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Recently, the cosmic-ray-driven electron-induced reaction mechanism (CRE) was introduced to explain
polar ozone depletion and surface temperature change. It was proposed that the dissociation of chloroﬂuorocarbons (CFCs) on ice surfaces of polar stratospheric clouds plays the dominant role in forming
the ozone hole. Efforts have been made to predict polar ozone loss in future years. It was further
proposed that CFCs and cosmic-ray-driven ozone depletion may control global surface temperatures.
These assertions challenge the fundamental understanding of Antarctic stratospheric ozone loss and
global warming. Here we show that these arguments based on the CRE mechanism are inconclusive.
First, correlations of satellite data of CFC-12, N2O and CH4 from ACE-FTS show no evidence of signiﬁcant
loss of CFC-12 as predicted by the CRE mechanism. Second, conclusions drawn about a possible CRE
impact on the atmosphere, based on correlations of different observed atmospheric parameters, do not
have a physical basis. Finally, predictions on the future development of the atmosphere based on these
correlations are not reliable for either the ozone hole or global surface temperatures.
Ó 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
The Antarctic ozone hole is one of the most striking examples of
the impact of human activities on the atmosphere. In 1985, when
the ozone hole was discovered (Farman et al., 1985) all the major
physicoechemical mechanisms responsible for its occurrence were
unknown and a number of competing theories were put forward to
explain the phenomenon (Solomon, 1999). Today, however, the
fundamental mechanisms causing the ozone hole are understood
and man-made halogen compounds have been identiﬁed as the
ultimate cause of stratospheric ozone loss (e.g., Solomon, 1999;
Müller, 2009; WMO, 2011).
Brieﬂy, Antarctic ozone loss is caused by a chain of events
starting in autumn with cooling of the polar stratosphere and
formation of the polar vortex. The polar vortex is a strong stratospheric wind jet that isolates the polar air mass from mid-latitudes.
In winter, when stratospheric temperatures are low enough, polar
stratospheric clouds (PSCs) form, which consist of water ice, nitric
acid hydrates and supercooled liquid ternary HSO4/HNO3/H2O
droplets (Peter, 1997). The PSCs and cold binary sulfate particles
provide surfaces allowing heterogeneous reactions to occur which
convert chlorine from so-called reservoir species (mostly HCl and
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ClONO2) into an active, ozone destroying form (Solomon et al.,
1986; Peter, 1997; Solomon, 1999). Ozone destruction occurs in
catalytic cycles, in the Antarctic stratosphere mainly through
a cycle involving chlorine peroxide (ClOOCl) (Molina and Molina,
1987; Solomon, 1999; von Hobe et al., 2007). Ozone destruction
stops in spring either after temperatures rise above the threshold
temperature for efﬁcient heterogeneous chlorine activation
(z195K) and the halogen reservoir species reform (e.g., Douglass
et al., 1995; Grooß et al., 1997), or when extremely low mixing
ratios of ozone are reached (Solomon et al., 2005, 2007a).
Recently, a mechanism was proposed to explain of the ozone
hole that claimed to be “drastically different” from the established
mechanism outlined above, namely the cosmic-ray-driven electron-induced reaction mechanism (denoted as the “CRE” hereafter),
which is based on the cosmic-ray-driven electron-induced reaction
of halogenated molecules adsorbed on ice surfaces Lu (2010a), and
references therein). There has been some debate on these issues
previously (Lu and Sanche, 2001a, 2002; Harris et al., 2002a; Patra
and Santhanam, 2002; Müller, 2003; Müller, 2008; Wang et al.,
2008; Lu, 2009; Müller and Grooß, 2009; Alvarez-Madrigal,
2010), but a new analysis by Lu (2010a) goes signiﬁcantly beyond
earlier conclusions. In particular, he states that “.the observed
satellite data have demonstrated that the CRE mechanism plays the
dominant role in forming the ozone hole in the spring polar
stratosphere” and that “these observed data point to the possibility
that the global warming observed in the late 20th century was
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dominantly caused by chloroﬂuorocarbons (CFCs), modulated by
CRE-driven ozone depletion”. Based on the latter conclusion, it is
discussed that “global cooling may have started in 2002”. These
assertions challenge the fundamental understanding of polar ozone
loss and global climate change.
The CRE mechanism is based on the physical chemistry of
solvated electrons in water and other polar media and of the
dissociative electron attachment (DEA) caused by these low-energy
electrons. We neither question the ﬁndings from laboratory experiments on bulk and interface solvated electrons in water (e.g.,
Siefermann et al., 2010) nor those on the occurrence of DEA on ice
surfaces for a variety of compounds (including CFCs)
(Arumainayagam et al., 2010; Lu, 2010a). However, we question the
conclusions reported by Lu (2010a) on atmospheric processes.
Here, we scrutinise the new theories and concepts put forward
by Lu (2010a), in particular regarding the prediction of the future
development of the ozone hole and the prediction of a global
cooling until the year 2050. We ﬁnd that the predictions of the
future development of the ozone hole based on the CRE mechanism
are not reliable and that the prediction of global cooling until 2050
is incorrect.
2. Analysis of CFC, N2O, and CH4 observations
Very compact correlations are reported in the literature
between observations of long-lived tracers like CH4 and N2O and
CFCs (e.g., Michelsen et al., 1998; Müller et al., 2001). The reason
for these compact relations is that all these tracer gases are well
mixed in the troposphere and have long lifetimes and similar
photochemical sinks in the stratosphere (Plumb, 2007). As an
example, we show correlations observed from the satellite
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experiment ACE-FTS (Walker et al., 2005). Fig. 1 shows the
correlation of CFC-12 (CCl2F2) data with CH4 for tropical and
middle latitudes (top panels) and the polar correlation for the
beginning and end of the polar winter. From the tropical data, the
photolytic decomposition of both species with increasing altitude
can be seen in the up-welling branch of the BrewereDobson
circulation (Brewer, 1949; Holton et al., 1995). For mixing ratios
below about 1 ppmv of CH4 the CFC-12 in the tropics seems to be
mostly dissociated. The traceretracer correlation changes due to
mixing when air masses exhibiting different locations in the
correlation space are mixed (Plumb, 2007; Müller et al., 2005,
2007) and transported poleward. However, no signiﬁcant change
of the tracer correlation is observed over the Antarctic winter and
spring, when PSCs are ubiquitous in the Antarctic polar vortex
(Michelsen et al., 1998; Müller et al., 2001) (Fig. 1, panels c and d).
Such behaviour is in clear contrast to the predictions of DEAinduced loss of CFC-12 on PSC surfaces.
Müller and Grooß (2009) used the year-to-year deviation from
the polar tracer correlation of ACE-FTS N2O and CFC-12 to
demonstrate that a decomposition of CFC-12 by the DEA mechanism cannot be signiﬁcant. Otherwise it would be visible as a CFC
sink correlated with the cosmic ray intensity, which is not
observed. Lu (2010a) puts forward the argument that also N2O or
ClONO2 may be decomposed by DEA like the CFCs. In contrast, CH4
would not be expected to be affected by DEA. A DEA-induced
decomposition of N2O or ClONO2 is speculative, since the DEA
mechanism for stratospherically relevant species has only been
demonstrated in the laboratory for CFC-11, CFC-12, and HCl (Lu and
Sanche, 2001a,b; Lu, 2010a). To our knowledge, there is currently
no laboratory measurement available where DEA cross-sections
have been measured for N2O and ClONO2.

Fig. 1. CFC-12/CH4 correlation for different latitude regions from ACE-FTS (data version 3.0). Panel a shows tropical latitudes, panel b shows mid-latitudes, panel c shows Southern
polar latitudes in February and March, and panel d shows Southern polar latitudes in October and November. The number of observations per bin are shown. For better comparison,
a polynomial ﬁt to the data of panel a and d is shown in all plots as a black dashed and solid line, respectively. No data are displayed above about 28 km where the CFC-12
concentration is below the detection limit of the ACE-FTS retrieval.
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If there was a signiﬁcant decomposition of both CFCs and N2O on
ice PSCs, it would in principle be possible that the N2OeCFC-12
correlation could remain unchanged even when DEA-induced loss
of CFCs occurred. However, if the arguments of Lu (2010a) were true
that cosmic rays are a sink for N2O but not for CH4, this process
should be visible as a signature in the N2OeCH4 correlation. This is
not observed (Michelsen et al., 1998). Likewise, the ACE-FTS
measurements of CFC-12 and CH4 in the Antarctic stratosphere in
winter and spring (Fig. 1) show no signature of a chemical loss of
CFC-12 for a given CH4 mixing ratio. Figure 19 of Lu (2010a) shows
a comparison of HALOE CH4 and CLAES CFC-12. Here it is important
that this comparison is based on measurements of the two tracers
that are observed in comparable air masses. However, these two
instruments have different viewing geometries and therefore
different latitudinal coverage. Moreover, the HALOE and CLAES data
shown by Lu (2010a) represent different years (1992e1998 versus
1992). Therefore the ﬁgures generated from the two data sets are
not directly comparable. Fig. 2 shows a comparable latitudeealtitude cross section based on ACE-FTS data for CH4, N2O
and CFC-12. The underlying data are observed at the exact same
locations and, indeed, they show very similar structure. For all three
species, the decline in polar latitudes between March and
September is caused by the diabatic descent in the polar vortex
(Plumb, 2007). The contour levels at 20 km altitude in March of all
three species have descended to about 17 km in September. Visible
are also the global structures caused by the ascent of the air in the
tropics and by photolytical decomposition of the three species with
increasing altitude according to their different lifetimes. From these
data, no obvious evidence of any signiﬁcant sink of CFC or N2O in
addition to the established photochemical loss processes can be
found.
3. Conclusions for stratospheric ozone and global climate
In Section 2, we have shown that the CRE effect does not
signiﬁcantly contribute to the dissociation of CFC-12 in the stratosphere. Similar analyses have been made for CFC-11 (not shown).
However, even if the CRE effect did contribute signiﬁcantly to CFC

dissociation, the analyses of Lu (2010a) and the conclusions on the
future development of stratospheric ozone and global climate
would also be problematic as explained below.
First, it should be noted that the scientiﬁc ﬁndings about
stratospheric ozone depletion outlined in the introduction are
supported by strong evidence based on a combination of laboratory
work, ﬁeld measurements and atmospheric modelling (WMO,
2011). In contrast, many assumptions presented by Lu (2010a) are
based only on correlations of two parameters. These correlations,
however, can only give an indication of a cause-and-effect chain.
They are no proof of a theory. Below, we discuss in detail different
aspects of the CRE mechanism proposed by Lu (2010a) as the causes
for the correlations shown based on the current state of scientiﬁc
knowledge.
3.1. The vertical extent of polar ozone depletion
Lu (2010a) repeats an argument previously made and debated
(Lu and Sanche, 2001a; Wang et al., 2008; Lu, 2009; Müller and
Grooß, 2009), namely, that “the ozone hole is exactly located in
the polar stratosphere at w18 km, where the rate of ionisation for
cosmic rays producing electrons shows a maximum”. However, the
current understanding is that the vertical extent of the ozone loss in
the ozone hole is determined by the temperature structure of the
polar stratosphere. Heterogeneous chlorine activation as a prerequisite for ozone depletion occurs at low temperatures on different
stratospheric particles, PSCs (consisting of water ice, nitric acid
hydrates and supercooled liquid ternary H2SO4/HNO3/H2O particles) or on liquid binary H2SO4/H2O particles (e.g.,) Solomon, 1999;
Hofmann and Solomon, 1989; Cox et al., 1994; Ravishankara and
Hanson, 1996; Peter, 1997; Pitts et al., 2009; Drdla and Müller,
2010; WMO, 2011.
The onset of chlorine activation occurs when temperatures fall
below about 195K, which is still well above the temperature at
which ice particles (on which the CRE mechanism focuses) form in
the stratosphere. In Arctic winter, when the occurrence of ice PSCs
is rare (Pitts et al., 2010), ozone depletion has also been reported
(e.g. Harris et al., 2002b; Rex et al., 2002; Tilmes et al., 2004; WMO,

Fig. 2. Satellite-based observations of CH4, N2O and CFC-12 by ACE-FTS (data version 3.0) as a function of latitude and altitude. The top row shows data averaged for the period from
22 February to 31 March for the years 2004e2010, while the bottom row corresponds to the period from 1 Septembere11 October. Note that the white hatched area indicates the
altitudes where CFC-12 retrieval of ACE-FTS is below its detection limit. The plots were composed from 4819 individual proﬁles. Less than 2% of the proﬁles were omitted, namely
those with known convergence problems in the N2O retrieval reported by the ACE-FTS science team.
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2011), which cannot be explained by the CRE mechanism. The
coincidence that the CR-induced ionisation rate peaks in about the
same altitude region where temperatures are low enough for
heterogeneous chlorine activation cannot be interpreted as
evidence that cosmic rays are the cause of the ozone depletion and
does not support the CRE mechanism.
3.2. Quantitative understanding of polar ozone
and predictions of the future of the ozone hole
A point made by Lu (2010a) is that based on the proposed CRE
mechanism “.quantitative predictions of the Antarctic ozone hole
in the future are given”. The analysis by Lu (2010a) expands earlier
work (Lu, 2009), where a linear ﬁt between total ozone measurements and CR activity was used to predict the mean total Antarctic
ozone in spring. For example, for October 2008, a value of 187
Dobson units was predicted (Lu, 2009). In the CRE mechanism put
forward by Lu (2010a), the linear dependence of polar ozone on CR
activity is replaced by a quadratic dependence and equivalent
effective stratospheric chlorine (EESC), a measure of stratospheric
halogen loading (Newman et al., 2007), is introduced as an explanatory variable to allow ﬁts to be made over longer time periods. This
ﬁt to EESC and the 11-year solar cycle-based CR modulation (Fig. 20c
of Lu, 2010a) is not able to reproduce the ozone data, e.g. around
1990. This is expected since the ﬁt is not based on the mechanisms
responsible for ozone depletion and therefore is not suited for
making predictions. The use of cosmic ray intensity as a predictor of
the future development of the ozone hole has been criticised before
by the argument that no strong correlation between Antarctic ozone
levels and CR intensity is observed (Müller and Grooß, 2009).
Of course, the expected ozone recovery will be closely linked to
EESC (WMO, 2011) and EESC has been used as a predictive
parameter to estimate the time at which the Antarctic ozone hole
will recover from the depletion by man-made halocarbons
(Newman et al., 2006). However, inter-annual variability of the
atmosphere prevents accurate predictions for a particular year
from simulations. Furthermore, climate-change-driven changes in
the stratosphere, e.g., in stratospheric temperatures and in stratospheric circulation, will have an important impact on future
stratospheric ozone levels (e.g., IPCC/TEAP, 2005; WMO, 2011).
Moreover, regarding the future trend of the ozone hole, selfcontradictory statements are made by Lu (2010a). On the one
hand, quantitative predictions are reported, for example: “.the CRE
model will predict the three-month (OctobereDecember) average
zonal mean total O3 values over Antarctica (60e90 S) in 2009 to be
219  5 DU”. On the other hand, Lu (2010a) states: “Although
atmospheric dynamics and meteorological conditions could cause
large total O3 ﬂuctuations from year to year [.], a long-term trend of
the polar O3 loss is predictable”. The latter statement implies that
accurate predictions for a particular year based on Eq. 8 of Lu (2010a)
are not possible, but nonetheless such predictions are reported.
Also, as pointed out earlier (Müller and Grooß, 2009), the
absolute value of the ozone column average is not correctly calculated by Lu (2009). This is also the case for the ozone averages
reported by Lu (2010a). The “October average zonal mean total O3”
over Antarctica (60e90 S) in 2006 derived from OMI data should
be 211 DU, not 181 DU as stated in the ﬁrst paragraph of Section 7 of
Lu (2010a). Therefore, predictions of future polar total ozone values
based on Eqs. 7 and 8 of Lu (2010a) cannot be considered
meaningful.
3.3. Simulations of the ozone hole in numerical models
Lu (2010a) also implicitly criticises the ozone simulations of
chemistry-climate models (CCMs). There are known problems with
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the polar ozone simulations of CCMs (Eyring et al., 2006) that have
been gradually improved recently and great efforts are being
invested in validating and improving the performance of models in
predicting ozone depletion (Austin et al., 2010; Eyring et al., 2010).
Chemistry-climate models, results from which are displayed in
Fig. 15b of Lu (2010a), do not use observed temperatures and winds
and can therefore only calculate temperatures and ozone in
a climatological sense. Therefore, statements about particular years
of CCM results (as in the caption of Fig. 15b of (Lu, 2010a) are not
meaningful. Chemistry transport models (CTMs), in which simulations are based on observed temperatures and winds, allow the
observed ozone to be reproduced much better (e.g., Chipperﬁeld,
2003; Grooß and Müller, 2007).
3.4. Temperatureeozone correlation
Lu (2010a) further reports a correlation between total ozone
measurements and temperatures in the lower stratosphere
(100 hPa) at Halley Research Station. In general, the correlation of
total ozone and temperature and pressure in the lower stratosphere
has been known for a long time. Low stratospheric ozone columns
are associated with anti-cyclonic circulation, low stratospheric
temperatures and a high tropopause (Dobson, 1963).
Further, because of the fact that ozone is an important absorber
of atmospheric radiation, both at ultraviolet and at infrared wavelengths, a cooling of the Antarctic stratosphere caused by the
occurrence of the ozone hole is expected. Indeed, (Jones and
Shanklin, 1995) already pointed out the strong temperature
response caused by the Antarctic ozone depletion in observations
at Halley; they ﬁnd that by 1995 a signal of ozone loss is apparent in
the spring and summer temperature records, with temperatures at
the 100 hPa level consistently close to, or lower than, the historical
(1957e72) minimum for the period October to January. Similarly,
Randel et al. (2009) report cooling trends in the Antarctic lower
stratosphere during spring and summer for the period 1970e2007
associated with the development of the Antarctic ozone hole,
which are substantially greater than those observed globally. Thus,
the correlations between temperature and ozone column shown in
Fig. 17 and 18 of Lu (2010a) are caused by the radiative effect of the
reduced ozone concentrations in the ozone hole. The impact of the
solar cycle on stratospheric temperatures has also been investigated, the maximum effect is in the order of a 1K response
amplitude located in the tropical upper stratosphere (Ramaswamy
et al., 2001; Randel et al., 2009).
3.5. Chloroﬂuorocarbons and climate change
Lu (2010a) further extends the analysis to surface temperatures.
He reports that a time series of the surface temperature is correlated with EESC. This is the case to a certain extent as both chlorine
source gases and CO2 concentrations over the last century had
a similar increase (however, the onset of CFC increase is somewhat
later). In order to illustrate how easily different conclusions may be
derived from correlations such as those shown in Fig. 21 of Lu
(2010a), we show in Fig. 3 the relation between surface temperatures and stratospheric halogen loading (left panel) as well as
surface temperatures and atmospheric CO2 concentrations (right
panel). The inspection of this ﬁgure (in the same way as Fig. 21 of Lu
(2010a) is interpreted) could suggest that surface temperatures are
equally well (or perhaps better) correlated with CO2 concentrations
than with EESC. Clearly, this should not be considered as a proof
that CO2 increases cause an increase in surface temperatures. In the
same way, showing a correlation between EESC and surface
temperatures in Fig. 21 of Lu (2010a) does not proof that EESC is the
cause of the observed global warming.
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Fig. 3. Time series of temperature anomalies (thin lines) and stratospheric chlorine
loading (top, thick line) and carbon dioxide (bottom, thick line). Shown are combined
land and marine temperature anomalies from the Hadley Centre (HadCRUT3, see
http://www.cru.uea.ac.uk/cru/data/temperature/). The equivalent effective stratospheric chlorine (EESC), a measure of the stratospheric halogen loading after (Newman
et al. (2007) assuming an age of air of 5.5 years (age of air spectrum width is 2.75 years
and bromine scaling factor is 60). EESC is normalised to its peak value in the year 2001.
The yearly average atmospheric carbon dioxide data (in mole fraction, ppm) are taken
from the measurements of the NOAA Earth System Research Laboratory at Mauna Loa
Observatory, Hawaii Keeling et al. (1976), see also www.esrl.noaa.gov/gmd/ccgg/
trends/).

Lu (2010a) further points to the recent drop in surface temperatures since about the year 2000. It has been shown that the
climate over the 21st century may include periods of about
a decade where the globally averaged surface air temperature
shows no trend or even slight cooling in the presence of longerterm warming (Easterling and Wehner, 2009). A plausible explanation for the recent decrease of surface temperatures is a combination of low El Niño index, low solar activity, and the Kasatochi
volcano eruption in 2008 (Schönwiese et al., 2010). Further,
Solomon et al. (2010) ﬁnd that because stratospheric water vapour
concentrations decreased by about 10% after the year 2000 the rate
of increase in global surface temperature over 2000e2009 slowed
down by about 25% compared to what would have occurred due to
increases in carbon dioxide and other greenhouse gases alone.
While the details of these issues are still being debated, all known
projections show that the trend of global warming will continue as
long as CO2 increases in the atmosphere (Solomon et al., 2007b).
Indeed, because the recovery of the atmosphere from an anthropogenic CO2 perturbation will take place on time scales of centuries
or longer, the climate change that takes place due to anthropogenic
CO2 increases will be largely irreversible for 1000 years after
emissions have stopped (Archer and Brovkin, 2008; Solomon et al.,
2009).
4. Conclusions
By analysing the ACE-FTS data, we demonstrated that there
cannot be signiﬁcant CFC decomposition besides photolytic
decomposition in the stratosphere by the proposed CRE effect (Lu,
2010a). We further demonstrated that the methods of analysing
ozone and global temperature data used by Lu (2010a) which are
based solely on correlations of parameters, are not conclusive to
explain the complex processes both of ozone depletion and surface
temperature development. Thus, meaningful predictions based on
the correlation of EESC and temperature anomalies cannot be
drawn. The strong conclusions for climate models put forward by
Lu (2010a) do not have a physical basis. The ﬁnding of the IPCC that
“most of the observed increase in global average temperatures
since the mid-20th century is very likely due to the observed rises
in anthropogenic greenhouse gas concentrations” (Solomon et al.,
2007b) remains unchallenged by the analysis of Lu (2010a).
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Instead, the globally averaged surface temperatures are controlled
by a combination of multiple effects, most prominently the increase
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radiation model calculation, looking at transmitted radiation at the
surface and claims that the CO2 lines would be saturated, which
would represent a process not considered in the analyses reported
in the IPCC report (Solomon et al., 2007b). This argument was
already rebutted by Plass (1956) on the basis of the fundamentals of
atmospheric radiation processes, arguments which are still valid
although the state of radiation modelling has been greatly
advanced since then (Plass et al., 2010). Brieﬂy, the CO2 lines in the
centre of the absorption at the surface are indeed saturated but this
is not the case in the wings of the lines nor at higher altitudes. The
additional proposed CO2 emissions indeed cause the major part of
radiative forcing as it was extensively shown in the latest IPCC
report (Solomon et al., 2007b).

We would like to thank the two anonymous reviewers for their
helpful suggestions. We also thank the ACE-FTS science team for
producing and providing their high-quality data sets. The ACE
mission was funded by the Canadian Space Agency. The Mauna Loa
CO2 time series was provided by Dr. Pieter Tans, NOAA/ESRL, USA.
The temperature anomalies were developed by the Climatic
Research Unit of the University of East Anglia in Norwich, UK, in
conjunction with the Hadley Centre of the UK Met Ofﬁce.
References
Alvarez-Madrigal, M., 2010. Comment on “correlation between cosmic rays and
ozone depletion”. Phys. Rev. Lett. 105.
Archer, D., Brovkin, V., 2008. The millennial atmospheric lifetime of anthropogenic
CO2. Clim. Change 90, 283e297.
Arumainayagam, C.R., Leea, H.L., Nelsonad, R.B., Hainesa, D.R., Gunawardanea, R.P.,
2010. Low-energy electron-induced reactions in condensed matter. Surf. Sci.
Rep. 65, 1e44.
Austin, J., Struthers, H., Scinocca, J., Plummer, D.A., Akiyoshi, H., Baumgärtner, A.,
Bekki, S., Bodeker, G., Braesicke, P., Brühl, C., Butchart, N., Chipperﬁeld, M.P.,
Cugnet, D., Dameris, M., Dhomse, S., Frith, S., Garny, H., Gettelman, A.,
Hardiman, S., Jöckel, P., Kinnison, D., Kubin, A., Lamarque, J.F., Langematz, U.,
Mancini, E., Marchand, M., Michou, M., Morgenstern, O., Nakamura, T.,
Nielsen, J.E., Pitari, G., Pyle, J., Rozanov, E., Shepherd, T.G., Shibata, K., Smale, D.,

J.-U. Grooß, R. Müller / Atmospheric Environment 45 (2011) 3508e3514
Teyssedre, H., Yamashita, Y., 2010. Chemistry-climate model simulations of
spring Antarctic ozone. J. Geophys. Res. 115. doi:10.1029/2009JD013577.
Brewer, A.W., 1949. Evidence for a world circulation provided by the measurements
of helium and water vapour distribution in the stratosphere. Q. J. R. Meteorol.
Soc. 75, 351e363.
Chipperﬁeld, M.P., 2003. A three-dimensional model study of long-term mid-high
latitde lower stratosphere ozone changes. Atmos. Chem. Phys. 3, 1253e1265.
Cox, R.A., MacKenzie, A.R., Müller, R.H., Peter, T., Crutzen, P.J., 1994. Activation of
stratospheric chlorine by reactions in liquid sulphuric acid. Geophys. Res. Lett.
21, 1439e1442.
Dobson, G.M.B., 1963. Exploring the Atmosphere. Oxford University Press.
Douglass, A.R., Schoeberl, M.R., Stolarski, R.S., Waters, J.W., Russell III, J.M.,
Roche, A.E., Massie, S.T., 1995. Interhemispheric differences in springtime
production of HCl and ClONO2 in the polar vortices. J. Geophys. Res. 100,
13967e13978.
Drdla, K., Müller, R., 2010. Temperature thresholds for polar stratospheric ozone
loss. Atmos. Chem. Phys. Discuss. 10, 28687e28720.
Easterling, D.R., Wehner, M.F., 2009. Is the climate warming or cooling? Geophys.
Res. Lett. 36, L08706. doi:10.1029/2009GL037810.
Eyring, V., Butchart, N., Waugh, D.W., Akiyoshi, H., Austin, J., Bekki, S., Bodeker, G.E.,
Boville, B.A., Brühl, C., Chipperﬁeld, M.P., Cordero, E., Dameris, M., Deushi, M.,
Fioletov, V.E., Frith, S.M., Garcia, R.R., Gettelman, A., Giorgetta, M.A., Grewe, V.,
Jourdain, L., Kinnison, D.E., Mancini, E., Manzini, E., Marchand, M., Marsh, D.R.,
Nagashima, T., Nielsen, E., Newman, P.A., Pawson, S., Pitari, G., Plummer, D.A.,
Rozanov, E., Schraner, M., Shepherd, T.G., Shibata, K., Stolarski, R.S., Struthers, H.,
Tian, W., Yoshiki, M., 2006. Assessment of temperature, trace species and ozone
in chemistry-climate simulations of the recent past. J. Geophys. Res. 111,
D22308. doi:10.1029/2006JD007327.
Eyring, V., Cionni, I., Bodeker, G.E., Charlton-Perez, A.J., Kinnison, D.E., Scinocca, J.F.,
Waugh, D.W., Akiyoshi, H., Bekki, S., Chipperﬁeld, M.P., Dameris, M., Dhomse, S.,
Frith, S.M., Garny, H., Gettelman, A., Kubin, A., Langematz, U., Mancini, E.,
Marchand, M., Nakamura, T., Oman, L.D., Pawson, S., Pitari, G., Plummer, D.A.,
Rozanov, E., Shepherd, T.G., Shibata, K., Tian, W., Braesicke, P., Hardiman, S.C.,
Lamarque, J.F., Morgenstern, O., Pyle, J.A., Smale, D., Yamashita, Y., 2010. Multimodel assessment of stratospheric ozone return dates and ozone recovery in
CCMVal-2 models. Atmos. Chem. Phys. 10, 9451e9472.
Farman, J.C., Gardiner, B.G., Shanklin, J.D., 1985. Large losses of total ozone in
Antarctica reveal seasonal ClOx/NOx interaction. Nature 315, 207e210.
Grooß, J.U., Müller, R., 2007. Simulation of ozone loss in Arctic winter 2004/2005.
Geophys. Res. Lett. 34, L05804. doi:10.1029/2006GL028901.
Grooß, J.U., Pierce, R.B., Crutzen, P.J., Grose, W.L., Russell III, J.M., 1997. Re-formation
of chlorine reservoirs in southern hemisphere polar spring. J. Geophys. Res. 102,
13141e13152. doi:10.1029/96JD03505.
Harris, N.R.P., Farman, J.C., Fahey, D.W., 2002a. Comment on “Effects of cosmic rays
on atmospheric chloroﬂuorocarbon dissociation and ozone depletion”. Phys.
Rev. Lett. 89, 219801.
Harris, N.R.P., Rex, M., Goutail, F., Knudsen, B.M., Manney, G.L., Müller, R., von der
Gathen, P., 2002b. Comparison of empirically derived ozone loss rates in the
Arctic vortex. J. Geophys. Res. 107, 8264. doi:10.1029/2001JD000482.
Hofmann, D.J., Solomon, S., 1989. Ozone destruction through heterogeneous
chemistry following the eruption of El Chichón. J. Geophys. Res. 94, 5029e5041.
Holton, J.R., Haynes, P., McIntyre, M.E., Douglass, A.R., Rood, R.B., Pﬁster, L., 1995.
Stratosphere-troposphere exchange. Rev. Geophys. 33, 403e439.
IPCC/TEAP, 2005. In: Metz, B., Kuijpers, L., Solomon, S., Andersen, S.O., Davidson, O.,
Pons, J., de Jager, D., Kestin, T., Manning, M., Meyer, L. (Eds.), Special Report on
Safeguarding the Ozone Layer and the Global Climate System: Issues Related to
Hydroﬂuorocarbons and Perﬂuorocarbons. Cambridge University Press, Cambridge, United Kingdom, and New York, NY, USA.
Jones, A.E., Shanklin, J.D., 1995. Continued decline of total ozone over Halley,
Antarctica, since 1985. Nature 376, 409e411.
Keeling, C., Bacastow, R., Bainbridge, A., Ekdahl, C., Guenther, P., Waterman, L., 1976.
Atmospheric carbon dioxide variations at Mauna Loa Observatory, Hawaii.
Tellus 28, 538e551.
Lu, Q.B., 2009. Correlation between cosmic rays and ozone depletion. Phys. Rev.
Lett. 102, 118501.
Lu, Q.B., 2010a. Cosmic-ray-driven electron-induced reactions of halogenated
molecules adsorbed on ice surfaces: implications for atmospheric ozone
depletion and global climate change. Phys. Rep. 487, 141e167.
Lu, Q.B., 2010b. What is the major culprit for global warming: CFCs or CO2?
J. Cosmology 8, 1846e1862.
Lu, Q.B., Sanche, L., 2001a. Effects of cosmic rays on atmospheric chloroﬂuorocarbon
dissociation and ozone depletion. Phys. Rev. Lett. 87, 078501.
Lu, Q.B., Sanche, L., 2001b. Large enhancements in dissociative electron attachment
to HCl adsorbed on H2O ice via transfer of presolvated electrons. J. Chem. Phys.
115, 5711e5713.
Lu, Q.B., Sanche, L., 2002. Comment on “Effects of cosmic rays on atmospheric
chloroﬂuorocarbon dissociation and ozone depletion” e reply. Phys. Rev.
Lett. 89, 219802.
Müller, R., 2003. Impact of cosmic rays on stratospheric chlorine chemistry and
ozone depletion. Phys. Rev. Lett. 91, 058502.
Müller, R., 2008. Comment on: “Resonant dissociative electron transfer of the
presolvated electron to CCl4 in liquid: direct observation and lifetime of the
CCl4* transition state” [JCP 128, 041102 (2008)]. J. Chem. Phys. 129, 027101.
Müller, R., 2009. A brief history of stratospheric ozone research. Meteorol. Z. 18,
3e24. doi:10.1127/0941-2948/2009/353.

3513

Müller, R., Grooß, J.U., 2009. Does cosmic-ray-induced heterogeneous chemistry
inﬂuence stratospheric polar ozone loss? Phys. Rev. Lett. 103, 228501.
Müller, R., Schmidt, U., Engel, A., McKenna, D.S., Profﬁtt, M.H., 2001. The O3eN2O
relationship from balloon-borne observations as a measure of Arctic ozone loss
in 1991/92. Q. J. R. Meteorol. Soc. 127, 1389e1412.
Müller, R., Tilmes, S., Grooß, J.U., Engel, A., Oelhaf, H., Wetzel, G., Huret, N., Pirre, M.,
Catoire, V., Toon, G., Nakajima, H., 2007. Impact of mesospheric intrusions on
ozoneetracer relations in the stratospheric polar vortex. J. Geophys. Res. 112,
D23307. doi:10.1029/2006JD008315.
Müller, R., Tilmes, S., Konopka, P., Grooß, J.U., Jost, H.J., 2005. Impact of mixing and
chemical change on ozone-tracer relations in the polar vortex. Atmos. Chem.
Phys. 5, 3139e3151.
Michelsen, H.A., Manney, G.L., Gunson, M.R., Zander, R., 1998. Correlations of
stratospheric abundances of NOy, O3, N2O, and CH4 derived from ATMOS
measurements. J. Geophys. Res. 103, 28347e28359.
Molina, L.T., Molina, M.J., 1987. Production of Cl2O2 from the selfreaction of the ClO
radical. J. Phys. Chem. 91, 433e436.
Newman, P.A., Nash, E.R., Kawa, S.R., Montzka, S.A., Schaufﬂer, S.M., 2006. When
will the Antarctic ozone hole recover? Geophys. Res. Lett. 33, L12814.
doi:10.1029/2005GL025232.
Newman, P.A., Daniel, J.S., Waugh, D.W., Nash, E.R., 2007. A new formulation of
equivalent effective stratospheric chlorine (EESC). Atmos. Chem. Phys. 7,
4537e4552.
Patra, P.K., Santhanam, M.S., 2002. Comment on “Effects of cosmic rays on
atmospheric chloroﬂuorocarbon dissociation and ozone depletion”. Phys. Rev.
Lett. 89, 219803.
Peter, T., 1997. Microphysics and heterogeneous chemistry of polar stratospheric
clouds. Ann. Rev. Phys. Chem. 48, 785e822.
Pitts, M.C., Poole, L.R., Thomason, L.W., 2009. CALIPSO polar stratospheric cloud
observations: second-generation detection algorithm and composition
discrimination. Atmos. Chem. Phys. 9, 7577e7589.
Pitts, M.C., Poole, L.R., Dörnbrack, A., Thomason, L.W., 2010. The 2009-2010 Arctic
polar stratospheric cloud season: a CALIPSO perspective. Atmos. Chem. Phys.
Discuss. 10, 24205e24243.
Plass, G.N., 1956. Carbon dioxide and the climate. Am. Sci. 44, 302e316.
Plass, G.N., Fleming, J.R., Schmidt, G., 2010. Carbon dioxide and the climate. Am. Sci.
98, 56e67.
Plumb, R.A., 2007. Tracer interrelationships in the stratosphere. Rev. Geophys. 45,
RG4005. doi:10.1029/2005RG000179.
Ramaswamy, V., Chanin, M.L., Angell, J., Barnett, J., Gaffen, D., Gelman, M.,
Keckhut, P., Koshelkov, Y., Labitzke, K., Lin, J.J.R., O’Neill, A., Nash, J.,
Randel, W., Rood, R., Shine, K., Shiotani, M., Swinbank, R., 2001. Stratospheric
temperature trends: observations and model simulations. Rev. Geophys. 39,
71e122.
Randel, W.J., Shine, K.P., Austin, J., Barnett, J., Claud, C., Gillett, N.P., Keckhut, P.,
Langematz, U., Lin, R., Long, C., Mears, C., Miller, A., Nash, J., Seidel, D.J.,
Thompson, D.W.J., Wu, F., Yoden, S., 2009. An update of observed stratospheric
temperature trends. J. Geophys. Res. 114, D02107. doi:10.1029/2008JD010421.
Ravishankara, A.R., Hanson, D.R., 1996. Differences in the reactivity of type I polar
stratospheric clouds depending on their phase. J. Geophys. Res. 101, 3885e3890.
Rex, M., Salawitch, R.J., Harris, N.R.P., von der Gathen, P., Schulz, G.O.B.A.,
Deckelman, H., Chipperﬁeld, M., Sinnhuber, B.M., Reimer, E., Alﬁer, R.,
Bevilacqua, R., Hoppel, K., Fromm, M., Lumpe, J., Küllmann, H., Kleinböhl, A., von
König, H.B.M., Künzi, K., Toohey, D., Vömel, H., Richard, E., Aiken, K., Jost, H.,
Greenblatt, J.B., Loewenstein, M., Podolske, J.R., Webster, C.R., Flesch, G.J.,
Scott, D.C., Herman, R.L., Elkins, J.W., Ray, E.A., Moore, F.L., Hurst, D.F.,
Romanshkin, P., Toon, G.C., Sen, B., Margitan, J.J., Wennberg, P., Neuber, R.,
Allart, M., Bojkov, B.R., Claude, H., Davies, J., Davies, W., De Backer, H., Dier, H.,
Dorokhov, V., Fast, H., Kondo, Y., Kyrö, E., Litynska, Z., Mikkelsen, I.S.,
Molyneux, M.J., Moran, E., Nagai, T., Nakane, H., Parrondo, C., Ravegnani, F.,
Viatte, P.S.P., Yushkov, V., 2002. Chemical depletion of Arctic ozone in winter 1999/
2000. J. Geophys. Res. 107 (8276). doi:10.1029/2001JD000533.
Schönwiese, C.D., Walter, A., Brinckmann, S., 2010. Statistical assessments of
anthropogenic and natural global climate forcing. An update. Meteorol. Z. 19,
3e10. doi:10.1127/0941-2948/2010/0421.
Siefermann, K.R., Liu, Y., Lugovoy, E., Link, O., Faubel, M., Buck, U., Winter, B., Abel, B.,
2010. Binding energies, lifetimes and implications of bulk and interface solvated
electrons in water. Nat. Chem. 2, 274e279.
Solomon, S., 1999. Stratospheric ozone depletion: a review of concepts and history.
Rev. Geophys. 37, 275e316. doi:10.1029/1999RG900008.
Solomon, S., Garcia, R.R., Rowland, F.S., Wuebbles, D.J., 1986. On the depletion of
Antarctic ozone. Nature 321, 755e758.
Solomon, S., Portmann, R.W., Sasaki, T., Hofmann, D.J., Thompson, D.W.J., 2005. Four
decades of ozonesonde measurements over Antarctica. J. Geophys. Res. 110,
D21311. doi:10.1029/2005JD005917.
Solomon, S., Portmann, R.W., Thompson, D.W.J., 2007a. Contrasts between Antarctic
and Arctic ozone depletion. Proc. Natl. Acad. Sci. USA 104, 445e449.
Climate change 2007: the physical science basis. In: Solomon, S., Qin, D.,
Manning, M., Marquis, M., Averyt, K., Tignor, M.M.B., Miller, H.L., Chen, Z. (Eds.),
Contribution of Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, UK, and New York, NY, USA.
Solomon, S., Plattner, G.K., Knutti, R., Friedlingstein, P., 2009. Irreversible climate
change due to carbon dioxide emissions. Proc. Natl. Acad. Sci. USA 106,
1704e1709.

3514

J.-U. Grooß, R. Müller / Atmospheric Environment 45 (2011) 3508e3514

Solomon, S., Rosenlof, K., Portmann, R., Daniel, J., Davis, S., Sanford, T., Plattner, G.K.,
2010. Contributions of stratospheric water vapor to decadal changes in the rate
of global warming. Science 327, 1219e1222. doi:10.1126/science.1182488.
Tilmes, S., Müller, R., Grooß, J.U., Russell, J.M., 2004. Ozone loss and chlorine activation in the Arctic winters 1991e2003 derived with the traceretracer correlations. Atmos. Chem. Phys. 4, 2181e2213.
von Hobe, M., Salawitch, R.J., Canty, T., Keller-Rudek, H., Moortgat, G.K., Grooß, J.U.,
Müller, R., Stroh, F., 2007. Understanding the kinetics of the ClO dimer cycle.
Atmos. Chem. Phys. 7, 3055e3069.

WMO, 2011. Scientiﬁc Assessment of Ozone Depletion: 2010. Global Ozone Research
and Monitoring ProjecteReport No. 52 Geneva, Switzerland.
Walker, K.A., Randall, C.E., Trepte, C.R., Boone, C.D., Bernath, P.F., 2005. Initial validation comparisons for the atmospheric chemistry experiment (ACE-FTS).
Geophys. Res. Lett. 32, L16S04. doi:10.1029/2005GL022388.
Wang, C.R., Drew, K., Luo, T., Lu, M.J., Lu, Q.B., 2008. Response to “Comment on
`Resonant dissociative electron transfer of the presolvated electron to CCl4 in
liquid: Direct observation and lifetime of the CCl4* transition state’ [JCP 128,
041102 (2008)]”. J. Chem. Phys. 129.

