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[1] Projections of future ozone levels are made using models that couple a general
circulation model with a representation of atmospheric photochemical processes, allowing
interactions among photochemical processes, radiation, and dynamics. Such models are
known as coupled chemistry-climate models (CCMs). Although developed from common
principles and subject to the same boundary conditions, simulated ozone time series vary
among models for scenarios for ozone depleting substances (ODSs) and greenhouse
gases. Photochemical processes control the upper stratospheric ozone level, and there is
broad agreement among CCMs in that ozone increases as ODSs decrease and temperature
decreases due to greenhouse gas increase. There are quantitative differences in the ozone
sensitivity to chlorine and temperature. We obtain insight into differences in sensitivity by
examining the relationship between the upper stratospheric seasonal cycles of ozone and
temperature as produced by fourteen CCMs. All simulations conform to expectation in that
ozone is less sensitive to temperature when chlorine levels are highest because chlorine
catalyzed loss is nearly independent of temperature. Analysis reveals differences in
simulated temperature, ozone and reactive nitrogen that lead to differences in the relative
importance of ozone loss processes and are most obvious when chlorine levels are close to
background. Differences in the relative importance of loss processes underlie
differences in simulated sensitivity of ozone to composition change. This suggests 1) that
the multimodel mean is not a best estimate of the sensitivity of upper stratospheric ozone to
changes in ODSs and temperature; and 2) that the spread of values is not an appropriate
measure of uncertainty.
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1. Introduction

[2] Atmospheric models are used to interpret constituent
observations and to predict the response of ozone to changes
in composition, including the changes in stratospheric chlo-
rine that have taken place due to release of man-made ozone
depleting substances (ODSs). The Montreal Protocol and its
amendments banned the production of many of these com-
pounds beginning in 1996, and surface measurements of
chlorofluorcarbons CFCl3 and CF2Cl2 show that their atmo-
spheric concentrations leveled off and began to decrease
after the late 1990s [Daniel and Velders et al., 2007]. The

effects of ODSs are expected to be easiest to quantify in the
upper stratosphere where photochemical processes control the
ozone level. First efforts to identify the atmospheric response to
the Montreal Protocol have focused on the upper stratosphere,
and Newchurch et al. [2003] reported evidence that the upper
stratospheric ozone had ceased to decline. Presently upper
stratospheric ozone is expected to increase both because of the
decline in ODSs and because greenhouse gases continue to
increase, cooling the stratosphere and decreasing the rate of
catalytic ozone destruction as noted in the Scientific Assessment
of Ozone Depletion: 2010 [WMO, 2011; hereafter referred to as
WMO2011]. Attribution of observed changes in ozone to
changes in ODSs requires untangling the effects of ODSs
from the effects of continuing increases in greenhouse gases
[Douglass and Fioletov et al., 2011].
[3] Projections of future ozone levels are now commonly

made using models that couple a general circulation model
(GCM) with a representation of atmospheric photochemical
processes, allowing interactions among photochemical pro-
cesses, radiation, and dynamics. Such models are known as
coupled chemistry-climate models (CCMs) and were evaluated
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by the Stratospheric Processes and their Role in Climate
(SPARC) -sponsored CCM validation (CCMVal) activity.
Performance metrics related to model representation of pro-
cesses identified in observations were agreed upon in a series
of workshops. The SPARC Report on the Evaluation of
Chemistry-Climate Models [SPARC CCMVal, 2010] describes
in detail the successes and deficiencies of participating models.
These models contributed simulations to WMO2011. Oman
et al. [2010] analyzed the various projections using multiple
linear regression (MLR) and reported broad agreement among
models in that simulated ozone principally responds to two
forcings: 1) prescribed surface mixing ratios for chlorine and
bromine containing source gases that change the stratospheric
amounts of chlorine and bromine; and 2) prescribed boundary
conditions for greenhouse gases that result in stratospheric
cooling. In spite of broad agreement, ozone sensitivity to
chlorine change varies among models throughout the strato-
sphere. It is not surprising that model responses vary in the
middle and lower stratosphere, where photochemical time
scales become long and both photochemical and transport
changes contribute to ozone change. However, even in the
upper stratosphere where photochemical processes dominate,
the computed ozone percentage changes, the year that the
ozone mixing ratio returns to 1980 values, and the sensitivity
of ozone to perturbations in chlorine and temperature vary
among models.
[4] Inspired by the CCMVal exercises, increased attention

is being given to application of performance metrics and best
use of the wealth of observational information obtained from
satellites, including instruments on the National Aeronautics
and Space Administration (NASA) Upper Atmosphere
Research Satellite (UARS) [Reber et al., 1993], European
Space Agency Environmental Satellite (Envisat), the Cana-
dian Scientific Satellite (SciSat) [Bernath et al., 2005] and
the NASA satellite Aura [Schoeberl et al., 2006], in order to
arrive at the best projection for twenty-first-century ozone.
Waugh and Eyring [2008] assigned weights to projections
of twenty-first-century total column ozone based on a set of
performance metrics that quantify model representation of
processes thought to be key to ozone evolution. In the
Waugh and Eyring [2008] study the weighted mean was
nearly the same as the unweighted mean of all of the
models that participated in the exercise, in spite of obvious
differences and deficiencies among models’ representation
of several important stratospheric processes. Strahan et al.
[2011] focused on the transport evaluation of CCMVal-2
participant models, identifying four models with the most
realistic transport that also performed well on the chemistry
evaluation. The projections for total column ozone from
these four models are more similar to each other than the
ensemble of projections, and more similar than random
selection of four simulations from the group of projections.
The analysis by Strahan et al. [2011] identifies the models
with credible transport but did not demonstrate a direct rela-
tionship between transport deficiencies and the rate of
recovery for stratospheric ozone. In some models, deficien-
cies not directly related to transport affect simulated ozone
recovery. Deficiencies that are identified in the CCMVal
chemistry evaluation [SPARC CCMVal, 2010, chap. 6] include
problems with partitioning among chlorine species, missing
chemical reactions important to chlorine chemistry and lack
of conservation for the total amount of chlorine released from

source gases whose mixing ratios are specified at the lower
boundary.
[5] Similar physical concepts underlie the GCMs and

photochemical representations that comprise the CCMVal-2
models. We note that the CCMVal chemistry evaluation
states that all of the models contain a description of main
chemical species of relevance for stratospheric ozone [SPARC
CCMVal, 2010, chap. 6]. Because photochemical representa-
tions are similar, understanding why projections of ozone
recovery differ is a step toward higher confidence in predic-
tions. This paper focuses on the upper stratosphere, where the
photochemical lifetimes of ozone, fluorocarbons, and other
gases like N2O are short, and the transport contribution to the
ozone continuity equation is negligible. This paper relies on
the well-developed conceptual model for the photochemical
processes that control ozone as described below, focusing on
the relationship between upper stratospheric ozone and tem-
perature. Our focus on upper stratospheric ozone and tem-
perature follows from previous theoretical studies and
analysis of observations. Stolarski and Douglass [1985]
developed a parameterization that shows how the sensitivity
of ozone to temperature that is due to the temperature
dependence of ozone loss varies depending on the relative
contributions of recombination of atomic oxygen and ozone
and the other catalytic cycles to net ozone loss.Douglass and
Rood [1986] analyzed ozone and temperature observations
obtained from the Limb Infrared Monitor of the Stratosphere
(LIMS) experiment on Nimbus 7 [Gille and Russell, 1984],
concluding that ozone would become less sensitive to tem-
perature as chlorine increased. Chandra et al. [1995] repor-
ted a 10%–25% per decade decrease in the amplitude of the
ozone seasonal cycle at 2 hPa middle latitudes in both
hemispheres due to chlorine increase using ozone observa-
tions from 1979–1993. We show below although the upper
stratospheric ozone sensitivity to temperature as quantified
for each CCMVal-2 model decreased as anthropogenic
chlorine increased and will increase as chlorine returns to
unperturbed levels, there are quantitative differences in the
sensitivity of simulated ozone to temperature. We investigate
differences in the ozone sensitivity to temperature as obtained
from the different CCMVal-2 models, focusing on their cause.
Our intent is to show how this relationship and its behavior in
the past and present atmosphere provide insight into the dif-
ferences in predicted upper stratospheric ozone levels in the
twenty-first century [Bekki and Bodeker et al., 2011].
[6] We present the conceptual model for upper strato-

spheric ozone in Section 2. Section 3 describes the CCMVal
models (listed in Table 1) and the simulations that are ana-
lyzed using this conceptual model. Results are given in
section 4, with discussion and conclusions in section 5.

2. Conceptual Model for Upper Stratospheric
Ozone

[7] This section has two principle goals. The first is to
illustrate the approach used in Stolarski and Douglass
[1985] (hereafter referred to as SD1985) to show how dif-
ferent ozone loss processes contribute to the sensitivity of
ozone to temperature and to the seasonal cycle of the zonal
mean ozone. The second is to extend the work of SD1985 to
show how change in the contribution of chlorine to upper
stratospheric ozone loss alters the seasonal cycle.
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2.1. Temperature Dependence of Ozone Loss

[8] In the upper stratosphere, the time scales for formation
of ozone from atomic oxygen and oxygen molecules
(Oþ O2 →M O3, where M is a third body) and photolysis of
ozone (O3 + hv → O2 + O) are short compared to the time
scales for reactions such as recombination of atomic oxygen
and ozone (O + O3 → 2O2) and catalytic cycles involving
nitrogen, hydrogen and chlorine radicals that have the same
net effect. Bromine radicals play a minor role in the upper
stratosphere and are neglected [e.g., Holloway and Wayne,
2010, Figure 9.2]. It is convenient to define odd oxygen as
the sum of ozone and ground state atomic oxygen, using fast
photochemical reactions to define their ratio (O/O3 ≅ JO3/
(KO, O2, MO2M), and consider the production and loss to be
the reactions that control their sum. Odd oxygen is produced
by photolysis of molecular oxygen and destroyed by the
recombination reaction mentioned above.
[9] We focus on the middle latitude upper stratosphere

near 2 hPa for the following reasons: 1) the amplitude of the
seasonal cycle in ozone is driven by the seasonal cycle in
temperature [Stolarski et al., 2012]; 2) analysis of observa-
tions showed that the amplitude of the seasonal cycle in
ozone decreased between 1979 and 1993, a period of chlo-
rine increase [Chandra et al., 1995]; 3) the peak-to-peak
amplitude of the middle latitude seasonal cycle in tempera-
ture in the CCMVal-2 models is about 30 K, similar to that
observed; 4) photochemical time scales are short enough that
transport terms can be neglected when considering pertur-
bations of ozone and temperature from their annual zonal
means; 5) ozone is nearly equal to odd oxygen. The conti-
nuity equation for odd oxygen can be written

∂gOX
∂t

¼ P � L; ð1Þ

where gOX = gO3 + gO is the odd oxygen mixing ratio, t is
the time, P is production and L is odd oxygen loss. Chapter 6
of the CCMVal report includes a comparison of the photol-
ysis rates as determined by several chemistry-climate mod-
els. The values for the photolysis rate of molecular oxygen
(JO2) are not constant across the CCMVal-2 models that
participated in this exercise; differences in production are

likely responsible for some part of the differences in the
simulated ozone mixing ratio. As will be shown below, the
ozone sensitivity to temperature also varies with ozone
mixing ratio. However, differences in photolysis will be
insensitive to changes in composition, and it is possible to
understand much of the variation in the diagnosed response
of model-computed ozone to changes in chlorine and tem-
perature by focusing on the loss terms as will be shown in
section 4. Assuming small perturbations in the ozone mixing
ratio (gOX) and temperature (T), assuming balance between
production and loss (P ≅ L), and neglecting perturbations to
the production term, the continuity equation becomes

∂g′OX
∂t

¼ � ∂L
∂gOX

g′OX � ∂L
∂T

T ′ ð2Þ

or

∂g′OX
∂t

¼ �Gg′OX �QT ′; ð3Þ

where Q ≡ ∂L/∂T and G ≡ ∂L/∂gOX, following the notation of
SD1985. Equation (3) reduces to g′OX ¼ � Q

G T ′ when the
perturbation does not vary with time. The inverse relation-
ship between ozone and temperature is found because loss
processes for ozone are more efficient at warmer tempera-
tures. In early observational studies such a relationship
between ozone and temperature was broadly interpreted to
indicate dominance of photochemical processes over trans-
port processes [Wang et al., 1983; Nagatani and Miller,
1984]. Rood and Douglass [1985] showed that spatial per-
turbations in temperature produced by wave motions could
lead to an inverse correlation between ozone and tempera-
ture through photochemical processes, but, depending on the
horizontal gradients in odd oxygen, these wave motions
could also necessitate accounting for transport terms. Here
we focus on the relationship between g′ ¼ g � �g and T ′ ¼
T � �T where the overbar indicates annual zonal average and
g′ and T′ are deviations of the zonal means from their annual
average values.
[10] The relationship between ozone and temperature

provides information about the mix of cycles contributing to
ozone loss. Barnett et al. [1975] pointed out that the tem-
perature dependence of equilibrium ozone concentration as
derived from observations could be compared with that
expected based on the mix of loss processes associated with
the different catalytic schemes for photochemical loss that
were being considered at that time. SD1985 built on the use
of rate limiting steps for the catalytic cycles important to
ozone destruction as discussed by Johnston and Podolske
[1978] to develop a parameterization with explicit repre-
sentation of catalytic loss processes. For convenience, the
rate-limiting reactions for odd oxygen loss and the rate
constant data for two-body reactions from Sander et al.
[2011] are given in Table 2. The reaction rates are com-
puted using the Arrhenius expression k = A exp(�E/RT). In
addition to the temperature dependence of the rate limiting
reaction, the photochemical reactions that control partition-
ing within a chemical family contribute to the total temper-
ature dependence of each loss process as discussed in detail
in SD1985. We provide the derivation of the temperature
sensitivity of ozone due to the Chapman cycle at equinox as

Table 1. CCMVal Models With a Vertical Domain Including the
Upper Stratosphere and Also Submitted Future Simulations for
the 2010 CCMVal Report and for WMO [2011].

Model Reference

AMTRAC3 Austin and Wilson [2010]
CCSRNIES Akiyoshi et al. [2009]
CMAM Scinocca et al. [2008]; de Grandpré et al. [2000]
CNRM-ACM Déqué [2007]; Teyssèdre et al. [2007]
GEOSCCM Pawson et al. [2008]
LMDZrepro Jourdain et al. [2008]
MRI Shibata and Deushi [2008a, 2008b]
Niwa-SOCOL Schraner et al. [2008]
SOCOL Schraner et al. [2008]
ULAQ Pitari et al. [2002]
UMSLIMCAT Tian and Chipperfield [2005]; Tian et al. [2006]
UMUKCA-METO Davies et al. [2005]; Morgenstern et al. [2009]
UMUKCA-UCAM Davies et al. [2005]; Morgenstern et al. [2009]
WACCM Garcia et al. [2007]
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an example. The 24-h average odd oxygen loss per molecule
can be written

LossOX ¼ 2kO;O3
1

2
O½ �D O3½ �D

� �
= M½ �: ð4Þ

[11] Here the 1/2 is the fraction of day at equinox and the 2
indicates two odd oxygen molecules lost per reaction. In this
and following equations reaction rates k are subscripted by
the reactants, photolysis rates are subscripted by the mole-
cule that is being photolyzed, and the subscript D indicates
the daytime average. Nighttime loss is negligible. Assuming
that daytime rates of ozone photolysis and O atom recom-
bination are in balance, the ratio [O]D/[O3]D can be written

O½ �D= O3½ �D ¼ 2JO3= kO;O2;M O2½ � M½ �� �
≡ R: ð5Þ

[12] The ratio is defined R for convenience. Using the
definition of odd oxygen Ox = O3 + O and the rapid disap-
pearance of atomic oxygen at night below 70 km, the
expression for loss becomes

LossOX ¼ kO;O3 M½ � R

1þ Rð Þ2 gOXð Þ2: ð6Þ

[13] The contribution to the temperature dependence from
recombination of atomic oxygen and ozone is the partial
derivative of equation (6):

QOX ¼ ∂LossOX =∂T

¼ 2060

T2
þ 3:4

T
� 8:8R

1þ Rð ÞT
� �

kO;O3
R

1þ Rð Þ2 g
2
OX : ð7Þ

[14] An important aspect of equation (7) is that at 2 hPa
and typical stratospheric temperatures the first two terms
inside the parentheses contribute to QOX. The first term
(2060/T2) is the direct temperature dependence due to the
rate limiting reaction and the second term (3.4/T) is the
implicit temperature dependence of R. The third term is less
important at this pressure because R is small compared to 1.
[15] The SD1985 approach, taken for all four loss pro-

cesses, emphasizes that recombination of O and O3 and the
catalytic loss cycles associated with hydrogen, chlorine and
nitrogen species all contribute to G, the loss frequency

(inverse of the photochemical lifetime). These loss processes
also make different contributions to the overall sensitivity of
ozone to temperature. Following SD1985

Loss ¼ LossOX þ LossNOX þ LossHOX þ LossCLX ð8Þ

G ¼ ∂LossOX
∂gOX

þ ∂LossNOX
∂gOX

þ ∂LossHOX
∂gOX

þ ∂LossCIX
∂gOX

¼ GOX þ GNOX þ GHOX þ GCIX ; ð9Þ

Q ¼ ∂LossOX
∂T

þ ∂LossNOX
∂T

þ ∂LossHOX
∂T

∂LossCIX
∂T

¼ QOX þQNOX þQHOX þQCIX : ð10Þ

[16] At 2 hPa middle latitudes the losses due to reactions
involving nitrogen, hydrogen and chlorine are comparable to
each other and larger than the loss due to recombination of
atomic oxygen and ozone [e.g., Holloway and Wayne, 2010,
Figure 9.2].
[17] The ratio Q/G is the sensitivity of ozone to tempera-

ture; this ratio quantifies the linear relationship between g′OX
and T ′ and depends on the balance of loss processes. At
2 hPa, accounting for the explicit and implicit contributions
to ∂LossOX/∂T, the reaction O + O3 makes the largest con-
tribution to the ∂LossOX/∂T. As shown in SD1985, implicit
terms that arise from the temperature dependence of the ratio
of atomic oxygen to ozone and that of reactions that control
partitioning among family members like nitric oxide (NO)
and nitrogen dioxide (NO2) make the largest contributions to
∂LossNOx/∂T and ∂LossHOx/∂T. The catalytic cycle involving
chlorine makes the smallest contribution to Q due to weak
temperature dependence of the rate limiting reaction and of
the reactions that control partitioning among chlorine radi-
cals in the upper stratosphere. For each loss process the
explicit dependence on the odd oxygen mixing ratio gox
makes the largest contribution to the partial derivatives of
the loss terms with respect gox as given in (9).
[18] This approach shows that a model with higher ozone

levels will be more sensitive to temperature and have a larger
amplitude seasonal cycle than a model with lower ozone and
the same amplitude seasonal cycle in temperature because
O + O3 → 2O2 will be more important in (8) and the con-
tribution of ∂LossOX/∂T to ∂Loss/∂T is proportional to gOX

2 as
shown in (7) [SD1985]. The greater sensitivity follows
directly from higher ozone levels regardless of the cause,
which could be greater production, cooler temperature
leading to less total loss, or smaller contributions from other
catalytic cycles due to lower mixing ratios for nitrogen,
hydrogen or chlorine radicals.
[19] A similar approach can be taken to understand the

sensitivity of ozone to chlorine change and why it may vary
among models that include the same set of photochemical
reactions. Transport of source gases including chlorofluor-
carbons, nitrous oxide and methane, destruction of the source
gases to produce radicals, and processes that control the
amount of water vapor entering the stratosphere contribute to
the mix of species in the upper stratosphere middle latitudes.
Differences in this mix of species or differences in the back-
ground temperature contribute to differences in the computed

Table 2. The Rate-Limiting Reactions for Odd Oxygen Loss
and the Rate Constant Data for Two-Body Reactions From Sander
et al. [2011]

Chemical
Family Rate-Limiting Reactions A-factor E/R

Oxygen O + O3 8.0 � 10�12 2060
Nitrogen O + NO2 5.0 � 10�12 �210
Hydrogen O + OH 1.8 � 10�11 �180

O + HO2 3.0 � 10�11 �200
O3 + HO2 1.7 � 10�12 940
H + O2 + M (3-body reaction)

Chlorine O + ClO 2.8 � 10�11 �85
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ozone mixing ratio. The ozone response to composition
change such as the increase and decrease of anthropogenic
chlorine will depend on the change in the balance of loss
processes relative to the balance of processes in the unper-
turbed (base) state. Note that for the upper stratosphere ozone
production is nearly equal to loss, so the net loss is similar in
both the perturbed and base states. An increase in the chlorine
contribution to loss changes partitioning among short-lived
species and causes ozone and atomic oxygen to decrease
such that the net loss is nearly unchanged. The fractional
contributions of other loss processes to the balance of loss
processes affect ozone sensitivity to chlorine change. For
example, for models that produce the same upper strato-
spheric temperature, a simulation in which the nitrogen loss
cycle is more important will be less sensitive to chlorine
change than a simulation in which the nitrogen loss cycle is
less important. We do not consider changes in photolysis of
molecular oxygen due to change in overhead column ozone
because such effects are minimal for small changes in
composition.
[20] These concepts have been applied broadly. Observa-

tional and theoretical studies discuss the dependence of the
modeled response on the simulated mix of loss processes
[e.g., Douglass et al., 1985; Douglass and Rood, 1986;
Froidevaux et al., 1989; Smith, 1995]. Such a linear rela-
tionship has been used in simulations to study the response of
ozone to temperature variations due to planetary waves [e.g.,
Hartmann and Garcia, 1979; Randel, 1993; McCormack
et al., 2006]. Hood and Douglass [1988] applied the same
formalism to the ozone and temperature responses to short-
term variation in solar ultraviolet radiation. Chandra et al.
[1993] compared the seasonal variation of ozone as
observed by Solar Backscatter Ultraviolet radiometers with
that simulated using a two-dimensional model with specified
temperatures, noting that the observations and model were in
better agreement if the chlorine catalyzed ozone loss was
less important. At that time this work supported the conjec-
ture that products of the reaction ClO + OH included HCl +
O2 in addition to Cl + HO2. The HCl product channel
reduces ClO relative to total inorganic chlorine (ClY) in the
upper stratosphere, thereby reducing the importance of
chlorine-catalyzed loss and increasing the sensitivity of
ozone to the seasonal cycle in temperature. DeMore et al.
[1994] pointed out that although uncertainties in all studies
at that time allowed for the zero yield of HCl, none of the
experiments could exclude the possibility of an atmospheri-
cally significant HCl yield. Laboratory experiments resolved
the question by directly measuring the production of HCl
[Lipson et al., 1999] and provide the branching ratio for this
experiment that is used in current models [Sander et al.,
2011].

2.2. Consequence of Chlorine Change for the
Temperature Dependence of Ozone Loss

[21] The relationship between ozone and temperature can
also be used to show how the mix of loss processes changes
due to composition change. Douglass and Rood [1986] used
1979 data from the Limb Infrared Monitor of the Strato-
sphere (LIMS) to derive photochemical information from the
spatial perturbations in ozone and temperature, suggesting
that the ozone sensitivity to temperature would decrease as

chlorine increased in importance. Chandra et al. [1995]
show that at 2 hPa middle latitudes the observed seasonal
amplitude of ozone decreased as chlorine increased.
Stolarski et al. [2012] argue that observed changes in the
sensitivity of ozone to temperature as chlorine decreases are
useful in attribution studies to separate two mechanisms that
are expected to increase upper stratospheric ozone: anthro-
pogenic chlorine decrease and reduced loss as a result of
cooling due to greenhouse gas increase on ozone.
[22] We extend the SD1985 formalism to derive an

expression that shows how the sensitivity of ozone to tem-
perature will change due to changes in anthropogenic chlo-
rine, ozone and increases in greenhouses gases that cool the
stratosphere. It is conceptually straightforward but algebrai-
cally complex to compute the dependence of G and Q on
changes in ozone, temperature and chlorine (gOX, T and gCl)
by differentiating the expressions for G and Q found in
SD1985. The contribution of QClX to Q is small compared to
contributions from other loss terms because chlorine cata-
lyzed loss is nearly independent of temperature, thus the
derivative of Q with respect to gCl is zero and only the
derivatives with respect to gOX and T contribute. For G all
three derivatives must be considered. Because we are
focused on the upper stratosphere near 2 hPa where the
effects of chlorine change are significant and the seasonal
cycle of ozone is driven by the seasonal cycle in tempera-
ture, we keep only the leading terms that contribute to G and
Q, ignoring terms that couple loss cycles through interfer-
ence reactions that are important in the middle and lower
stratosphere. After differentiating and rearranging, we obtain
the following expressions for the logarithmic derivative ofQ
due to changes in temperature and odd oxygen mixing ratio:

DQ
Q

¼ QOX

Q
2060

T
� 4120

� �
þ 2:4

QNOX

Q

� �
DT

T

þ 2QOX þQNOX þQHOX

Q

� �
DgOX
gOX

: ð11Þ

[23] It is straightforward to show the first term on the right,
the contribution due to the fractional change in temperature,
is small compared with the second term, the contribution due
to the fractional change in odd oxygen mixing ratio that is
primarily due to chlorine change. Noting that Q ≈ QOX +
QNOX + QHOX, equation (11) is approximated

DQ
Q

≅ 1þQOX

Q

� �
DgOX
gOX

: ð12Þ

[24] The implicit dependence of hydrogen catalytic loss
cycles on the odd oxygen mixing ratio described in detail in
SD1985 complicates the expression that is obtained by dif-
ferentiating the expressions for G. However, for the limited
altitude domain considered here the direct dependence on
the odd oxygen mixing ratio is most important for all of the
loss processes, and the expression for the logarithmic
derivative of G is approximated

DG
G

≅ 1þ GOX

G

� �
DgOX
gOX

þ GCL

G
DgCL
gCL

� �
: ð13Þ
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[25] The ratio GOX/G appears in the term in parenthesis
because the LossOX depends on the square of the odd oxygen
mixing ratio. We combine equations (12) and (13) to obtain
a remarkably simple expression for the logarithmic deriva-
tive of Q/G:

D Q=Gð Þ
Q=G

≅
QOX

Q
� GOX

G

� 	
DgOX
gOX

� GCl

G
DgCl
g

: ð14Þ

[26] For convenience in the remainder of the paper we
define the ozone sensitivity to temperature as S = �Q/G and
D Q=Gð Þ
Q=G ¼ DS

S . The first term on the right in (14) depends on

the contribution of O + O3 → 2O2 to the net ozone loss
compared with other cycles. The contributions of QOX to
temperature sensitivity and GOX to loss frequency (inverse
lifetime) are greater when this process is more important to
net loss and vice versa. At 2 hPa the quantity in brackets is
always positive and less than 1 since O + O3 is more
important to the temperature sensitivity than to inverse life-
time. The absolute contribution of the second term is the
same sign as the first term, since the sign of DgOX

gOX
is opposite

to the sign of DgCl
gCl

. The above analysis shows that S is

expected to vary with chlorine change. Furthermore, for a
given model i, the fractional change in the ozone sensitivity
to temperature DSi/Si depends on the importance of odd
oxygen loss relative to the other loss processes (first term in
(14)) and on the importance of chlorine loss to the total loss
(second term in (14)). Note that (14) was derived for small
perturbations, and the perturbation to chlorine from the early
1960s to the late 1990s is not small. We evaluate these terms
in Section 4, focusing on periods during which inorganic
chlorine varies within 12.5% of a base level of 2 ppbv (1.75–
2.25 ppbv).

3. Models and Data

3.1. CCMVal Models

[27] Morgenstern et al. [2010] present a detailed overview
of the models that participated in the CCMVal-2 assessment.
These models contributed simulations that are evaluated in
the CCMVal report [SPARC CCMVal, 2010] and which are
used in chapters 2 and 3 of WMO2011: Stratospheric ozone
and surface ultraviolet radiation [Douglass and Fioletov
et al., 2011], and Future ozone and its impact on surface
UV [Bekki and Bodeker et al., 2011]. Eighteen groups con-
tributed simulations to CCMVal-2, but for this analysis we
include only the fourteen models that contributed a future
scenario simulation whose vertical domain includes the upper
stratosphere. These models are listed in Table 1. The future
scenario (referred to as REF-B2) uses the A1B greenhouse
gas scenario from the Intergovernmental Panel on Climate
Change [2000] and the revised A1 halogen scenario from
WMO [2007] and SPARC CCMVal [2010]. Most models
have simulations that cover 1960–2099 with 10-year model
spin-up prior to 1960. The Unified Model/United Kingdom
Chemistry Aerosol Community Model – Met Office
(UMUKCA-METO) is an exception in that their future
simulation ends in 2083. Morgenstern et al. [2010] and
Oman et al. [2010] provide details about the scenarios and
the other inputs to these simulations.

3.2. Data

[28] The primary intent of this paper is to demonstrate that
many of the differences in simulated upper stratospheric
ozone can be interpreted and understood. We make no
attempt to identify ‘best’ simulations that agree with one or
more sets of observations. However, it is useful to include
some observations that show the seasonal cycles in upper
stratosphere ozone and temperature in order to establish a
context for discussion. Data shown here are from two sources,
the Microwave Limb Sounder (MLS) on the Aura satellite
[Waters et al., 2006], and from the Halogen Occultation
Experiment (HALOE) on the Upper Atmosphere Research
Satellite (UARS) [Russell et al., 1993].
[29] MLS began measurements in August 2004 and con-

tinues to measure profiles of a suite of constituents important
to the stratosphere. Here we consider only ozone and tem-
perature. According to the data quality document [Livesey
et al., 2011], MLS V3.3 ozone accuracy at 2 hPa is 5%.
The accuracy of the temperature profiles is estimated to be a
few degrees. For our comparisons we use the MLS annual
mean � 2 K. As will be shown below the maximum dif-
ference among simulated values for the annual mean tem-
perature during the MLS era is about 25 K, much larger than
any realistic estimate of accuracy derived from comparisons
with other temperature estimates.
[30] HALOE measured profiles of a suite of constituents

of stratospheric importance from late 1991 until late 2005
using solar occultation. We use sunset HALOE profiles of
nitric oxide (NO) and nitrogen dioxide (NO2) to estimate the
total reactive nitrogen (NOY) at 2 hPa for middle latitudes.
Gordley et al. [1996] discuss validation of these con-
stituents. Because NOY varies temporally and because
HALOE sampling is not uniform, we obtain an estimate for
annually averaged NOY from HALOE but consider simu-
lated values within 1–2 parts per billion of the HALOE
estimate to be equally possible.

4. Results

4.1. Simulated Ozone Sensitivity to Changes
in Chlorine and Temperature

[31] In the midlatitude upper stratosphere, the annual
means of zonal mean ozone and temperature vary markedly
among the CCMVal models. These mean values exhibit
similar temporal behavior to each other for 1960–2100, but
significant biases among the models persist throughout the
integration. Time series of annual mean ozone and temper-
ature that are typical for the upper stratosphere are shown in
Figure 1 for 50�N, 2 hPa. In 1960, stratospheric chlorine was
close to its natural level, and simulated ozone varies among
models both due to differences in the photolysis of molec-
ular oxygen that controls odd oxygen production and due
to differences in loss (i.e., differences in levels of reactive
odd nitrogen and hydrogen that affect catalytic loss cycles
directly and also differences in temperature that affect
loss through the temperature dependence of photochemical
reactions). The black crosses on each panel show the MLS
2005–2009 mean values interpolated to 2 hPa. The hori-
zontal extent of the crosses are the four years that are used
to obtain the mean value. The vertical extent is the estimate
of MLS accuracy.
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[32] Chapter 3 of SPARC CCMVal [2010] discusses tem-
perature biases and their possible relationship to biases in
ozone and water vapor, concluding that deficiencies in the
radiation codes are the main driver of temperature differ-
ences. For the CCMs used here, higher ozone levels are
associated with lower temperatures, consistent with the
conclusion that the temperature biases indicate differences in
the radiative part of the CCMs. The range of temperature and
ozone values obtained from the CCMVal-2 models for
identical boundary conditions provides an opportunity to test
the conceptual model described in the first half of section 2.
Figure 1 shows that the CCM with the lowest temperatures
in the upper stratosphere produces the highest ozone values
and that the CCMs with the warmest temperatures tend to
produce lower ozone values.
[33] We test the conceptual model by calculating the dif-

ferences of each model from the 1960 multimodel mean,
DT ¼ Ti � �TMM and Dg ¼ gi � �gMM where the subscript i
represents a single model, and overbar with superscript MM
indicates the multimodel mean. These differences are anti-
correlated, with r2 of �0.74, suggesting that the temperature

differences are responsible for part of the spread in the
simulated ozone values. To test if this interpretation quan-
titatively follows the conceptual model, we obtain values for
the sensitivity of ozone to temperature (Si = �(Q/G)i) for
each model using linear regression to relate the seasonal
cycles in ozone and temperature. This approach yields a
measure of the ratio Q/G but these parameters cannot be
obtained independently in this manner. We use these coef-
ficients to estimate how much of the difference from the
multimodel mean is explained by the simulated sensitivity to
temperature and the temperature difference relative to the
multimodel mean. The ozone differences from the multi-
model mean expected from temperature differences (SiDT)
are compared with the ozone differences from the multi-
model mean (DgOX) in Figure 2. This comparison shows
that much of the variation in ozone among the CCMVal-2
models is a result of the differences in temperature. The
results in Figure 2 are similar whether using values for Si that
are obtained from the ozone and temperature seasonal cycles
or by obtaining the ozone sensitivity to chlorine and to
temperature simultaneously by applying multiple linear

Figure 2. (left) The 1960 50�N 2 hPa ozone difference from the multimodel mean (gO3–gO3
MM, y axis) is

approximated for each model by its sensitivity of ozone to temperature multiplied by the temperature dif-
ference from the multimodel mean (∂GO3/∂T *(T – TMM), x axis). In both panels points for each model are
colored according to the annually averaged local NOY mixing ratio. HALOE indicates �12 � 1–2 ppbv
for annual zonal mean for NOY at 50�N, 2 hPa (all shades of green for this color scale). (right) Simulated
values for 2006 annual mean temperature and ozone at the same location also show the association of
cooler temperature with higher ozone and vice versa. The large cross indicates annual mean ozone and
temperature calculated from MLS observations for 2005–2010; the size of the cross indicates estimated
accuracies.

Figure 1. Time series for annual zonal mean (a) ozone mixing ratio and (b) temperature at 50�N 2 hPa
from the CCMVal models listed in Table 1. In both panels the large cross indicates the four-year mean
obtained from MLS observations.
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regression (MLR) to the entire time series as done by Oman
et al. [2010]. The disadvantage of using MLR is that this
approach cannot separate the dependence of the ozone sen-
sitivity to temperature on chlorine level.
[34] The spread in computed ozone values in 1960 is

greater than 2 ppmv; the multimodel mean and standard
deviation are 5.51 and 0.55 ppmv respectively. The standard
deviation in ozone values after accounting for the tempera-
ture difference is reduced to 0.34 ppmv. The individual
model sensitivity to temperature times the difference in each
model temperature from the multimodel mean accounts for
about half of the spread in 1960 ozone values. The largest
differences from multimodel mean ozone are nearly equal to
those expected from the temperature difference and derived
sensitivity of ozone to temperature. The correlation between
DgOX and SiDT is greater than the correlation between
DgOX and DT, supporting the conclusion that differences in
the mix of loss processes contribute to the spread in ozone
values shown in Figure 1. We illustrate the difference in loss
processes by coloring the points in Figure 2a according to
the local mixing ratio for total reactive nitrogen (NOY). The
points with low values of NOY tend to appear on the high
side of the 1:1 line, thus larger ozone anomalies are consis-
tent with lower temperatures, and less loss due to the nitro-
gen loss cycle. The converse is also true. The mixing ratio
for water also varies among models, contributing to different
levels of hydrogen radicals, but the hydrogen loss cycles are
less important than the nitrogen loss cycle at this altitude
(SD1985).
[35] It is useful here to notice how well the various models

reproduce observed values for ozone, temperature, and NOY.
Figure 2b is a scatterplot for 2006 simulated temperature
versus ozone mixing ratios for 50�N at 2 hPa. The cross
indicates values for these quantities computed from mea-
surements obtained within 2 degrees latitude by the Aura
MLS. Several thousand profiles contribute to the mean, thus
the standard error of the mean is miniscule. The height and
width of the cross reflect the estimates of accuracy as dis-
cussed above. Figure 2b also supports the statements above
that the simulated ozone levels are higher for lower tem-
peratures and vice versa. Even in 2006, when the upper
stratospheric ozone is less sensitive to temperature due to the
importance of the chlorine catalyzed loss cycle, the models
with lower temperatures tend to have higher ozone and vice
versa.
[36] Although NOy varies temporally in all of the models,

the effect of the temporal increase in the boundary condition
for nitrous oxide (N2O, the source of nitrogen radicals) is
opposed by the effect of cooling temperatures [Rosenfield
and Douglass, 1998], and the differences among models in
upper stratospheric NOY are much larger than the trend
computed in any model. Since NOY ≅ NO + NO2 at this
pressure, we obtain an estimate for annual mean NOY from
the multiannual time series of sunset observations obtained
by the UARS HALOE [Reber et al., 1993]. HALOE is an
occultation instrument and measures 13–15 profiles per day
at each of two latitudes. Middle latitude NOY varies sea-
sonally, and HALOE sampling is not uniform. The data
indicate �12 � 1–2 ppbv for annual zonal mean for NOY at
50�N, 2 hPa. In Figure 2a, low NOY likely accounts for the
somewhat larger difference from multimodel mean O3 than
explained by the cooler than multimodel mean temperature

for the two models with the largest positive O3 differences.
The model with the largest positive difference from the
multimodel mean temperature is consistent with ��1 ppmv
difference in O3. The NOY from this model is generally
consistent with HALOE. A cluster of models with very
small temperature differences from the multimodel mean
have NOY values that are above, below and consistent with
the HALOE estimate.
[37] Observed annual mean values for ozone, temperature

and NOY are included as a point of reference, and generally
illustrate how the computed ozone and its sensitivity to
temperature conform to expectations that follow from the
conceptual model described above. These comparisons also
attest to the difficulty in producing simultaneous agreement
with observations for all of these quantities. Figure 2b shows
that most simulations are warmer and have lower ozone than
observed by MLS. Two models have mean ozone approxi-
mately equal to the MLS mean; for one model temperature
and NOY are also comparable to observed values but the
other model is cold compared with MLS and NOY is too low
compared HALOE.
[38] Note that biases among temperature time series

(Figure 1b) are similar to each other throughout the inte-
grations, and the biases among simulated ozone time series
vary with time (Figure 1a). This shows that the simulated
radiative response of temperature to the change in green-
house gases is more similar among the models than the
simulated photochemical response of ozone. In most of the
simulations the rate of change of temperature with time
decreases around 2000, when chlorine stops increasing. This
change in slope, discussed by Stolarski et al. [2010], occurs
because greenhouse gas increase and ozone change due to
anthropogenic chlorine both affect temperature. Prior to the
late 1990s, anthropogenic chlorine is increasing and ozone is
decreasing, thus greenhouse gas increase and chlorine
increase both act to decrease temperature. Once anthropo-
genic chlorine begins to decrease ozone decreases and these
the changes in anthropogenic chlorine and greenhouse gases
oppose each other.
[39] The differences among ozone profiles are much

smaller in 2000 than they were in 1960 when chlorine levels
in the stratosphere were not greatly elevated compared with
the natural background. As discussed in section 2, chlorine
catalyzed ozone loss in the upper stratosphere is nearly
independent of temperature [SD1985], thus because the
wide range of temperatures produced by the various models
is responsible for much of the range in simulated ozone
values, the balance of ozone loss processes and the ozone
level are more similar among the models when the chlorine
term is most important. After 2000 the time series of simu-
lated ozone diverge as chlorine decreases. We compute the
standard deviation of the annual zonal means from the group
of models for each year to show quantitatively that the
simulations are more similar when chlorine is elevated.
Figure 3 shows this standard deviation at 50�N 2 hPa as a
function of chlorine amount from one of the models.
Although there are differences among models in the chlorine
amount at 2 hPa, the time dependence follows the boundary
conditions and the conclusion drawn from this figure is the
same using chlorine amount from any model. The standard
deviation for maximum chlorine is reduced by nearly 50%
compared to its value for 1960 chlorine. This near linear
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dependence of the standard deviation of ozone from the
CCMVal models on chlorine amount is found throughout
the upper stratosphere.
[40] Given the differences in ozone, temperature and the

mix of loss processes, it is not surprising that the sensitivity
of ozone to temperature (∂gO3/∂T) and its sensitivity to
inorganic chlorine (∂gO3/∂gCl), both obtained through
application of MLR to the ozone time series, vary among the
models. The ozone sensitivity to chlorine and temperature
are shown as functions of 1960 ozone in Figure 4a and b
respectively. The ozone sensitivity to chlorine is nearly lin-
early related to the 1960 ozone level (Figure 4a), with one
obvious outlier. In all panels of Figure 4 the sensitivity
indicated by a star (*) is the MRI model that omitted ClO +
OH→ HCl + O2 [see SPARC CCMVal, 2010, chap. 6]. This

difference in chemical mechanism shifts the partitioning of
inorganic chlorine toward ClO, increasing the sensitivity of
ozone to chlorine since ClO + O is the rate-limiting step for
chlorine-catalyzed catalytic ozone destruction. Eliminating
the MRI model just for this calculation, the correlation
coefficient between 1960 ozone and sensitivity to gCl is 0.9;
the dashed line in Figure 4a is the linear fit.
[41] Figure 4a shows that the sensitivity of ozone to gCl is

correlated with the unperturbed ozone level, implying
dependence on net production and on the balance among
loss processes other than chlorine. For simulations with the
same chemical mechanism, it does not matter exactly what
combination of temperature, level of nitrogen or hydrogen
species, or photolysis of molecular oxygen leads to higher or
lower ozone levels. The simulations with lower ozone in

Figure 3. The standard deviation of annual mean ozone (s) at 50�N 2 hPa as computed from the
CCMVal simulations varies nearly linearly with upper stratospheric chlorine level and is minimal when
the chlorine level is highest.

Figure 4. (a) Sensitivity of ozone (O3) to chlorine change at 50�N 2 hPa obtained from multiple linear
regression (MLR) as a function of 1960 ozone mixing ratio. Colors indicate NOY levels. Star is the
MRI model that is more sensitive to chlorine because of a missing reaction. Solid line is a linear fit exclud-
ing the MRI model. (b) Sensitivity of ozone to temperature obtained from the MLR as a function of 1960
ozone mixing ratio. Simulations with higher initial ozone are generally more sensitive to temperature than
those with lower ozone levels. (c) Sensitivity of ozone to temperature obtained from 2007 seasonal cycle
as a function of the 2007 ozone mixing ratio. The large cross shows values obtained from MLS observa-
tions assuming 5% error in the ozone mixing ratio and 10% error in the ozone sensitivity to temperature.
See text for discussion.
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1960 are associated with greater contributions to loss from
cycles other than O + O3, thus addition of chlorine makes a
smaller relative increase in loss and the simulation is less
sensitive to gCl. Conversely, the simulations with higher
ozone in 1960 have less loss due to cycles other than O +
O3, addition of chlorine is of greater relative importance, and
the sensitivity to gCl is greater.
[42] The ozone sensitivity to temperature also depends on

the ozone amount (Figure 4b), although with much more
scatter than the ozone sensitivity to gCl. Simulations with
higher ozone levels are more sensitive to temperature
because the odd oxygen loss cycle is the most temperature
dependent. The ozone sensitivity to temperature shown in
Figure 4b also depends on the relative importance of the
catalytic cycles involving nitrogen and hydrogen species,
because the catalytic cycle involving nitrogen species is
more temperature dependent than the cycles involving
hydrogen species at this altitude [SD1985].
[43] Figure 4c shows the ozone sensitivity to temperature

as obtained from the seasonal cycles as a function of 2007
ozone. As will be discussed in more detail below, in all of
the simulations ozone is less sensitive to temperature in 2007
than in 1960 due to the increased importance of chlorine-
catalyzed loss. A black cross indicates values of ozone and
the sensitivity of ozone to temperature obtained from the
seasonal cycle as observed by MLS; the size of the cross
corresponds to 5% errors in ozone and 10% errors in the
sensitivity of ozone to temperature. Simulated ozone levels
and sensitivity of ozone to temperature are always less than
the mean values obtained from MLS, although a few models
produce values within the error limits.

4.2. Sensitivity of the Seasonal Cycle of Ozone
to Chlorine Level

[44] Chandra et al. [1995] discuss the variation of the
seasonal cycle of ozone due to change in the mix of loss
processes. Clearly as gCl increases and ozone decreases due
to chlorine-catalyzed loss, the importance of the most tem-
perature dependent of the loss processes O + O3 decreases.
At the same time, the importance of the least temperature
dependent of the loss processes ClO + O increases. We

compute the sensitivity of ozone to temperature S = �Q/G
each year for each of the CCMVal models using linear
regression to relate the seasonal cycles of ozone and
temperature.
[45] A time series for S (the ozone sensitivity to tempera-

ture) is obtained for each model; these are shown in
Figure 5a and all conform to expectation. For each model,
S decreases beween 1960 and 2000. During this time period
gCl increases, chlorine catalyzed ozone loss becomes more
important, and ozone decreases. After 2000 S increases as
gCl decreases toward its natural level. The values of S for
each model vary due to differences in ozone, temperature,
and the relative importance of the catalytic cycles that con-
tribute to ozone destruction. The model for which ozone
becomes least sensitive to temperature, the MRI model
(indicated by the green dashed line in Figure 5a), is the most
sensitive to chlorine due to an error in the photochemical
scheme.
[46] Figure 5b shows the time series from 5(a) normalized

by their respective 100 year means (i.e., S=�S , where the
overbar indicates the 100 year mean). This normalization
emphasizes the relative changes in the annual cycle ampli-
tude that are due to composition change. The models’ nor-
malized time series are remarkably similar to each other.
Even the relative behavior of S=�S from MRI conforms, fol-
lowing the conceptual model presented in section 2, in spite
of the missing reaction in the photochemical scheme that
leads to higher values for the ClO mixing ratio relative to gCl
and greater importance for chlorine catalyzed loss as dis-
cussed above. The rate-limiting steps of the catalytic loss
cycles, and their magnitudes relative to each other, control
the time dependence of S=�S without regard to why one or
another loss cycle is more or less important. Note that
although there are differences among models that affect both
their absolute level of gCl and partitioning among the chlo-
rine containing species, the overall time dependence of
chlorine and the relative changes in chlorine containing
species are specified by the boundary conditions. The time
dependence of S=�S conforms across the models because the
efficiency of the chlorine catalyzed loss is proportional to the

Figure 5. (a) Time series for S (sensitivity of ozone to temperature) at 2 hPa 50�N as determined for each
model from the seasonal cycles in ozone and temperature; (b) Same time series for S as in Figure 5a but
divided by the 100-year mean for each simulation.
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ClO level and the fractional changes in ClO are mainly
controlled by the boundary conditions.
[47] The dependence of S=�S on chlorine amount can be

used to obtain a final test of the conceptual model described
in section 2. Stolarski et al. [2012] show that S=�S is nearly
constant for a simulation that considers climate change
without chlorine change; this result follows from (14)
because the chlorine term is zero and the two contributions
to the ozone term oppose each other. We neglect the ozone
term (first term on the right-hand side of (14)) and rearrange
to obtain the following difference equation:

DS

S

� �

DgCl
gCl

� �
≈

GCl

G
: ð15Þ

[48] The left side of (15) is ratio of the logarithmic deriv-
ative of the sensitivity of ozone to temperature to the loga-
rithmic derivative of inorganic chlorine. We use the time
series for S obtained from the seasonal cycles in ozone and
temperature to estimate DS/S for each model. Equation (15)
shows that this ratio is a measure of the importance of
chlorine-catalyzed loss to relative to the total ozone loss. We
evaluate the left side of equation (15) for the chlorine change
from 1.75 ppbv to 2.25 ppbv as obtained from each of the
CCMVal-2 models, using parts of each time series where gCl
increases and decreases. Figure 6 shows values for the left
side of (15) as a function of simulated NOY. The contribution
of chlorine to total ozone loss as inferred from the left side of
(15) is greater for low NOY, less for higher NOY. This result
follows directly from the conceptual model and shows that
the chlorine catalyzed loss produces a larger change in ozone
annual cycle in simulations with lower NOy and vice versa.
As discussed above, other factors contribute to the balance
of loss processes, and lead to scatter.

4.3. Summary of Results

[49] Overall, this analysis relates the differences in response
of the CCMVal models to changes in anthropogenic chlorine
and greenhouse gases to differences in the simulated unper-
turbed state using the conceptual model presented in section 2.
This conclusion follows from the key results of this section.
[50] 1. Differences in simulated temperature account for

much of the difference in the simulated ozone levels shown
in Figure 1. At low chlorine (1960), the simulated

differences account for about half of the differences in ozone
levels.
[51] 2. Simulated ozone is more sensitive to changes in

chlorine if O + O3 plays a more important role in the balance
of loss processes in 1960 when chlorine levels are low. The
converse is also true.
[52] 3. Simulated ozone is more sensitive to temperature

change when O + O3 plays a more important role because
this is the most temperature dependent loss processes.
Again, the converse is true.
[53] 4. Although the magnitude of the change varies

among models, the amplitude of the seasonal cycle in ozone
varies with chlorine amount, decreasing as chlorine increa-
ses and increasing as chlorine decreases. This evolution is
similar for all models because all models represent the same
odd oxygen loss processes and the boundary conditions
control the temporal dependence of upper stratospheric
chlorine.
[54] 5. The magnitude of the relative change in ozone

sensitivity to temperature divided by the relative change in
chlorine (the left side of equation (15) above) varies among
models, showing that the contribution of chlorine to ozone
loss varies among models. The contribution of chlorine to
ozone loss is lowest in models with high NOY and vice versa.
[55] The differences in computed temperature, ozone and

odd nitrogen are consistent with differences in the balance of
loss processes that control ozone in the upper stratosphere.
Analysis of the simulated time series shows that differences
in the balance of loss processes are responsible for the var-
iations in the models’ ozone sensitivity to chlorine change
and temperature change that are obtained by analysis of the
simulated time series.

5. Discussion and Conclusions

[56] This analysis shows that temporal behavior of ozone
as simulated by CCMVal models conforms to the same
conceptual model. Much of the spread in the ozone values
shown in Figures 1 and 2 is explained by the spread in
temperatures. We use the same conceptual model to show
that differences in sensitivity of ozone to temperature and
chlorine are due to differences in the balance of loss pro-
cesses. In all models the amplitude of the ozone seasonal
cycle decreases as chlorine increases and vice versa. The
simulated changes in the amplitude of the ozone seasonal
cycle are expected from the conceptual model and also
derived from observations. The change in ozone sensitivity
to temperature as a result of chlorine change is larger for
models with less NOY.
[57] This analysis reinforces statements that have been

made often over the past decades – simulated responses to
perturbations in anthropogenic chlorine or temperature
depend on the simulated balance of loss processes in the
unperturbed atmosphere. The ozone sensitivity to changes in
chlorine and temperature as computed from simulations
provided by the CCMVal-2 models varies among models.
We focus on computed ozone levels in 1960, when chlorine
loading is perturbed by only a few tenths of a ppbv above
background. Both the spread in 1960 values and the sensi-
tivity of ozone to temperature as revealed by the seasonal
cycle show that there are differences in the simulated bal-
ance of loss processes. This analysis shows that quantitative

Figure 6. The logarithmic derivative of S divided by the
logarithmic derivative of the chlorine mixing ratio as a func-
tion of local 1960 NOY mixing ratio at 50�N 2 hPa.
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simulation of upper stratospheric ozone evolution as chlor-
ofluorcarbons vary requires accurate simulation of ozone,
temperature and reactive nitrogen prior to the introduction of
the anthropogenic compounds. The analysis also shows that
the range of ozone values produced by the CCMVal-2
models will converge if the range of simulated temperatures
is reduced by improvements to the radiation schemes [see
SPARC CCMVal, 2010, chap. 3].
[58] Although we focused on a single latitude and pressure

surface, the results are general in that the sensitivities of
ozone to chlorine and temperature change computed at this
level correlate with the response at other locations and to the
integrated response for the upper stratosphere. For example
the correlation coefficient between the sensitivities to gCl at
50�N 2 hPa and the sensitivity of the partial ozone column
for 20 – 0.1 hPa averaged between 60�S and 60�N computed
using multiple linear regression is 0.85.
[59] Most of the simulations do not produce values of

ozone, temperature and NOY within the uncertainty range of
the observations of all three. This analysis highlights the
importance of verifying that a model produces appropriate
upper stratospheric temperature and balance of loss pro-
cesses if attempting to use a simulation along with obser-
vations to untangle the dependence of observed ozone
changes on changes in chlorine and temperature. Such an
effort can only be successful if simulated values for all three
fall within boundaries dictated by observations. If these
conditions are met, the approach can be useful in attribution
studies. For example, Stolarski et al. [2012] use the same
conceptual model to argue that a signature of the change in
importance of chlorine to ozone loss can be obtained from
the sensitivity of ozone to temperature as determined by
analysis of their seasonal cycles.
[60] For the upper stratosphere, this analysis demonstrates

the weakness of using a multimodel mean to obtain a ‘best
estimate’ for future ozone levels. The different responses
from these simulations are expected given differences in
temperature, NOY and ozone when chlorine levels are near
background, and averaging over such responses blurs the
understanding of the differences in sensitivity to chlorine
that arise from the wide range of annual mean values for
ozone, temperature and NOy (Figures 1 and 2). For the
simulations shown here, the model that uses the accepted
chemical mechanism and is most sensitive to chlorine is also
the coldest and has unrealistically low NOY. Understanding
of the upper stratospheric sensitivity to chlorine change and
confidence in prediction are enhanced by analysis that
reveals the cause of differences in sensitivity to chlorine.
The multimodel mean masks the differences. Furthermore, it
is clear from this analysis that the range of simulated
responses is related to differences in composition and cli-
mate that can be fairly judged to be realistic or not using
measurements. It is therefore not appropriate to interpret this
sort of range in sensitivity as a measure of uncertainty.
[61] The key result of this work is that it is possible to

apply the conceptual model to interpret the differences in the
CCMVal model projections for upper stratospheric ozone.
The analysis of Oman et al. [2010] shows variations in the
projected level of ozone and in the sensitivity of ozone to
chlorine change and temperature change derived from mul-
tiple linear regression. This analysis takes an additional step,
building on the foundation of ozone photochemistry

developed over decades, to show that the differences in the
ozone sensitivity to chlorine and temperature arise because
of differences in the balance of loss processes. Identifying
the processes that control the differences among simulations
of present-day ozone is a necessary step toward under-
standing the differences in ozone projections. Improved
prediction and confidence therein follow.
[62] The upper stratosphere is the focus of this initial effort

because of the simplicity of the conceptual model. Strahan
et al. [2011] show that the transport diagnostics can be
used to separate predictions for total ozone. Further work is
needed to apply the methodology of the present work to
obtain a quantitative explanation of both the photochemical
and transport changes that lead to variance in the projections
of lower stratospheric ozone and the ozone column.
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