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Abstract. We present an order of magnitude estimate of1 Introduction
the impact of sprites and other transient luminous events
(TLEs) on the atmospheric temperature via ozone change®A number of natural phenomena affect the distribution of
To address the effects of expected TLE-ozone changes of ahiddle atmosphere ozone, which in turn induces a degree of
most a few percent, we first study the linearity of the radia- variability in the atmosphere and climate. The seasonal cy-
tively driven response of a stratosphere-mesosphere modele causes changes up to 30% in total ozone at high latitude.
and of a general circulation model (GCM) to a range of uni- Gradual variations produced by the solar cycle UV changes,
form climatological ozone perturbations. The study is lim- or oscillations such as the quasi-biennial oscillation and El
ited to Northern Hemisphere winter conditions, when plan-Nifio can induce changes of a few percent in stratospheric
etary wave activity is high and the non linear stratosphere-ozone. Anthropogenic chlorofluorocarbons lead to ozone de-
troposphere coupling can be strong. Throughout most opletion in the lower stratosphere and to the so called ozone
the middle atmosphere of both models, the radiatively drivenhole in the Southern Polar spring. Besides cyclic changes,
temperature response to uniform 5% to 20% ozone perturbaimpulsive processes such as large solar proton events lead
tions shows a close-to linear relationship with the magnitudeto sporadic large ozone reductions in the polar regions (see
of the perturbation. A mid-latitude stratopause ozone pertur\Wayne, 2000, for a review of stratospheric ozone perturba-
bation is then imposed as an idealised experiment that mimtions). Recently, growing attention has been paid to the pos-
ics local temperature gradients introduced by the latitudinalsible chemical impact of transient luminous events (TLES),
dependence of TLEs. An unrealistically high 20% magnitudeelectrical discharges which occur in the middle atmosphere
is adopted for the regional ozone perturbation to obtain stain coincidence of intense tropospheric thunderstorms (see
tistical significance in the model response. The local linearitye.g. Neubert et al., 2003, 2008).
of the radiatively driven response is used to infer a first order Enell et al. (2008) used an ion-chemistry model to esti-
estimate of TLE-induced temperature changes of the order ofnate the chemical impact of sprites and found them to in-
0.015K under typical conditions, and less than a peak temduce negligible global changes, but local changes of up to
perature change of 0.3K at 60—-70km height in coincidence500% on atmospheric NQover extremely intense thunder-
of extraordinarily active TLE-producing thunderstorms be- storms. Their typical case led to a few tens of percent change
fore horizontal mixing quickly occurs. In the latter case, in NO, in agreement with the calculations by Sentman et
dedicated mesoscale modelling is needed to study the releal. (2008). The corresponding changes in ozone were found
vance of regional non linear processes which are expected t@ be globally negligible, and possibly at most a few percent
impact these radiatively driven responses. over extraordinarily active sprite-producing thunderstorms.
These estimates are compatible with a possible local sprite
signature found in remotely sensed middle atmospherg NO
by Arnone et al. (2008), and by the lack of a corresponding
global signal (Arnone et al., 2008; Rodger et al., 2008).

Even though these ozone changes are globally negligible,
the interest in studying the radiative and dynamical response
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mechanisms that can amplify the atmospheric response and The atmospheric GCM used is cycle 14 of the ARPEGE
couple the middle atmosphere to the troposphere (Haynesnodel from Meteo France (Bqie et al., 1994; Christiansen
1991; Baldwin and Dunkerton, 1999; Christiansen, 2001).et al., 1997). It has 41 vertical levels, with a high res-
Moreover, the major contribution to the observed lower olution in the low to middle stratosphere, about 1-2 km,
stratosphere cooling over the last decades is due to redudut only few levels in the high stratosphere to low meso-
tions of ozone (WMO, 2006) which is thus the driver of such sphere. The horizontal resolution is the same as for the
a dynamically disturbed atmospheric region. SMM, i.e. 5x5 degrees. The sea-surface temperatures and
In this paper, we describe the temperature and zonal wingea-ice are in a prescribed climatological state. The radiation
response of two atmospheric models to an imposed 20%cheme (Morcrette, 1991) calculates longwave cooling over
regional mid-latitude stratopause perturbation that mimicssix bands and shortwave heating over 2 bands (UV/visible
the distribution of observed TLEs. We use a stratosphereand near-infrared). Constants for a linear parameterization
mesosphere model and an atmospheric general circulatioaf the ozone mixing ratio are calculated using photochemi-
model (GCM) as described in Sect. 2. The description ofcal sources and sinks in a 2-D stratospheric model with pre-
the ozone reduction experiments is given in Sect. 3. The lin-ozone hole conditions. The climatology of the ozone is sim-
earity of the local radiatively driven response is studied withilar to that used in the SMM, and drifts from the climatology
a series of uniform ozone perturbations and used to infer thelue to the perturbations in this study are small. Model tem-
impact of TLEs on the basis of the regional experiment. Inperatures above 0.7 hPa are relaxed to a climatological state.
Sect. 4, we discuss the results of these experiments. Conclu-

sions are given in Sect. 5.
3 The experiments

2 The models The experiments were performed by reducing the climato-
logical ozone fed to the radiation schemes, with no (or low
The experiments are performed with a radiative-dynamicfor ARPEGE) feedback on the ozone distribution itself. This
stratosphere-mesosphere model with a high resolution in thapproach limits the degrees of freedom of the system and al-
middle atmosphere, and with an atmospheric GCM that covlows a clearer interpretation of the dynamical response.
ers the troposphere-lower stratosphere region and extends atFirstly, uniform ozone reductions by 5%, 10% and 20%
a lower resolution into the low mesosphere. were applied to both models to investigate the linearity of
The first model is the Stratosphere-Mesosphere Modethe model response at different magnitudes of the pertur-
(SMM), originally derived from the UK Met Office (Austin bation. For clarity we label these experiments respectively
and Butchart, 1992). A number of previous investigationsSMM_U5, SMM_U10 and SMMU20 for the SMM, and
have shown the validity of this model in studying the ra- ARP_U5, ARP.U10 and ARRU20 for ARPEGE. On the
diative and dynamical behaviour of the middle atmosphereSMM we used 20 model year runs with full seasonal cy-
(O'Neill and Pope, 1988; Austin et al., 1992; Arnold and cle and NCEP lower boundary forcing from 1965 to 1984
Robinson, 2000; Gray et al., 2003). The SMM has 32 verti-(1962—-1964 were used as a spin up and discarded). We lim-
cal levels equally spaced in log-pressure with a resolution ofted the study to boreal winter conditions when the north-
0.125 hPa (about 2 km), ranging from 316 to 0.03 hPa, and @rn polar region is strongly affected by dynamical activ-
horizontal resolution of %5 degrees. The model is forced ity, and the troposphere-stratosphere coupling can be strong.
at the lower boundary by 300 hPa geopotential heights. WEARPEGE was used in perpetual January mode to produce
use a set of NCEP/NCAR reanalysis geopotential heights thathe equivalent of 20-year model runs to be consistent with
were filtered, keeping only the mean and the first three plan{previous studies and limit computing time (e.g. Christiansen
etary waves to guarantee model stability on long term experet al., 1997). The differences of ARPEGE in perpetual Jan-
iments from 1962 to 1984 (see details in Berg et al., 2007).uary mode compared to the January mean state of the full
The radiation scheme accounts for carbon dioxide, ozone angleasonal cycle mode were investigated for temperature and
water vapour in the longwave range, and for diatomic oxy-zonal winds and were found to be less than one percent
gen and ozone in the shortwave range over six spectral bandBroughout the stratosphere.
(Strobel, 1978; Shine, 1987). Climatological distributions The regional experiment was then performed perturbing
of these trace gases from the seventies are used in order the climatological ozone of both models with a 20% pertur-
be consistent with the lower boundary forcing and to be inbation localised in the mid-latitude upper stratosphere. The
pre-ozone hole conditions. Even though the SMM is a sim-perturbation was applied imposing a double Gaussian lat-
ple model compared to state-of-the-art GCMs, the adoptedtudinal profile centred at 455 and 48N, and extending
version forced with NCEP geopotential heights showed aover a few grid points latitude (standard deviation equals to
close reproduction of the observed (NCEP/ERA40) planetaryt model grid points or 20 degrees latitude), and further im-
wave activity and interannual variability, which most current posing a Gaussian vertical profile centred at 1.0 hPa (with a
GCMs struggle to reproduce. standard deviation equal to 5 model levels or about 10 km,
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Fig. 1. Zonal mean difference in temperature (K) between perturbed

experiments and control experiments for the SMM (top panels) andrig. 2. Zonal mean difference between the regional (mid latitude

the ARPGE GCM (bottom panels). A uniform ozone reduction was 1hPa region) 20% ozone perturbations and the control experiments

applied with magnitudes 5%, 10% and 20% (left to right). Statisti- for the SMM (left) and for the ARPGE GCM (right). The responses

cally significant changes at 99% level are shaded in grey (95% lightin temperature (K — top) and zonal winds (m/s — bottom) are shown.

grey). Statistically significant changes at 99% level are shaded in grey
(95% light grey).

thus away from the model upper boundary). We label these
experiments SMMMM20 and ARRMM20. Since TLEs are  we discuss the results in terms of “radiative” and “dynami-
sub-grid phenomena and cannot be directly modelled, the apeal” responses of the atmosphere, under the assumption that
plied perturbation mimics their overall impact above active the atmospheric shortwave heating and longwave cooling
mid-latitude regions where TLEs are most observed (see e.qwhose sum is the net radiative heating) are equilibrated by
Lyons, 2006): efficient zonal transport leads to the adopteddynamical heating and cooling according to the first law of
zonally homogeneous distribution over timescales of a fewthermodynamics. In fact, internal energy changes can be ne-
days. glected on the time scales we study, and phase transitions
The perturbation experiments were compared to the correef water are absent in the relatively dry stratosphere (Chris-
sponding unperturbed control experiment. A Student’s t-testiansen et al., 1997). “Radiative” refers thus to atmospheric
of the mean was applied to the perturbed and control run@djustments that do not involve any dynamical heating or
to investigate the significance of the model responses to theooling; “dynamical” implies dynamical changes needed to
perturbations. We refer to a difference as significant when itbalance a change in the net heating rates. The radiative re-
is above the 99% significance level. sponses of this study are equilibrium responses after temper-
ature adjustment: in the case of longwave cooling these do
not directly relate to the instantaneous radiative forcing.
4 Results and discussion
4.1 The temperature response of the stratosphere-
The experiments and main results are summarized in Table 1.  mesosphere model to the uniform perturbations
The results for the 5, 10 and 20% uniform ozone reduction
experiments are shown in Fig. 1. The figure shows the zonals shown in Fig. 1 (top panel), most of the middle atmo-
mean temperature difference between perturbed runs and ttephere temperatures respond to the ozone perturbations in
control run. Figure 2 shows the temperature and zonal winda linear way, mainly through radiative changes. This is
response of the two models to the regional perturbation exevident in the SMM where most regions with direct sun-
periment. All results shown are for Northern Hemispherelight (thus where TLE ozone perturbations occur, assum-
winter (SMM) and perpetual January (ARPEGE), with the ing a persistence from night-time to day-time) show sig-
99% level of statistical significance shaded in grey (95% innificant changes resembling the patterns of the UV heating
light grey). rates (not shown). The peak temperature responsel & K
The changes applied to the ozone field cause a change ¢MM_U5), —3.9 K(SMM_U10) and—8.1 K (SMM_U20) at
the short-wave UV absorption and of the long-wave emis-1.0 to 0.2 hPa show a close-to linear dependence on the mag-
sion/absorption, which affect the heating rates. Followingnitude of the perturbation. Interestingly, even a 5% ozone
earlier studies of ozone perturbations (e.g. Fels et al., 1980)perturbation causes temperature changes that are significant
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Table 1. Ozone reduction experiments performed on the SMM and the ARPEGE GCM. The name of the experiment (columns from the left),
the percentage of ozone reduction, the peak temperature change, an indication of the qualitative response of the winter North Pole and of the
troposphere are shown. See text for details.

Experiment Ozone perturbation Peak temperature  Significant changes in Significant changes in
change (K) the North Pole the troposphere
SMM_U5 Uniform 5% -1.8 above 0.1 hPa -
SMM_U10 Uniform 10% -3.9 above 1.0hPa -
SMM_U20 Uniform 20% -8.1 above 2.0hPa and at—
200 hPa
SMM_MM20 1 hPa Mid-latitude 20% —3.9 above 0.3hPa -
ARP_U5 Uniform 5% —-1.7 none none
ARP_U10 Uniform 10% -3.2 none 50S/40 S
ARP_U20 Uniform 20% —-6.8 none 70S/60° S
ARP_MM20 1 hPa Mid-latitude 20% —4.8 none 70 S/Equator and NP
in winds

in alarge part of the middle atmosphere with the exception ofture response of 1.7 K (ARP.U5), —3.2 K (ARP.U10) and
the dynamically driven winter pole and of a layer at 3.0 hPa.—6.8 K (ARP.U20) scales close-to linearly with the magni-
Ozone perturbations of only a few percent can thus lead tdude of the ozone perturbation.

significant changes when a_pplied to radiatively driven re-  There are some important differences compared to the
gions of the atmosphere, with roughly 0.4 K peak tempera-gm results. First of all, the relaxation to prescribed tem-
ture decrease per percentage of ozone change at 0.3 hPa. Theratyres above 0.7 hPa prevents the lower mesosphere tem-
low significance of the changes at 3.0 hPa arises due to thBerature response from decreasing as much as in the SMM.
competition of the cooling induced by locally reduced ozone e temperature response of the two models is similar just
and to the increased UV flux due to the reduced ozone in thgq|ow 1 hPa where the relaxation has no direct effect. Sec-
upper layers (see regional experiment in Sect. 4.3). The regngly, ARPEGE shows a much lower significance in the win-
gion of strong cooling that appears at 100 hPa is likely due tog, hemisphere, suggesting a weaker dynamical response. In-
the lack of tropospheric feedback — however detailed investi-deed, none of the 5% to 20% 0zone perturbations cause sig-
gation of this issue is subject for a separate study. nificant changes in the region north of°80. The lower ver-

The winter pole shows an increasingly stronger responsgical resolution might dampen the dynamical response to the
(Fig. 1, left to right) which becomes significant over a larger perturbation (e.g. Polvani and Kushner, 2002). Moreover, in-
altitude range with increasing magnitude of the perturbation.spection of the divergence of the Eliassen Palm (EP)-flux in
In the SMM.U20 experiment, the only low-significant re- ARPEGE suggests that the planetary wave forcing is weaker
gion is the winter Hemisphere north of 7R, between 200  in ARPEGE compared to the SMM and to observations. An
and 3hPa. This region is affected by sudden stratospheritvestigation on shorter length experiments shows that the
warmings and thus has very high variability which can bury extent of the significant region depends on the length of the
any small change induced by perturbations (Kodera, 1995)experiment, i.e. on the number of independent data points in
There is a convincing similarity in the patterns in the temper-the t test, but that the two models maintain their main dif-
ature response of the northern polar stratosphere to perturbgerences (not shown). The extent of the significant region is
tions of different magnitudes: this suggests that the changesffected by the reduced number of years of the experiment in
induced by uniform perturbations of different magnitude area similar fashion as it is affected by the reduced magnitude
driven by the same dynamical mechanism, however they canf the perturbation in the range 20% to 5% (see Fig. 1 right
be too weak to be significant in an experiment of this limited to left).

length. Surprisingly, the low-significant response in the winter

pole shows patterns which are consistent in the different

4.2 The temperature response of the general circulatiorperturbation runs. There is an increased capability of the

model to the uniform perturbations perturbation to reduces the positive temperature response
(+2.4K at 5%, Fig. 1 bottom-left) to a negative response
The behaviour shown by the ARPEGE GCM (Fig. 1, bot- (about—1K) in the 20% ozone reduction experiment (Fig. 1
tom panels) is similar to that of the SMM. The tempera- bottom-right). The SMM shows a similar behaviour in the
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winter pole during the first few years of the experiment: stronger TLE activity is expected) but also in the winter
the positive change dominates the winter pole and disaphemisphere so to understand the impact of the weaker TLE
pears after a few years (not shown). Indeed comparison tactivity in the winter Northern Hemisphere mid latitudes.
NCEP/ECMWEF temperature reanalysis data shows that th8he sub-model grid extent of these phenomena lead us, to
SMM reproduces the observed interannual variability well, a first order approximation, to consider their global impact in
while in ARPEGE the variability is much lower (not shown). a collective manner, which is zonally homogeneous on time
Moreover, inspection of the divergence of the EP-flux and ofscales longer than a few days.
the mass stream function shows that the SMM models the The results of the regional experiment performed
wave activity well (see Berg et al., 2007) while in ARPEGE with the SMM (SMM.MM20) and the ARPEGE GCM
this is weaker by a factor five (not shown). Therefore, it is (ARP.MM20) are shown in Fig. 2. The local temperature re-
not surprising that a weaker wave activity in ARPEGE leadssponse, i.e. within the region perturbed, is fairly similar in the
to a weaker non-local response in the winter pole, whichtwo models as shown by the peak temperature reduction of
should be taken into account while discussing the non lin-about 3K centred at 1 hPa (50 km height) at 85and 45 N.
ear components of the response to the regional experimerifthe increase in temperature below the perturbed region is in-
(see Sect. 4.3). Below 100 hPa the two models show a largduced by a higher UV flux now reaching deeper into the at-
difference between their peak temperatures: this is the largeshosphere. The ARPEGE response is almost symmetrical in
temperature difference between the two models and is likeljthe two hemispheres while the SMM response lack the heat-
to be induced by the absence of tropospheric feedback in thing below the perturbed region in the Northern Hemisphere.
SMM. As in the case of the winter pole in uniform perturbations,
The ARPEGE GCM shows signs of significant temper- the SMM non-local response is stronger than in ARPEGE,
ature changes down into the troposphere, betweerS70 leading the former to have a temperature change in the upper
and 40 S. A tongue of negative change at°@®next to a  stratosphere which spreads across the whole latitude range.
weak positive change at 48 is consistent in all experiments On the contrary, ARPEGE shows a much more localised re-
ARP_U5, ARP.U10 and ARPU20. Interestingly, in a 50% sponse in the upper stratosphere.
ozone reduction experiment (not shown) this tongue of tropo- The change in the zonal winds is very similar in the South-
spheric temperature changes vanishes leading to completeBrn Hemisphere upper stratosphere of the two models but
different patterns of temperature changes, mostly non signifresemble the difference in the temperature response in the
icant. Zonal wind changes follow a similar behaviour, with Northern Hemisphere: the SMM response shows almost no
larger changes in the uniform 20% ozone reduction experichanges in the polar night jet (PNJ) while ARPEGE shows
ment than in the 50% one. This suggests a non-linearity ira PNJ response which is almost symmetrical to the summer
the non-local response of the troposphere where the strongétemisphere jet response. In the lower stratosphere, the SMM
50% perturbation leads to a weaker response compared to trghows no response while ARPEGE has been affected down
20% perturbation. to the troposphere: the lack of an interactive troposphere in-
hibits any response in the stratosphere-troposphere coupling
4.3 The regional mid-latitude upper-stratosphere perturbain the SMM.
tion In the troposphere, the regions of significant changes
that appear in both temperature and winds are different
The uniform perturbation experiments described in the pre-and/or larger than in the uniform experiments (winds for the
vious sections show that the temperature response scalgsRP_U20 are not shown). Interestingly, the significant pos-
close to linearly with the magnitude of the ozone perturba-itive response in the tropospheric winds at-680° S in the
tion in sunlit conditions while it behaves non linearly in the regional ARPMM20 (shown in Fig. 2) is opposite in sign
winter pole and in the troposphere. Here we study the re+to the significant negative response in the uniform ABRFD
sponse of the two models to the regional mid latitude upperexperiment. The localisation of the perturbation at mid lat-
stratosphere perturbation described in Sect. 3 and investigaieudes and in the upper stratosphere has introduced temper-
whether limiting the latitudinal and height extent of the per- ature gradient changes which are larger than in the uniform
turbation can induce a different local and tropospheric re-perturbation, thus leading to larger zonal wind changes and
sponse. larger non-local responses. This experiment shows that the
This idealised experiment is suggested by the TLE impactthanges in temperature and winds in the troposphere in the
on ozone discussed by Enell et al. (2008). TLEs are causedegional experiment have no relation with those in the uni-
by thunderstorm activity and their occurrence is typically form perturbation experiment.
seasonally limited to a latitude band in the summer hemi- A linear scaling of the peak temperature change of 3K
sphere: the most common observations occur over the midebtained in this 20% ozone reduction experiment to account
latitudes where TLE-triggering mesoscale convective sys{for the maximum (insignificant) 0.1% ozone change of the
tems more easily develop (Lyons, 2006). Here we imposeypical TLE scenario by Enell et al. (2008), leads to an im-
a perturbation both in the summer hemispheres (where theact of TLEs on atmospheric temperature at 60—70 km of at
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most an average 0.015 K. On the other hand, adopting Enelpheric changes which are different (if not larger) compared
et al. (2008) maximum case scenario of possibly a local fewmo uniform perturbation experiments.
percent change above extraordinary active sprite producing
thunderstorms, the extrapolated temperature change woulficknowledgementsE. Arnone and P. Berg acknowledge funding
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vanished the ozone change, thus with a negligible impact ofhrough the European Community’s Human Potential Programme
the atmospheric temperature. Clearly, dedicated meoscaarie Curie under contract MERG-CT-2007-209157. P. Berg
modelling is needed to study these localised scenarios angcknowledges funding from the Copenhagen Global Change
account for non linear local processes which are neglected id]mt""mVe (C.OGC|)' E. Amone t_hanks C.-F. Enell for very use-
the adopted global models. ul _suggestlons. T_he authors wish tg thank unknown ref_eree; for
their comments which led to substantial improvement of this article.
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