SSU, but lower than ERA40; and )
three models do not show any warming in this layer. Begr./N order to relate the modeled response in the polar lower
ing in mind the internal stratospheric variability, we can con- Stratosphere to the representation of the ENSO teleconnec-
clude that the ERA40, SSU and the model results are consisions within the troposphere (specifically, in the mid-latitude
tent and agree within the uncertainties. Associated with thid\orth Pacific region), the relationship between e in-
stratospheric warming, a weakening of the polar vortex isdeX (see Sect. 2), measure of the ENSO tropospheric tele-
found, that is highly variable across the models (not shown)connection, and th& 7 index, measure of February-March
The zonal mean temperature response to ENSO in the tropROlar lower stratosphere temperature anomaly, is shown in
cal lower stratosphere (not shown) reports a cooling of abouf'9- 3 (the AZ index has been calculated for 24 of the
—1K in February and-0.5K in March for ERA40. About 30 Simulations).

half of this cooling is reproduced by the mean of all model  1he AT index distribution across the simulations tends
simulations. to be positive (Fig. 3, top-left): 18 simulations show pos-

itive response, 6 simulations a negative response, with the
largest occurrence in the positive anomaly associated to the
2-3K bin. These results summarize Fig. 2. The distribution

www.atmos-chem-phys.net/9/8935/2009/ Atmos. Chem. Phys., 9, 8938-2009
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Fig. 2. (Left) Monthly zonal mean temperature ENSO anomalies from October to April, averaged over the polardgpd@N) and the

(30—70 hPa) pressure band, for each model, ERA40 (black thick line) and SSU (grey thick line). SSU anomalies are calculddeghat 70

50 hPa. Concerning the simulations (colored lines), one curve per model is plotted, i.e. the anomaly has been averaged over the ensembl
members, when available. (Right) the mean of all simulations calculated over the 30 models (dotted line) and, repeated from the left panel,

ERA40 (black thick line) and SSU (grey thick line). Superimposed are significances at more than 90% (grey stars) and 95% (black stars) for

the model mean. (Top) 4 ENSO events and (bottom) 6 ENSO events.

of the AZ index across the simulations (shown in Fig. 3 eddy geopotential height field is robust for ERA40. For the
bottom-right) indicates that the response is variable alsamajority of the model simulations the tropospheric signal as-
for this index. This index is a quantitative estimate of the sociated to ENSO, even if smaller, is robust as well as the
tropospheric stationary wave anomaly during strong ENSOA Z index is significant at 99% with respect to their stan-
episodes. Consequently, a large value of this index can imphdard deviation (the simulations satisfying this are indicated
an increase of vertically propagating planetary waves emergby stars). Only two models (LMDZrepro and UMSLIMCAT)
ing from the troposphere (see the Appendix A for an exam-have a non-significanA Z index (dots in Fig. 3 top-right),
ple). three models show A Z index with a significance ranging
) o between 95% and 99% (indicated by crosses).

Thg maximum occurrence fo_r this index forthg model data  Erom the above analysis of theZ index it is implied that
pool is found in the 40-55m bin whereas theZ index for  the model simulations that do not have a strong enough extra-
ERA4O is larger (103m). In Fig. 3 top-right are shown the yqphica| ENSO teleconnection pattern in the troposphere are
1-standard deviation and 2-standard deviations forAl® ot sypposed to have a response in the stratosphere. Indeed,
index of ERA4O0 (the vertical continuous and dotted lines, '®-the two models that do not reproduce a significant tropo-

spectively); note that the maximum occurrence of e  gpheric extratropical ENSO signal report a temperature re-
index for the model ;lmulatlons is clos_e to the 2-S|gm§1 Va'“esponse that is close to zero, or slightly negative (Fig. 3 top-
of ERA40. TheAZ index for ERA40 is about four times (g The rest of the model simulations (the majority) are
its standard deviation, whereas for the majority of the model;, good agreement with ERA40, in the sense that they are
simulations the ratio of this index with respect to its stan- . ,stered in the region of positivaT index and larger than
dard deviation is smaller (about 3, not shown). This resulty_ciandard deviation ERA48 Z index. Their positive tem-
shows that the ENSO tropospheric stationary wave anomaseratyre response in the stratosphere (evidenced also by the
lies are larger (and with higher variability) for ERA40 than histogram) is however characterized by a large spread. This

for the majority of the simulations (note that ERA40 is dom- g5r644 is therefore due to the modeled stratospheric internal
inated by the large 1998 ENSO event, not shown). This d's'variability.

cussion implies that the ENSO extratropical response in the
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Fig. 3. (Top-left) Histogram of the temperature (K) anomaly of Fig. 2 (4 WE=4 warm events), averaged over February and\\TafFah) (

for 24 models; red/blue bars indicate the number of model simulations with positive/negative temperature response. (Top-right) scatter plot
for each model (listed in Table 1) and ERA40 of the temperature (K) anomaly of Fig. 2, averaged over February and\Wanctex),

versus theA Z index (m; indexz_relat) at 500 hPa; (Bottom-right) histogram of th&Z index (m) at 500 hPa for the models. The simulations

with a AZ index significant at 99% and 95% are represented by stars and crosses, respectively; the simulations with a non-aignificant
index are shown by dots. 1-standard deviation and 2-standard deviations Ztivelex of ERA40 are shown as the vertical continuous

and dotted lines, respectively.

Another important result of Fig. 3 is that differences 5 0Ozone
among the simulations in thaZ index are almost twice

larger than the differences within the multiple realization The impact of ENSO on the column ozone distribution is
runs of a model (see_ theeZ index range for WACCM' MRI, _illustrated in Fig. 4 for the models, the NIWA dataset and for
and SOCOL). As discussed above, an explanation of thishe mean of all model simulations, at polar latitudes’ (Y0
result is that the tropospheric ENSO teleconnection is subgoo N average, top) and in the Tropics (15-15 N average,
stantially different for some of the models. Although also bottom).

the spread in this index among the model simulations with a In the polar region, the NIWA column ozone anomaly is

significantAZ index can be related to the variability of the ) e
ENSO extra-tropical tropospheric teleconnections, for theh€dative from October to January and positive in February,
The NIWA total ozone positive anomaly

models with an insignificant index it should be mainly related March and April.
to model formulation. On the other hand, the comparable'S 12rgest in February~<20 DU). The model responses show

spread £2K to 9K) in the AT index among all the model & large spread, especially in January, February and .March.
simulations is indicative of the modeled stratospheric internal ! N€ column ozone anomaly in the mean of all model simula-
variability, and suggests that even with a similar ENSO tele-lons is positive from January to April and reache$0 DU
connection in the troposphere (see for example WACCM

) in March (not significant). In the tropical regions (Fig. 4,
there is variability in the lower stratospheric temperature re-P°t{om), negative ozone anomalies are observed throughout
sponse.

the whole winter season. The largest negative anomalies are
again obtained for the same months: in February DU)

for NIWA and in March (6 DU, significant at 95%) for

the mean of all model simulations. Figure 4 demonstrates
that an increase of the column ozone in the Arctic (top) is
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Fig. 4. Monthly zonal mean column ozone (DU) ENSO anomalies from October to April, averaged over the polar’ddpq@0ON) (top-

left) and between (1B9N-15" S) (bottom-left), for each model and for NIWA (black curve). The color code for the models is the same as
Fig. 2. One curve per model is plotted, i.e. the anomaly has been averaged over the ensemble members, when available. (Right) the mean c
all simulations (black dots) and NIWA (black curve). Superimposed are significances at more than 90% (grey stars) and 95% (black stars)
for the mean of all simulations.

accompanied by a coherent column ozone decrease at tropi-
cal latitudes (bottom).

4 Warm Events The accumulation of ozone at high latitudes is indicative

I ' ' " ] of stronger diabatic descent during ENSO in that region,
a0 CORR= 0.851 * - . . .

I 1 consistent with a warmer polar lower stratosphere (Fig. 2)

> s0.0% " X 1 and an increased Brewer Dobson circulation. The column

ozone decrease in the tropics is consistent with increased
ascent in the lower stratosphere circulation and, again, in-
L ’ 1 creased Brewer-Dobson circulation. As for the temperature,
°r % 7] the column ozone anomaly across the models at high lati-
\ tudes is highly variable showing a large spread in the model
responses. In the tropics, the response across the models is

20 * * X% -

Delto 03 index [DU], 7ON—9ON

consistent and quite robust (Fig. 4, bottom-left and the signif-

L 1 icance in the bottom-right). Note however that in the tropics
“r 7 the column ozone is also directly affected by ENSO, because
- - . . 5 during ENSO the warmer sea surface temperatures lead to
DeltoT index [K], 70N-90N a warmer troposphere and a higher tropopause throughout

_ _ most of the tropics. The higher tropopause in turn implies a
Fig. 5. Scatter plot of theAQOz index (column ozone ENSO  decrease of the tropical column ozone (Shiotani, 1992; Stein-
anomaly, DU, of Fig. 4 top-left averaged over February and March)precth et al., 2006). The response in the tropical lower strato-
versus theAT index (temperature anomaly, K, of Fig. 2, averaged qphare can also be directly related to local tropical wave forc-

over February and March). Black star: the NIVWO3 index (DU) : : : :
versus the ERAAQ\T index (K). Lnugrr(eaiwgrrlt(and Dameris, 2008) a topic not addressed in the
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Fig. 6. (Left) Histogram of theAO3(FM-ND) index (the column ozone anomaly, DU, average of February and March, minus the November—
December average) for all the models &t RB-9C° N (top) and 18 N-15> S (bottom); red/blue bars indicate the number of model simulations
with positive/negative temperature response. (Right) scatter plot af@gFM-ND) index versus the\ Z index (m) at 70 N-9C° N (top)

and 15 N-15 S (bottom) for all models (in color, coded as in Fig. 3). Black stars represent the M@#(FM-ND) index versus the
ERA40 AZ index. The simulations with & Z index significant at 99% and 95% are represented by stars and crosses, respectively; the
simulations with a non-significa Z index are shown by dots. 1-standard deviation and 2-standard deviations foZtimelex of ERA40

are shown as the vertical continuous and dotted lines, respectively.

Figure 5 reports a scatter plot of theO3 index versus the The anomalous wintertime increase of column ozone at
AT index. This figure shows that the ENSO response@y high latitudes and decrease at low latitudes is defined as the
andAT for the majority of the models is located in the upper- anomalous tendency of column ozone from the beginning of
right quadrant, in agreement with the signature from observawinter to the end of winter/beginning of spring and is ana-
tions. Moreover, a clear positive correlation (0.85, significantlyzed following Salby and Callaghan (2002) and Fusco and
at more than 99.9%) between the modeled column ozone an8alby (1999). Figure 6 (left) shows the distribution of the
temperature anomalies is found. This relationship is con-AO3(FM-ND) index (Sect. 2) at polar (top) and tropical (bot-
sistent with the one expected from inter-annual variability. tom) latitudes. The distribution of th&aO3(FM-ND) index
Indeed, the slope deduced from Fig. 5 (about 5DU/K) isis clearly negative at tropical latitudes (with 23 simulations
close to the slope calculated using the ERA40 temperatureeporting a negative index and just one realization with a pos-
and NIWA column ozone from the pool of all the individual itive index) whilst it is generally positive (17 models) at high
years (about 5.5 DU/K; not shown). Moreover, Fig. 5 showslatitudes. In this case, the anomalous wintertime increase of
that the positive correlation appears also for the 9 realiza<column ozone at high latitudes represents the column ozone
tions from the SOCOL model and possibly the 5 realizationsdynamical accumulation (i.e. ozone that is transported by
from the MRI model, and that the spread among the modelsanomalous residual circulation) with a negligible contribu-
is comparable to the spread among the same-model realizaéion of the dynamically-induced chemical effect (i.e. changes
tions of either SOCOL or MRI. These results indicate that thein ozone due to changes in photochemistry induced by dy-
cause of the spread in the modeled responses is physical (a&mical changes in temperature), because ENSO years are
opposed to be due to unphysical biases in the models), andnomalously warm.
it is due to modeled internal variability. The internal strato-
spheric variability appears to play a dominant role, possibly In order to quantify the sensitivity of the anomalous strato-

obscuring differences due to model formulation. spheric ozone accumulation controlled by dynamical vari-
ability to the tropospheric forcing in the North Pacific region
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during ENSO, Fig. 6 (right) shows the scatter plot of the win-
tertime dynamical ozone accumulation during ENSO (the
AO3(FM-ND) index) together with theAZ index, as al-
ready done for the anomalous temperature in Fig. 3. Fig-
ure 6 shows that model simulations that are in good agree-
ment with ERA40 (modeled Z index larger than 2-standard
deviations ERA4QA Z index) simulate a dynamically accu-
mulated ozone during ENSO at polar latitudes and a decrease
at low latitudes, reflecting enhanced stratospheric transport,
as expected from previous analysis of Figs. 3and 5. In partic-
ular, as in Fig. 3, the only two models with a non-significant
(at 95%)A Z index (dots in Fig. 6) report a response in ozone
at both latitudinal bands that is close to zero (as for tempera-
tures in Fig. 3).

The ozone sensitivity to the strength of the ENSO forc-
ing into the troposphere deduced from Fig. 6 shows that an
increasing of the tropospheric forcing in the North Pacific
region during ENSO of about 2—-3 standard deviations im-
plies a modeled wintertime ozone accumulation of about 15—
25DU (and a simultaneous reduction ranging betweén
and —5DU in the Tropics). These quantities for the obser-
vational datasets are30 DU in the Arctic 5DU in the
Tropics), with an enhanced tropospheric ENSO forcing of
about 4 standard deviations. Therefore, the modeled ozone
sensitivity to the strength of the tropospheric ENSO forcing
is in good agreement with the observational datasets.

6 Summary and conclusions

A systematic CCM inter-comparison of the stratospheric

temperature and ozone response to ENSO for the Northern
winter is reported. The model simulations considered here
are those used for the CCMVal-1 activity (presented and dis-

cussed in Eyring et al., 2006), of which many contributed to 4

the last ozone assessment (WMO/UNEP, 2007). The main
results are summarized here:

1. In the lower stratosphere, the mean of all model sim-
ulations reports a warming of the polar vortex during
strong ENSO events: The February-March temperature
anomaly in the lower stratosphere is positive, signifi-
cant and of the order of 2K for the mean of all model
simulations. The response to ENSO obtained from the
individual simulations is however highly variable, be-
cause of the large internal atmospheric variability and
possibly also because of differences in model formula-
tions. The mean anomaly derived from the model simu-
lations is consistent with but smaller2 K) than the
estimate from the SSU temperature4(K) and from
ERA40 (~6 K) in the lower stratosphere.

2. The warming found in the mean of all model simula-
tions in the polar lower stratosphere is associated with
an increase of column ozone north oM The col-
umn ozone ENSO anomaly in the mean of all model
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simulations is positive and of the order of 10DU in
March. The dynamical increase of the column ozone
in the Arctic during ENSO is accompanied by coherent
column ozone decrease in the Tropics (7 DU). The mod-
eled anomalies are in very good agreement with those
derived by the NIWA column ozone in the Tropics and
consistent but about one half of the anomalies found
with NIWA in the Arctic (~20 DU in February).

3. The AZ index represents a measure of the eastward

elongation of the north-west Pacific trough during warm
ENSO years. As discussed in Manzini et al. (2006),
this structure is persistent in time and may enhance the
tropospheric forcing of upward propagating planetary
wave one (see also the Appendix A). Once the plane-
tary wave one is enhanced also in the stratosphere, it can
affect the zonal mean flow (by wave-mean flow interac-
tion) and give rise to large-scale effects. The analysis
of the AZ index reveals that the temperature and ozone
response in the lower stratosphere depend on the repre-
sentation of the tropospheric ENSO teleconnection: For
the most of the model simulations that have a significant
ENSO teleconnection pattern in the troposphere, the
Arctic lower stratosphere is warmer, and the response in
ozone is characterized by, an increased ozone dynami-
cal accumulation in the polar latitudes and a decrease
at tropical latitudes, consistent with increased circula-
tion in the stratosphere. Conversely, the model simu-
lations that do not have a strong enough extra-tropical
ENSO teleconnection pattern in the troposphere (and
that therefore are not supposed to have a response in the
stratosphere) show indeed a stratospheric signal close to
zero.

Even if the modeled ozone anomalies are smaller that
the anomalies found with NIWA in the Arctic, the mod-
eled ozone sensitivity to the strength of the tropospheric
ENSO forcing is in good agreement with the observa-
tional datasets: from about 15 to 25DU in the Arctic
(from —2 to —5DU in the Tropics) for an increase of
the ENSO forcing of about 2—-3 standard deviations in
the models;~30 DU in the Arctic 5 DU in the Trop-

ics) for an increase of about 4 standard deviations in the
observations.

. The role of modeled internal variability in the polar

stratospheric ENSO response has been deduced by the
spread in the temperature and ozone ENSO anomalies
for the models that provided more than one realization
of the 20-year period considered. We have found that
the spread of theAZ index among the models tends

to be larger than the spread within the realizations ob-
tained by one model (MRI, SOCOL, WACCM). In par-
ticular, for the SOCOL model, for which there are 9 re-
alizations, the spread between its realizations is about
half the total spread. We also notice that only two
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models (LMDZrepro and UMSLIMCAT) report aZ 240
index that is non-significant and is below one standard
deviation (~25m) of the stationary eddies of ERA40,

suggesting that the tropospheric ENSO teleconnection
for these models is underestimated, because of mode
biases in the representation of tropospheric processes
These results imply that tropospheric variability and dif-

ferences in representing ENSO teleconnection in the
troposphere, due to differences in model formulations,
play a substantial role in the stratospheric response to g,
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To summarize, our systematic intercomparison of the
sensitivity of the response to ENSO in the stratosphere
for CCMs included in the CCMVal-1 activity is in agree-
ment with previous analysis based on observational dataset:
(Bronnimann, 2004), the SOCOL CCM (e.g. Fischer et al.,
2008; BHnnimann et al., 2006) and other modeling studies
(e. g. Sassi et al., 2004; Manzini et al., 2006). Namely, also
the mean of all simulations from the pool of models con-
sidered here display a polar warming and increased column
ozone during ENSO years. Differently from the mentioned . . . ]
works in this analysis the ENSO signal in the lower strato- -100 -50 0 50 100
sphere is considered to be non linear, through the use of the dex Zeilims sedes (M)
composite technique (following Manzini et al., 2006 and Ho-
erling 1997). Fig. Al. Scatter plot of (top) the February—March temperature

The reported modeled and observed warming in FM lowerdt 50 hPa averaged bet\_/veerf°¥90’ N and the January—February
stratosphere and increase (decrease) in total column ozor’r’éjgy heat flux anomalies at 100hPa averaged betwe&iN-45
at high (low) latitudes, is consistent with increased residual’> (bottom) the January—February heat flux anomaly at 100 hPa

. . . . . averaged between 451-75° N and the newA Z* index. Grey stars
circulation during ENSO. Given the spread n .the tempera- epresgent the ENSO years. Data from one simulation o); the MRI
ture and the ozone responses to ENSO, within the pool ofnodel.
available simulations, the strength of this increase is presum-
ably also highly variable. The positive correlation (signif-
icant at more than 99%) and the slope found between thetate) is important when attempting to accurately simulate
ENSO anomaly in temperature and column ozone indicateshe stratospheric response to ENSO forcing in Chemistry Cli-
that interannual variability is the main driver for theT, mate Models.

AQO3 covariance, hence interannual variability explains the
spread in response to ENSO.

The responses in the lower stratospheric temperature andppendix A
in column ozone are highly variable indicating that the large
internal stratospheric variability in the models plays a major The link between the\ Z index, defined in Sect. 2.3 and dis-
role in determining these responses. Nevertheless, by quarsussed in Sect. 4, and the eddy heat flux at 100 hPa is detailed
tifying the tropospheric stationary eddy enhancement duringhere.
ENSO and its variability across the model simulations, we Figure Al shows (top) the correlation between the
have shown that the tropospheric ENSO teleconnections arBebruary-March polar cap averaged temperature at 50 hPa
important in explaining the range of responses in the lowerand the January—February heat flux anomaly at 100 hPa av-
stratospheric temperature and in column ozone. In fact, oueraged between 4575 N, for each single year of one of
analysis suggests a strong link between the dynamical ENS@e MRI simulations (as an example); and (bottom) the cor-
external forcing of the stratosphere and the strength of theelation between the January—February heat flux anomaly at
response in the stratosphere. This result is therefore th&00 hPa averaged betweer?435° N and a newA Z* index
most promising for being used to differentiate between thecalculated in the following way: at 500 hPa,°30 and for
role of internal variability and model formulation in a larger the AZ index longitude, for each year of the 1980-1999
pool of realizations and models and it highlights that tropo- period, the difference between the DJF averaged stationary
spheric modeling (specifically the parameterizations of theeddy geopotential height of that year and its climatology
processes related to diabatic heating and the modeled meas computed from the NEUTRAL years (NEUTRAL years
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defined in Table 2). This computation implies that the aver- start of ozone recovery, Q. J. Roy. Meteorol. Soc., 129, 3225—
age of A Z* for the 4 warm ENSO years is theZ index used 3249, 2003.

in Fig. 3. In grey are the signatures for the 4 ENSO eventsAustin, J. and Wilson, R. J.: Ensemble simulations of the de-
used in Fig. 3 and the two additional ones used in Fig. 2. Fig- cline and recovery of stratospheric ozone, J. Geophys. Res., 111,
ure A1 (top) shows that three events (1983, 1992, 1998) of P16314, doi:10.1029/2005JD006907, 2006. _

the four strongest events lie at the up-right side of this scattef*UStin: J-» Wilson, R. J., Li, F., and Voemel, H.. Evolution of wa-
plot: For three of the four largest ENSO events, the tempera- ter vapor concentrations and stratospheric age of air in coupled

chemistry- climate model simulations, J. Atmos. Sci., 64, 905—
ture and heat flux are grouped together as the strongest ones.q,1 507,

Figure Al (top) therefore supports the notion that that theBeag|ey’ S.R., de Grandpre’, J., Koshyk, J. N., McFarlane, N. A.,
heat flux is high for warm ENSO. Figure Al (bottom) shows  and Shepherd, T. G.: Radiative-dynamical climatology of the
that there actually appears to be also a linear relationship be- first-generation Canadian Middle Atmosphere Model, Atmos.
tween the January-February heat flux anomalies at 100 hPa Ocean, 35, 293-331, 1997.

and theA Z* index for the MRI simulation, and that it is in Bloom., S., da Silva, A., Dee, D., Bosilovich, M., Chern, J.-D.,
agreement with our expectation: ENSO years are character- Pawson, S., Schubert, S., Sienkiewicz, M., Stajner, 1., Tan, W.-

ized by large heat fluxes anslZ* indices (grey signatures). W. and Wu, M.-L.: Documentation and validat@or? of_ the God-
dard Earth Observing System (GEOS) data assimilation system —
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