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Abstract

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 chemistry and climate models (CCMs). Although developed from common
principles and subject to the same boundary conditions, simulated ozone time series vary
for projections of changes in ozone depleting substances (ODSs) and greenhouse gases.
In the upper stratosphere photochemical processes control ozone level, and ozone
increases as ODSs decrease and temperature decreases due to greenhouse gas increase.
Simulations agree broadly but there are quantitative differences in the sensitivity of ozone
to chlorine and to temperature. We obtain insight into these differences in sensitivity by
examining the relationship between the upper stratosphere annual cycle of ozone and
temperature as produced by a suite of models. 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. Differences in sensitivity
are traced to differences in simulated temperature, ozone and reactive nitrogen when
chlorine levels are close to background. This work shows that differences in the
importance of specific processes underlie differences in simulated sensitivity of ozone to
composition change. This suggests a) the multi-model mean is not a best estimate of the
sensitivity of upper ozone to changes in ODSs and temperature; b) the spread of values is
not an appropriate measure of uncertainty.

1. Introduction

Atmospheric models are used to interpret constituent observations and to predict the
response of ozone to changes in composition, including the changes in stratospheric
chlorine 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 compounds beginning in 1996, and surface measurements of chlorofluorcarbons
CFCl; and CF,ClI, show that their atmospheric concentrations have leveled off and begun
to decrease [Daniel and Velders et al., 2007]. The effects of ODSs are expected to be
easiest to quantify in the upper stratosphere because 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 Scientific Assessment of Ozone Depletion: 2010
[IWMO, 2011; hereafier referred to as WMO2011]. Attribution of changes in ozone to
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changes in ODSs requires untangling the effects of ODSs from the effects of continuing
increases in greenhouse gases [Douglass and Fioletov et al., 2011].

Projections of future ozone levels are now commonly 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 chemistry and climate models (CCMs), and Stratospheric Processes
and their Role in Climate (SPARC) sponsored an initiative to evaluate them (CCMVal).
Metrics related to model representation of processes identified in observations were
agreed upon in a series of workshops. The SPARC CCMVal Report on the Evaluation

of Chemistry-Climate Models [SPARC CCMVal, 2010] describes in detail 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: a) prescribed surface mixing ratios for chlorine and
bromine containing source gases that change the upper stratospheric amounts of chlorine
and bromine (i.e., equivalent effective stratospheric chlorine (EESC)); b) prescribed
boundary conditions for greenhouse gases that result in stratospheric cooling. In spite of
broad agreement, ozone sensitivity to chlorine change varies among models. 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 changes dominate, the computed ozone percentage changes, the year of
return to 1980 values, and the sensitivity of ozone to perturbations in chlorine and
temperature obtained vary among models.

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 Upper Atmosphere Research Satellite
(UARS), Envisat, SciSat, and Aura, in order to arrive at the best projection for 21
century ozone. Waugh and Eyring [2008] assigned weights to projections of 21% century
ozone based on a set of metrics that quantify model representation of processes thought to
be key to ozone evolution. 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
among models and deficiencies in some models in the representation of several important
stratospheric processes. Strahan et al. [2011] focused on the transport evaluation, with
four of the models showing superior performance for both stratospheric transport and
chemistry. 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 Strahan et al. [2011]
analysis identifies the models with credible transport but did not demonstrate a direct
relationship between transport deficiencies and the rate of recovery for stratospheric
ozone. In several models, problems with partitioning among chlorine species, missing
chemical reactions important to chlorine chemistry, or lack of conservation for the total
amount of chlorine released from source gases whose mixing ratios are specified at the
lower boundary impact simulated ozone recovery.



Similar physical concepts underlie the CCMVal models, therefore understanding why
projections differ is a step towards higher confidence in predictions. This paper focuses
on the upper stratosphere, where the photochemical lifetimes of ozone, tluorocarbons,
and other gases like N,O are short, and transport is of little importance. 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 temperature as quantified for each CCMVal model to explain the variations among
predictions. Our intent is to show how this relationship and its behavior in the past and
present atmosphere provide insight into the differences in predicted upper stratospheric
ozone levels in the 21% century [Bekki and Bodeker et al., 2011].

We present the conceptual model for upper stratospheric ozone in the following section.
Section 3 describes the CCMVal models and the simulations that are analyzed using this
conceptual model. Results are given in section 4, with discussion and conclusions in
section 5.

2. Conceptual model for upper stratospheric ozone

In the upper stratosphere, the time scales for formation of ozone from atomic oxygen and

oxygen molecules (O + O, i03, where M is a third body) and photolysis of ozone

(O, + hv =0, + O) are short compared to the time scales for reactions such as

O + 0, —20, and catalytic cycles involving nitrogen, hydrogen and chlorine radicals
that have this net effect. Bromine radicals play a minor role in the upper stratosphere and
are neglected. It is convenient to define odd oxygen as the sum of ozone and atomic
oxygen, using fast photochemical reactions to define their ratio

(010, =J,; (K, 5,,,0,M), 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 recombination reactions mentioned above. For the upper stratosphere near
2 hPa ozone is nearly equal to odd oxygen.

In the upper stratosphere transport terms can be neglected compared with the
photochemical terms, and the continuity equation for odd oxygen can be written

d
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where yoy is the odd oxygen mixing ratio, ¢ is the time, P is production and L is odd
oxygen loss. Chapter 6 of the CCMVal report includes a comparison of the photolysis
rates as determined by several chemistry-climate models. The values for the photolysis
rate of molecular oxygen (Jp;) are not constant across the CCMVal models; differences
in production are likely responsible for some part of the differences in the ozone mixing
ratio. As will be shown below, the ozone sensitivity to temperature also varies with
ozone level. 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 temperature by focusing
on the loss terms as will be shown in section 4. Assuming small perturbations in yoy and
temperature (7), assuming balance between production and loss (P = L), and neglecting
perturbations to the production term, the continuity equation becomes
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where ©@ = dL/dTand I'=dL/dy,, . following the notation of Stolarski and Douglass
. 0
[1985] (hereafter referred to as SD1985). Equation 3 reduces to y,,, = -—1:T’ when the

perturbation does not very with time. The inverse relationship between ozone and
temperature is found because loss processes for ozone are more efficient at warmer
temperatures. In early observational studies such a relationship between ozone and
temperature was broadly interpreted to indicate dominance of photochemical processes
over transport processes [Wang et al., 1983; Nagatani and Miller, 1984]. Rood and
Douglass [1985] showed that spatial perturbations in temperature produced by wave
motions could lead to an inverse correlation between ozone and temperature 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 y' =y —-% and T’ = T — T where the overbar indicates annual
zonal average and y’ and T are deviations of the zonal means from their annual average
values. We focus on 2 hPa for two reasons: chlorine catalyzed loss (and therefore
chlorine change) is important to the ozone level and photochemical time scales are short
enough that transport can be neglected when considering perturbations from the annual
zonal mean.

Apart from providing information about the relative importance of photochemistry and
transport processes, 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 temperature dependence of equilibrium ozone concentration as derived from
observations could be compared with that expected based on the mix of loss processes
associated with different photochemical theories. 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 representation
of catalytic loss processes. For convenience, the rate limiting reactions for odd oxygen
loss are given in Table 1. The SD1985 approach emphasizes that the catalytic loss cycles
associated with hydrogen, chlorine and nitrogen species make different contributions to
the overall sensitivity of ozone to temperature. Recombination of O + O, and catalytic



cycles with the same effect all contribute to I, the loss frequency (inverse of the
photochemical lifetime). Following SD1985

Loss = Loss,y, + Lossyoy + L0ss, 0 + LoSSq 3)
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The ratio ©/T" that quantifies the linear relationship between y,,, and 7"depends on the
balance of loss processes. The reaction O+ O, is the most temperature dependent; the
catalytic cycle involving chlorine is the least. A model with higher ozone levels for any
reason (greater production, less loss, cooler temperature) will be more sensitive to a
temperature perturbation than a model with lower ozone because O+ O, —20,will be

more important in (3) and its contribution to 6L/07 is proportional to y2, [SD1985].

A similar argument can be applied to the sensitivity of ozone to chlorine change. The
ozone response to a composition change will depend mainly on the change in the balance
of loss processes relative to the balance of processes in the base state. Note that for the
upper stratosphere 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 causes ozone
to decrease (along with other changes in the partitioning of short lived species) such that
the net loss is nearly unchanged. The contributions of other loss processes to the balance
also affect ozone sensitivity to chlorine change. For example, for models that produce the
same upper stratospheric 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.

These concepts have been applied broadly. Observational and theoretical studies discuss
the dependence of the modeled response on the simulated mix of loss processes [e.g.,
Douglass et al., 1985; Douglass et al., 1986; Froidevaux et al., 1989; Smith, 1995]. Such
a linear relationship 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 annual 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 conjecture that products of the reaction C/O +OH included HCI+ 0, in
addition to C/+ HO,. The HCI product channel reduces CIO 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 annual cycle in temperature.
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Laboratory experiments provide the branching ratio for this experiment that is used in
current models [Lipson et al.,1999; Sander et al., 2011].

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 Stratosphere (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.
Stolarski et al. [2011] argue that observed changes in the sensitivity of ozone to
temperature as chlorine decreases are useful in attribution studies to separate effects of
chlorine decrease from the effects of greenhouse gas increase on ozone.

It is conceptually straightforward but algebraically complex to compute the dependence
of I and © on changes in ozone, temperature and chlorine (yox, T and y¢) by
differentiating the expressions for I' and © found in SD1985. Here I is a function of yoyx,
ver, and T. A result of weak sensitivity of chlorine catalyzed loss to temperature is that
the contribution of O¢;¢ to © is small compared to contributions from other loss terms
Because we are focused on the upper stratosphere near 2 hPa where the effects of
chlorine change are the largest, we keep only the leading terms that contribute to I" and
0, ignoring terms that couple loss cycles through interference reactions that are important
in the middle and lower stratosphere. After differentiating and rearranging, we obtain the
following expressions for the logarithmic derivative of ® due to changes in temperature
and odd oxygen mixing ratio:
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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 © = Opy + Onox+ Opoyx, equation (6) is approximated
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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
differentiating the expressions for I'. However, for the limited altitude domain
considered here the direct dependence on the odd oxygen mixing ratio is most important,
and the expression for the logarithmic derivative of I' is approximated
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We combine equations (7) and (8) to obtain a remarkably simple expression for the
logarithmic derivative of ©/T":
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The first term on the right depends on the contribution of O+ O, —20, to the net ozone
loss compared with other cycles. The contributions of 0, to temperature sensitivity and
I, 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 lifetime.
The absolute contribution of the second term is the same sign as the first term, since

A o A
Yox is opposite sign of 2la

Yox Ya
(S = -@/T) is therefore expected to vary with chlorine change. Furthermore, the ozone
sensitivity to temperature for a given model depends on the relative importance of odd
oxygen loss to the other loss processes (first term in (9)) and on the importance of
chlorine loss to the total loss (second term in (9)) and thus values obtained for S likely
vary among models. Note that (9) 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 by selecting periods with changes in inorganic chlorine less than 25%.

. The ozone sensitivity to temperature deviations

3. Models and Data
3.1 CCMVal Models

Morgenstern et al. [2010] present a detailed overview of the models that participated in
the second round of the CCMVal activity. These models contributed simulations that are
evaluated in the CCMVal report [SPARC] and that are used in two chapters of
WMO2011: a) Chapter 2 (Stratospheric Ozone and Surface Ultraviolet Radiation
[Douglass and Fiolevtov et al., 2011]); b) Chapter 3 (Future Ozone and Its Impact on
Surface UV [Bekki and Bodeker et al., 2011]. Eighteen groups contributed simulations to
this activity, but for this analysis we include only fourteen models with a vertical domain
that includes the upper stratosphere and contributed a future simulation. The future
simulation (referred to as REF-B2) uses the A1B greenhouse gas scenario from the
Intergovernmental Panel on Climate Change (IPCC) [2000] and the revised A1 halogen
scenario from WMO [2007] and SPARC CCMVal [2010]. Most models have
simulations that cover 1960 — 2099. The Unified Model/United Kingdom Chemistry
Aerosol Community Model — Met Office (UMUKCA-METO) is an exception in that
their future simulation ends in 2083. Oman et al. [2010] provide details about the



scenarios and the other inputs to these simulations.

3.2 Data

The primary intent of this paper is to demonstrate that the differences in simulations 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 that the seasonal cycles in upper stratosphere ozone and
temperature and 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].

MLS began measurements in August 2004 and continues to measure profiles of a suite of
constituents of stratospheric importance. Here we consider only ozone and temperature.
According to the data quality document [Livesey ef al., 2011], MLS V3.3 ozone accuracy
at 2 hPais 5%. The accuracy of the temperature profiles is estimated to be a few degrees.
For our comparisons we use the MLS annual mean + 2K. As will be shown below the
range of simulated values for the annual mean during the MLS era is about 25K, much
larger than any realistic estimate of accuracy derived from comparisons with other
temperature estimates.

HALOE measured profiles of a suite of constituents of stratospheric importance from late
1991 until late 2005 using solar occultation. We use HALOE profiles of NO and NO; to
estimate the total reactive nitrogen (NOy) at 2 hPa. Gordley et al. [1996] discuss
validation of these constituents. Because NOy varies temporally and because HALOE
sampling is not uniform, we obtain an estimate for annually averaged NOy from HALOE
but consider any simulation result within a 1-2 parts per billion of the HALOE estimate
to be equally possible.

4. Results

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
temperature that are typical for the upper stratosphere are shown in Figure 1 for S0°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 molecular 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).

Chapter 3 of SPARC CCMVal [2010] discusses temperature 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 differences. 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 models
for identical boundary conditions provides an opportunity to test the conceptual model
described in 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. We test the conceptual model
by calculating the differences of each model from the 1960 multi-model mean,

AT =T, - 7" and Ay =y, - fMM where the subscript 7 represents a single model, and
overbar with superscript MM indicates the multi-model mean. These differences are
anti-correlated, with r* of -0.75, suggesting that the temperature differences are
responsible for a significant part of the spread in the simulated ozone values. To test if
this interpretation quantitatively follows the conceptual model, we use multiple linear
regression following Oman et al. [2010] to obtain values for S (the sensitivity of ozone in
each CCMVal model to a temperature perturbation S, = dy,/dT,, where the subscript i
again refers to a single model), and use these coefticients to estimate how much of the
difference from the multi-model mean is explained by the simulated sensitivity to
temperature and the temperature difference relative to the multi-model mean. The ozone
differences from the multi-model mean expected from the temperature differences ( S,AT
) are compared with the ozone differences from the multi-model mean ( Ay, ) in Figure
2. This comparison shows that much of the variation in ozone among models is a result
of the differences in temperature. The results in Figure 2 are quantitatively similar
whether using values for S, = dy,, /dT obtained for each model from multiple linear
regression or using values obtained from the ozone and temperature annual cycles.

The 1960 spread in ozone values among the models is greater than 2 ppmv; the multi-
model mean and standard deviation are 5.51 and 0.55 ppmv respectively. The individual
model sensitivity to temperature times the difference in each model temperature from the
multi-model mean accounts for about half of the spread in 1960 ozone values. The
standard deviation in ozone values after accounting for the temperature difference is
reduced to 0.34 ppmv. The largest differences from multi-model mean ozone are nearly
equal to those expected from the temperature difference and derived sensitivity of ozone
to temperature. Differences in the mix of loss processes also contribute to the spread in
ozone values shown in Figure 1. This is illustrated but not quantified by coloring the
points in Figure 2(a) 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 consistent with colder temperatures, and less loss due to the
nitrogen 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).

It is useful here to notice how well the various models reproduce observed values for
ozone, temperature, and NOy. Figure 2(b) is a scatter plot for 2006 simulated temperature
vs. ozone mixing ratios 50°N 2 hPa. The cross indicates values for these quantities
computed from measurements 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
discussed above. Figure 2(b) also supports the statements above that the simulated ozone
levels are higher for cooler temperatures 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 cooler temperatures tend to have higher ozone and
vice versa.

Although NOy varies temporally in all of the models, the effect of the temporal increase
in the boundary condition for N,O (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. Since NOy ~
NO + NO; at this pressure, we obtain an estimate for annual mean NOy from the multi-
annual time series of 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 seasonally, 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 2(a), low NOy may account for the somewhat larger difference from multi-model
mean O3 than explained by the cooler than multi-model mean temperature for the two
models with the largest positive Os differences. The largest positive difference from the
multi-model mean temperature is consistent with ~ -1 ppmv difference in O;. The model
NOyfrom this model is generally consistent with HALOE. A cluster of models with very
small temperature differences from the multi-model mean have NOy values that are
above, below and consistent with the HALOE estimate.

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 2(b) shows that most
simulations are warmer and have lower ozone than observed by MLS. Two models have
mean ozone approximately 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.

Note that the shapes of the temperature time series (Figure 1(b)) are more similar to each
other than the shapes of the ozone time series (Figure 1(a)). This shows that the
simulated radiative response of temperature to the change in greenhouse 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 loss due to anthropogenic
chlorine both affect temperature. Prior to the late 1990s, anthropogenic chlorine is
increasing and these processes act in the same sense. Once anthropogenic chlorine
begins to decrease these processes oppose each other.
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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. Chlorine catalyzed ozone loss is nearly independent of temperature
[SD1985], thus 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
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 2hPa 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 largely
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
dependence of the standard deviation of ozone from the CCMVal models on chlorine
amount is found throughout the upper stratosphere.

Given the differences in ozone, temperature and the mix of loss processes, it is not
surprising that the sensitivity of ozone to temperature ( Gyoy0T) and its sensitivity to
inorganic chlorine (9yoy0ycr), 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 4(a) and (b) respectively. The ozone
sensitivity to chlorine is nearly linearly related to the 1960 ozone level (Figure 4(a)), with
one obvious outlier. In all panels of Figure 4 the sensitivity indicated by a star (*) is the
MRI model that omitted CIO+ OH — HCl + O, (see Chapter 6 of SPARC CCMVal
[2010]). This difference in chemical mechanism shifts the partitioning of inorganic
chlorine towards C/O, increasing the sensitivity of ozone to chlorine since C/O+ 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 y¢y is 0.9; the dashed line in Figure 4(a) is the linear fit.

Figure 4(a) shows that the sensitivity of ozone to y¢; depends on 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 photolysis of O,, temperature, nitrogen species and
hydrogen species leads to higher or lower ozone levels. The simulations with lower
ozone in 1960 are associated with greater contributions to loss from cycles other than O
+ 03, thus addition of chlorine makes a smaller relative increase in loss and the
simulation is less sensitive to y¢;. 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 yc is greater.

The ozone sensitivity to temperature also depends on the ozone amount (Figure 4(b)),
although with much more scatter than the ozone sensitivity to y¢;. 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
4(b) also depends on the relative importance of the catalytic cycles involving nitrogen

11



and hydrogen species, because the catalytic cycle involving nitrogen species is more
temperature dependent than the cycles involving hydrogen species at this altitude
[SD1985].

Figure 4(c) shows the ozone sensitivity to temperature as obtained from the annual 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 annual cycle as observed by
MLS; the size of the cross corresponds to 5% errors in ozone 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.

Chandra et al. [1993] discuss the variation of the seasonal cycle of ozone due to change
in the mix of loss processes. Clearly as y¢; increases and ozone decreases due to
chlorine-catalyzed loss, the importance of the most temperature dependent of the loss
processes O + Oz decreases. At the same time, the importance of the least temperature
dependent of the loss processes CIO + O increases. We compute the sensitivity of ozone
to temperature S = -0/I" each year for each of the CCMVal models using a least squares
fit to relate the annual cycles of ozone and temperature.

A time series for S is obtained for each model; these are shown in Figure 5(a) and all
conform to expectation. For each model, S decreases until about 2000 as y¢; increases,
chlorine catalyzed ozone loss becomes more important and ozone deceases. After 2000 S
increases as y¢y decreases towards 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 contribute to ozone destruction. '

Figure 5(b) shows the timeseries from 5(a) normalized by their respective 100 year
means (i.e., S/S, where the overbar indicates the 100 year mean). This normalization
empbhasizes the relative changes in the annual cycle amplitude that are due to composition
change. The models’ normalized timeseries are remarkably similar to each other. Even
the relative behavior of S/S from MRI conforms, following the conceptual model
presented in section 2, in spite of the missing reaction in the photochemical scheme that
leads to higher values for the C/O mixing ratio relative to yc; and greater importance for
chlorine catalyzed loss as discussed 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 y¢;
and partitioning among the chlorine 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 conforms across the models because
the efficiency of the chlorine catalyzed loss is proportional to the CIO level and the
fractional changes in C/O are mainly controlled by the boundary conditions.



The temporal dependence of S/S can be used to obtain a final test of the conceptual
model as described in section 2. Stolarski et al. [2011] show that the temporal
dependence of §/S is small for a simulation that considers climate change without
chlorine change. We neglect the first term on the right-hand side of (9) and rearrange to
obtain the following difference equation:

(_A,_S_) /(ﬂ_)_l 10

N Ve r

This equation shows that the logarithmic derivative of the sensitivity of ozone to
temperature, obtained from the annual cycle, divided by the logarithmic derivative of
inorganic chlorine is a measure of the importance of chlorine-catalyzed loss to relative to
the total ozone loss. We evaluate the left side of equation 10 for the chlorine change
from 1.75 ppbv to 2.25 ppbv as obtained from each of the CCMVal models, using parts
of each timeseries where y¢; increases and decreases. Figure 6 shows the values for the
left side of equation 10 as a function of simulated NO,. 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 NO, and vice versa. As discussed above,
other factors contribute to the balance of loss processes, and lead to scatter.

Overall, this analysis explains the differences in response of the CCMVal models to
changes in anthropogenic chlorine and greenhouse gases using the conceptual model
presented in section 2. The simulated temperature in the unperturbed state is important;
differences in 1960 simulated temperature account for half of the differences in 1960
ozone levels. The differences in temperature also affect the sensitivity of ozone to
changes in chlorine in temperature, because simulated ozone is more sensitive to changes
inyey if O + O; is more important. Simulated ozone is also more sensitive to temperature
change if ozone levels are higher because O + O3 is the most temperature dependent loss
processes. The normalized sensitivity of ozone to temperature evolves in a similar
manner for all models because the boundary conditions control the temporal dependence
of upper stratospheric chlorine. Finally, the relative change in ozone sensitivity to
temperature divided by the relative change in chlorine (the left side of equation 10 above)
varies among models. The conceptual model indicates that this ratio provides a measure
of the importance of chlorine catalyzed loss relative to total loss. The relationship of this
ratio to simulated NOy shown in Figure 6 supports this interpretation.

5. Discussion and Conclusions

This analysis shows that much of the spread in the 1960 simulated values seen in Figure 1
as well as the spread in the predictions for annual average upper stratospheric ozone are
explained using the well-developed conceptual model for ozone photochemistry. This
analysis reinforces statements that have been made often over the past decades —
simulated responses to perturbations in y¢; or 7 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 models depends
on their computed ozone level in 1960, when chlorine loading is perturbed by only a few
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tenths of a ppbv above background. This analysis shows that quantitative simulation of
upper stratospheric ozone evolution requires accurate simulation of base state values for
ozone, temperature and reactive nitrogen. The analysis also shows that the range of
ozone values produced by the CCMVal models will converge if the range of simulated
temperatures is reduced by improvements to the radiation schemes (see Chapter 3 of
SPARC CCMVal [2010]).

Although in this paper the analysis of response to composition change 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 ycy 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 MLR is 0.85.

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 processes if attempting to use a simulation along with observations 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. [2011] 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 annual cycles. '

For the upper stratosphere, this analysis demonstrates the weakness of using a multi-
model 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 broad set of
initial conditions (Figure 1). 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
this difference in sensitivity to chlorine. The multi-model mean masks the differences.
Furthermore, it is clear from this analysis that the range of simulated responses is related
to differences in composition and climate that can be judged realistic or not using
measurements. It is therefore not appropriate to interpret this sort of range in sensitivity
as a measure of uncertainty.

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 MLR. This
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analysis takes an additional step, building on the foundation of ozone photochemistry
developed over decades and explaining the differences in the ozone sensitivity to chlorine
and temperature. Identifying the processes that control the differences among
simulations of present day ozone is a necessary step towards understanding the
differences in ozone projections. Improved prediction and confidence therein follow.

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. It is our intention to apply the methodology of the
present work to obtain quantitative explanation of the photochemical and transport
changes that lead to variance in the projections of lower stratospheric ozone and the
ozone column.
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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 Akiyvoshi et al. [2009]

CMAM Scinocca et al. [2008); de Granspré et al. [2010]
CNRM-ACM Déqgué [2007]; Teyssiedre 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 Sschraner et al. [2008]

ULAQ Pitari et al. [2002]

UMSLIMCAT Tian and Chipperfield [2005); Tian et al. [2006]

UMUKCA-METO
UMUKCA-UCAM
WACCM

Davies et al. [2005]; Morgenstern et al. [2009]
Davies et al. [2005}; Morgenstern et al. [2009]
Garcia et al. [2007]

Table 2

Chemical Family Rate Limiting Reactions

Oxygen O+ 0

Nitrogen O+ NO,

Hydrogen O+0OH; O+HOp; O3 +HOyH+O+ M
Chlorine O+ Clo

21



03 pprmv

412 hpa son E 240, wo soN e
3 . 230
1650 2000 2050 2100 1850 2000 2050 2100

Yeor Yeaor

Figure 1: Time series for annual zonal mean ozone mixing ratio (left) and temperature
(right) at S50°N 2 hPa from the CCMVal models listed in Table 1.
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Figure 2: (a) The 1960 50°N 2 hPa ozone difference from the multimodel mean (yo; -

vos"™, y-axis) is approximated for each model by its sensitivity of ozone to temperature
times the temperature difference from the multimodel mean (8yoy/6T *(T — T*™), x-axis).
In both panels points for each model are colored according to the annually averaged local
NOy mixing ratio. (b) 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.
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Figure 3: The standard deviation of annual mean ozone at S0°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.
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Figure 4: (a) Sensitivity of ozone to chlorine change at 50°N 2hPa obtained from 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 excluding 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
observations assuming 5 percent error in the ozone mixing ratio and 10% error in the
ozone sensitivity to temperature. See text for discussion.
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Figure 5: a) Time series for S (sensitivity of ozone to temperature) at 2hPa 50°N as
determined for each model from the annual cycles in ozone and temperature; b) Same
time series for S as in (a) but divided by the 100-year mean for each simulation.
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Figure 6: The logarithmic derivative of S divided by the logarithmic derivative of the
chlorine mixing ratio as a function of local 1960 NOy mixing ratio at S0°N 2 hPa
(crosses).
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