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A new coupled chemistry—climate model for the stratosphere:
The importance of coupling for future O3-climate predictions
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SUMMARY

We have created a new interactive model for coupled chemistry—climate studies of the stratosphere.
The model combines the detailed stratospheric chemistry modules developed and tested in the SLIMCAT/
TOMCAT off-line chemical transport models (CTM) with a version of the Met Office Unified Model (UM).
The resulting chemistry—climate model (CCM), called UMCHEM, has a detailed description of stratospheric gas-
phase and heterogeneous chemistry. The chemical fields of O3, N»O, CH4 and H,O are used interactively in the
radiative heating calculation.

We present results from a series of 10-year ‘time-slice’ experiments for 2000 and 2050 conditions.
The UMCHEM model performs well in reproducing basic features of the stratosphere. The distribution of long-
lived tracers and ‘age of air’ compare well with observations. For O3, the model tends to underestimate the
stratospheric column at high latitudes by ~20 DU. This is due to an underestimate of poleward transport in the
mid-low stratosphere. The UMCHEM reproduces well the seasonal cycle in monthly mean column O3 at mid-
high latitudes, though the variability is slightly smaller than observations and smaller than in the SLIMCAT CTM.
Other comparisons with the CTM, which has an identical chemistry scheme, show differences resulting from
the models’ meteorologies. For example, while the CTM reproduces the observed NO, versus N>O correlation,
the UMCHEM overestimates the slope by about a factor of 2. '

Including full chemistry in the UM causes important differences in the model’s meteorology. As the zonal
mean ozone climatology used in the UM is larger than that calculated in UMCHEM, with a maximum difference
of 4 ppmv in the upper stratosphere, the UMCHEM temperature is about 4 K lower in the Antarctic lower
stratosphere and 1-6 K higher in the upper stratosphere. The age of air is less in the basic UM by about 1-3
months in the lower stratosphere but slightly greater in the upper stratosphere. Coupling of the more realistic
stratospheric chemistry water vapour warms the model stratosphere by ~1-2 K. This water vapour coupling also
results in a decrease in ozone with a maximum difference of about 250 ppbv in the tropical and southern high-
latitude upper stratosphere, while in the tropical lower stratosphere ozone concentrations are increased by up to
30 ppbv.

For 2050 conditions, the model produces a column O3z 5% higher than present-day values in the tropics, about
15% higher in the Arctic winter/spring and up to 90% higher in the much smaller Antarctic O3 hole. This large
O3 increase more than offsets the effect of cooling in the Antarctic late spring induced by greenhouse gases.

KEYWORDS: Ozone recovery Unified Model

1. INTRODUCTION

Understanding the causes of the observed past depletions of stratospheric ozone
has been a major focus of atmospheric research over the past decades. Although
some specific quantitative discrepancies remain, models can now capture many of
the observed features of this depletion and can identify the role of anthropogenic
halogen species in causing this (e.g. World Meteorological Organization (WMO) 2003).
Now that stratospheric chlorine levels are decreasing, we expect the ozone layer to
‘recover’. However, the timing and extent of this recovery is uncertain and depends
on the interaction of atmospheric chemistry, dynamics and radiation with other climate
variables. Robust predictions of the future recovery of stratospheric ozone need detailed,
coupled three-dimensional (3D) atmospheric radiative—dynamical-chemical models.

Predictions of stratospheric climate require a general circulation model (GCM)
which calculates radiation and dynamics. These models themselves are computa-
tionally expensive. However, over the past decade or so, many groups have made
progress in including treatments of stratospheric chemistry in GCMs to produce coupled

* Corresponding author: School of the Environment, University of Leeds, Leeds LS2 9JT, UK.
e-mail: martyn @env.leeds.ac.uk
© Royal Meteorological Society, 2005.

281


http://crossmark.crossref.org/dialog/?doi=10.1256%2Fqj.04.05&domain=pdf&date_stamp=2006-12-29

282 W. TIAN and M. P. CHIPPERFIELD

chemistry—climate models (CCMs) (e.g. Hein et al. 2001; Austin 2002). Given the cost
of GCMs, and the relative lack of computer power even a few years ago, the detail of the
chemistry that has been included is often very limited and even the most sophisticated
schemes have made some notable approximations.

Meanwhile, the interpretation of past ozone changes has been greatly aided by
the development of off-line 3D chemical transport models (CTMs). These models
use winds and temperatures specified from meteorological analyses and so are not
only constrained to ‘real’ meteorological situations but are computationally cheaper,
allowing the inclusion of more detailed chemistry. Because of this, and their direct use in
comparing with a wide range of observations, chemical schemes in CTMs are generally
more detailed and somewhat more tested than those that have evolved in CCMs.

A summary of a range of recent experiments with state-of-the-art CCMs can be
found in Austin et al. (2003) and WMO (2003). In these studies, CCMs were used to
predict the future evolution of polar ozone and there were large differences between
the models. Much of the differences are due to different predictions of the climate, but
the models also contained widely differing treatments of chemistry. In fact, even CCMs
which have otherwise detailed schemes can ignore, for example, bromine chemistry
(e.g. Nagashima et al. 2002; Steil et al. 2003); such omissions make studies of polar O3
loss semi-quantitative at best.

In this paper we describe the development of a new coupled CCM. This model
is derived from the UK Met Office (UKMO) Unified Model (UM) GCM and the full
‘stratospheric’ chemistry scheme from the SLIMCAT/TOMCAT CTM (Chipperfield
1999). Our approach here has been to take complete code from the CTM, developed
and tested over many years in CTM comparisons, and insert it in the UK Universities’
community version of the UM GCM. By doing this, we plan to create a CCM with a
chemical scheme detailed enough to represent all important interactions in the strato-
sphere and aid validation/testing of our new CCM by being able to compare the CCM
with CTM runs.

The UM has already been used in studies with a stratospheric chemistry scheme
over many years by Austin and co-workers (e.g. Austin et al. 1992, 2001; Austin 2002).
However, here we have used our SLIMCAT/TOMCAT scheme as it is more comprehen-
sive (e.g. more species and separate advection of all long-lived species) and builds on
our past CTM work. The UM has also been used for coupled chemistry—climate studies
with simple parametrized schemes for ozone (Braesicke and Pyle 2003) and CH4/H,0
(MacKenzie and Harwood 2004).

Section 2 describes the Unified Model, gives details of our stratospheric chem-
istry scheme and summarizes the 10-year time-slice experiments performed for this
paper. Section 3 then investigates the performance of the basic coupled model by
comparing with observations and related SLIMCAT CTM output. Section 4 discusses
the impact of the interactive coupling of chemical species, and in particular H>O, on the
model’s radiation scheme. Section 5 describes coupled simulations for 2050 conditions.
Our conclusions are presented in section 6.

2. MODEL AND EXPERIMENTS

(a) Met Office Unified Model

The Met Office UM (Cullen 1993) is a hydrostatic, primitive-equation, grid-point
atmospheric general-circulation model with a hybrid vertical coordinate. There are
different versions of the model and in this study we have used the ‘climate’
version v4.5 L64. This model has a horizontal resolution of 2.5° latitude x 3.75°
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TABLE 1. CHEMICAL SPECIES IN THE UMCHEM CHEMISTRY—CLIMATE MODEL

Category Species

Coupled short- 0, {=03 + OCP) + 0(! D)}
lived species NO, {=N + NO + NO;}, NO3, N,0s5, HNO3, HO,NO,,
ClO, {=Cl + CIO + 2Cl,0,}, CIONO,, HC1, HOCI, OCIO,
BrO, {=Br + BrO}, BrONO,, BrCl, HBr, HOBr
H,0,, CH,0, CH;00H

Steady state H, OH, HO,, CH3, CH30,, CH30, HCO
Source gases CH4, N»O, CO, H,0, CFCl3, CF,Cl,, CH3Br
Aerosol H,>SO4

Fixed 02, Ny, Hp, CO,

longitude and 64 vertical levels from the surface to 0.01 hPa (approximately 80 km).
The vertical resolution in the stratosphere is ~1.3 km.

This version of the UM uses the orographic gravity-wave drag scheme (Gregory
et al. 1998) from the surface to 20 hPa. The scheme accounts for the anisotropy of sub-
grid orography in the calculation of the surface stress. Above 20 hPa, non-orographic
gravity-wave drag is represented by a Rayleigh friction term. For the runs performed
here, the model uses observed sea-surface temperatures (SSTs) from 2000 to 2002 to
represent present-day conditions.

The UM uses the radiation scheme of Edwards and Slingo (1996) with some
modifications in the middle atmosphere (Zhong and Haigh 2001). This scheme treats
absorption by the gases CO,, H,O, O3, N>O, CHy, CFC11 (CFCls), and CFC12
(CF,Cly). In the standard UM, these gases are specified by climatological values.

In our version of the UM, the model’s default tracer advection scheme has been
replaced by the QUINTIC-MONO scheme (Gregory and West 2002). This scheme
performs much better in maintaining realistic tracer distributions in the presence of
strong gradients.

(b) Chemistry scheme

To create our coupled chemistry—climate version of the UM, we have taken the
full stratospheric chemistry modules from the SLIMCAT/TOMCAT off-line 3D CTMs
(Chipperfield 1999). This scheme has been developed for many years to be both
comprehensive and computationally efficient. As well as being used in 3D CTM
studies it has also been used in a 2D latitude—height model for 100-year simulations
(e.g. Chipperfield and Feng 2003)—a useful test of the scheme’s long-term stability.

The species contained in the model are listed in Table 1. The scheme contains
all of the Oy, NO,, Cl,, Bry, and HO, species believed to be important to describe
stratospheric chemistry. The scheme also includes a detailed CH4 oxidation scheme
and a range of long-lived source gases. During the model simulations, the abundance
of the three halogen-containing source gases (CFCl3, CF,Cl, and CH3Br) are scaled to
give the required chlorine/bromine loading (to account for the contributions from source
gases not considered). The scheme uses 28 advected tracers in the UM (including a
‘passive’ Oy tracer to diagnose polar ozone loss). A list of chemical reactions in the
scheme is given in Chipperfield (1999).

The model uses a limited number of chemical families for species which are in rapid
photochemical equilibrium, and for which the partitioning can be calculated even at
night (e.g. N, NO, NO,). Otherwise, the species are integrated separately. For example,
although OCIO is photolysed rapidly during the day, it is not included in the C1O,, family
as its concentration could not then be determined straightforwardly at night. To prevent
a significant increase in computational cost on adding the source gases, these long-lived
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species are integrated using a simple forward Euler integration scheme which is far
cheaper than the semi-implicit scheme (Ramaroson ef al. 1992) used for the shorter-lived
species and families. Photochemical data are taken from Sander et al. (2000). To reduce
computational costs, within the coupled CCM the chemistry is only calculated within a
limited vertical domain (30 levels spanning 150 hPa to 0.5 hPa). Above and below this
domain the chemical species are advected as passive tracers.

The photolysis rates (J values) are calculated using a scheme based on Lary and
Pyle (1991), which in turn was based on Meier et al. (1982) and Nicolet et al. (1982).
The scheme uses a 4D look-up table (which has coordinates of pressure altitude,
temperature, O3 column, and zenith angle) to interpolate precomputed J values to a
particular location and time in the atmosphere. The scheme takes account of multiple
scattering and spherical geometry and can calculate photolysis rates for zenith angles up
to 96°, which is important for applications to the polar lower stratosphere.

For heterogeneous chemistry, the model contains an equilibrium treatment of
reactions on liquid sulphuric acid aerosols and on solid nitric acid trihydrate (NAT) and
ice particles. The treatment of liquid aerosols requires the HySO4 loading of atmosphere.
This field is updated by observed monthly values and advected as a passive tracer.
For the time-slice experiments discussed here, a fixed month of January 1995 is used.
The composition of liquid H,O/H>SO4/HNO3/HCI aerosols is then calculated from
the analytical scheme of Carslaw et al. (1995a,b) using this HySO; field along with the
model fields of temperature and other chemical species. This scheme also calculates
the solubilities of HBr, HOBr, and HOCI. The model calculates the equilibrium vapour
pressure of HySO4 following an expression of Ayers et al. (1980). This is then tested
against the model HySO; field and used to switch off the liquid aerosol reactions in the
upper stratosphere.

For NAT polar stratospheric clouds (PSCs) (HNOs3.3H,0), the model mixing
ratios of HNO3, H>O, and temperature are used with the expression of Hanson and
Mauersberger (1988) to predict when they are thermodynamically possible. The avail-
able surface area is calculated from the amount of HNO3 condensed assuming that there
are 10 NAT particles cm™>. Because NAT particles can be very large, gas diffusion
limitation is taken into account (Turco et al. 1989).

Ice particles are assumed to form when they are thermodynamically possible. HNO3
is removed from the gas phase in the presence of ice particles using the equilibrium NAT
expression (Hanson and Mauersberger 1988). This assumes a NAT coating (as opposed
to a liquid coating) to the ice particles. The available surface area is calculated from an
estimate of the amount of H,O which is condensed and assuming that the radius of the
ice particles formed is 10 wm. In the current version of this model, there is no treatment
of particle sedimentation and hence the model does not simulate polar denitrification
or dehydration. In principle, the lack of denitrification in the coupled model will
underestimate the PSC-related polar ozone loss and result in a slight overestimation
of column ozone in the polar regions.

(c) Coupled model experiments

We have performed three 10-year ‘time-slice’ integrations with the coupled model
(UMCHEM). These integrations use constant forcing for trace-gas mixing ratios at
the lower boundary. The model runs are summarized in Table 2 and the trace-gas
boundary conditions are given in Table 3. For run R4, which used 2050 boundary
conditions, the greenhouse gas (GHG) values are from Intergovernmental Panel on
Climate Change (2001) scenario A1B. The estimated halogen loadings are from WMO
(2003). The meteorological initial conditions for 2050 were generated by running the
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TABLE 2. SUMMARY OF 10-YEAR MODEL EXPERIMENTS

Run Description Source gases  Radiation coupling
UMC Basic UM None

RO UMCHEM control 2000 03, N0, CHy

R2 With stratospheric H,O coupling 2000 03, N,O, CHy, H,O
R4 Future conditions 2050 03, N0, CHy4

TABLE 3. CONCENTRATIONS OF GREENHOUSE GASES
USED IN THE MODEL SIMULATIONS
Year CO, N>O CHy4 CFCl11 CFCI12
(ppmv)  (ppbv)  (ppbv)  (pptv)  (pptv)

2000 368 308 1760 262 540
2050 532 350 2400 105 350

UM for three years without chemistry, but with 2050 values of GHGs in the radiation
scheme. It should be pointed out that both 2000 and 2050 runs used the same SST
to suppress possible tropospheric responses. These full chemistry runs were initialized
with output from a SLIMCAT CTM simulation for the appropriate 2000 or 2050
conditions. In addition to these three coupled runs, we have also performed a reference
simulation of the basic UM without chemistry (run UMC).

We have used these four integrations to test the performance of the coupled model
under present-day conditions (run R0), to investigate the effect of coupling interactive
chemical species with the radiation scheme (runs R0, R2 and UMC), and to investigate
the main interactions between chemistry and climate in the 2050 atmosphere (runs R0
and R4). All model diagnostics are 10-year averaged climatologies unless otherwise
stated.

3. VALIDATION OF THE UMCHEM CLIMATOLOGY

In this section we compare the performance of the UMCHEM control run R0 with
observations and other suitable datasets. The Stratospheric Processes and their Role in
Climate (SPARC) project has provided some reference global datasets (Randel et al.
2003), based on Upper Atmosphere Research Satellite (UARS) measurements which
are well suited to test our coupled model. We also compare the UMCHEM output with
the corresponding climatology from UKMO analyses (Swinbank and O’Neill 1994)
and the SLIMCAT CTM output. Here we use results from a multiannual integration
of SLIMCAT from 1989-2001 forced by European Centre for Medium-Range Weather
Forecasts (ECMWF) ERA-40 and operational analyses which had a horizontal reso-
lution of 7.5° x 7.5°. The inclusion of a SLIMCAT experiment enables us to diagnose
insufficiencies in the UMCHEM chemistry and transport processes since it and
SLIMCAT have the same chemistry module but different dynamics.

(a) UM climatology

Although our aim here is not to test the basic meteorology of the UM which is
widely documented in other studies (e.g. Swinbank et al. 1998; Jackson et al. 2001),
we do show a brief comparison of basic fields from our simulations. Figure 1 shows
the UMCHEM climatology of temperature and zonal wind in comparison with the
corresponding climatology from UKMO analyses. In June, temperatures in the Antarctic
lower stratosphere in UMCHEM are about 5 K lower than the UKMO analyses;
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Figure 1. 10-year climatology of (a) zonal mean temperature (K) and (b) zonal mean wind speed (m s~1, with
negative (easterly) winds shaded) in June from the UMCHEM run RO; (c) and (d) are corresponding fields from
UKMO analyses. (e) to (h) are as (a) to (d), but for December.

in the Arctic upper stratosphere, UMCHEM temperatures are about 5-10 K lower
than UKMO. In the southern high-latitude upper stratosphere, the zonal wind from the
UMCHEM is around 20 m s~ ! larger than the UKMO analyses.

In December, UMCHEM temperatures in the Antarctic lower stratosphere are still
~5 K lower than UKMO while the temperature in the northern hemisphere (NH) upper
stratosphere is higher than UKMO. In response to these temperature differences, the
zonal wind in the southern high-latitude lower stratosphere in the UMCHEM is about
20 m s~ ! larger than UKMO analyses.

The annual mean model temperature in lower-stratosphere southern high latitudes is
about 5 K lower than the UKMO, while in the upper stratosphere the model temperature
is overall higher than UKMO climatology (not shown). Clearly, the so-called ‘cold pole
bias’ also exists in our coupled model, particularly in the Antarctic winter. This cold
pole bias gives rise, via the thermal wind relation, to a polar jet in the model which
is about 20 m s~! stronger than that of UKMO climatology. More detailed evidence
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Figure 2. Time series of stratospheric monthly mean temperature (averaged between 100 and 10 hPa) at 85°S
from ECMWEF analyses (January 1984 to December 1993, dotted), UMCHEM output (January 1992 to December
1999, bold solid), and UKMO data (November 1991 to February 2000, thin solid).

about the model temperature bias in the Antarctic can be seen from Fig. 2, which shows
the time series of the Antarctic polar stratospheric monthly mean temperature derived
from three different datasets. Throughout the time period examined, the model minimum
temperatures are about 2-5 K lower than those of UKMO and ECMWE. The model
maximum temperatures are more in accordance with those of the UKMO and ECMWEF,
but overall are still lower.

Note that the ‘cold pole problem’ is a common feature in many climate models with
a fully resolved stratosphere. It has been reported that using non-orographic gravity-
wave drag (GWD) schemes in climate models can result in a significant reduction
in the cold pole problem relative to Rayleigh friction (RF) schemes which act to
decelerate the polar night jet (e.g. Manzini and McFarlane 1998). Manney et al.
(2002) also found in their mechanistic model simulations that using RF to parametrize
GWD in their model results in an unreasonable latitudinal structure of the upper-
stratospheric jet. However, their results also suggest that a GWD scheme is likely
to affect planetary-wave properties in the middle stratosphere, such as phase and
amplitude. Meanwhile, due to interannual and interhemispheric variability in gravity-
wave activity, inclusion of GWD in a model needs expensive tuning (which often
has no physical foundation) to find an optimal set of GWD parameters. Although a
good description of the gravity wave—stratospheric vortex interaction has important
implications for predictions of ozone depletion and climate change, the topic is still
under considerable debate (e.g. Duck ef al. 2001). In our UMCHEM simulations, we
have employed traditional RF as a gravity-wave proxy rather than a sophisticated GWD
scheme. As discussed in section 4, inaccurate prescriptions of the Antarctic ozone
climatology in GCMs without coupled chemistry may also affect those cold biases.

(b) Tracer transport and age of air

The age of air is a very useful diagnostic of tracer transport although direct inference
of the mean age of air from observations is not straightforward. In CCMs and CTMs,
the mean age of air can be calculated from the age spectrum by using an age tracer in the
model. In theory, the stratospheric response to a pulsed mixing-ratio boundary condition
at the model surface gives the age spectrum (Waugh and Hall 2002). The configuration
for the age tracer in our experiments is the same as that described in Hall et al. (1999),
namely within the latitude band £10° and surface to 850 hPa, the mixing ratio of a
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Figure 3. Zonal mean cross-section of mean age (years) from the UMCHEM run RO.

passive tracer was set equal to 1 during the first January and then equal to O for rest of
the 10-year run.

Figure 3 shows that the mean age of air from the UMCHEM, e.g. maximum age in
the high-latitude upper stratosphere of 4-5 years, is well within the range of the mean
ages derived from the observations and model simulations shown by previous authors
(see Hall et al. 1999), suggesting that the long-term tracer transport in the coupled model
is overall reasonable. The mean age in Fig. 3 is similar to, but slightly less than, that
derived by Mackenzie and Harwood (2004) using their version of the UM. These age
differences may be caused partly by the new tracer advection scheme we used in the
model. However, it is also possible that different radiation coupling can cause a response
in the transport process. The effect of different radiation coupling on the modelled age
of air is discussed in section 4(a).

Further information about the transport process in the UMCHEM can be gained
from the model tracer fields. Latitude—height cross-sections of the 10-year averaged
zonal mean O3 and CHy fields from the UMCHEM and SLIMCAT are shown in Fig. 4 in
comparison with the corresponding SPARC climatology. For CHy the basic features of
the UMCHEM distribution are consistent with UARS observations. The UMCHEM has
a good representation of the tropical ascent and strong tracer gradients in the subtropics.
The CH4 mixing-ratio contours are broadly in accordance with those of the age of air
(Fig. 3). In the high-latitude upper stratosphere, the UMCHEM strongly overestimates
the observed low mixing ratios of less than 0.2 ppmv. In contrast, the SLIMCAT CTM
captures these values because in the CTM run the chemistry extended to 0.1 hPa. For the
UMCHEM runs there is no chemistry above 0.5 hPa (i.e. CHy is a passive tracer above
this altitude) and so the model has too much CHy4 in air descending from the mesosphere.

Both the UMCHEM and SLIMCAT show a good capability in reproducing the
stratospheric ozone field, although the mid-stratosphere ozone maximum in SLIMCAT,
which will have the more realistic temperatures, is slightly underestimated compared
with the UARS observations. In the middle stratosphere the UMCHEM contours do not
extend as far poleward as those of the SPARC data or SLIMCAT.

(¢) Column ozone

To verify the reliability and stability of the coupled model, the time series of total-
column ozone from the control integration R0 is shown in Fig. 5 along with Total Ozone
Mapping Spectrometer (TOMS) observations. It should be noted that the UMCHEM
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Figure 4. Latitude-height cross-sections of zonal mean O3 (ppmv) from (a) the UMCHEM run RO, (b) the
SPARC UARS climatology and (c) SLIMCAT. (d) to (f) are as (a) to (c), but for CHy (ppmv).

column ozone output only includes the 30 chemistry levels from 150 to 0.5 hPa and
so the column contribution below this has been added based on the ozone climatology
from Logan (1999). It is apparent that general characteristics of column ozone are well
captured by the model with maxima in the NH spring mid-high latitudes and minima
in the northern summer high latitudes. In the southern hemisphere (SH) the Antarctic
ozone hole is evident with a clear annual cycle which is essentially the same as the
TOMS data. The UMCHEM shows a slight underestimation (~20 DU) of the total-
column ozone in the northern high latitudes and an overestimation in midlatitudes and
in the tropics. Further comparisons with 10 years of SLIMCAT output (from 1991 to
2001) reveal that there is no significant underestimation of column ozone by SLIMCAT
in the northern high latitudes. This suggests that the underestimation of total-column
ozone at the northern high latitudes is largely related to dynamics rather than chemistry
since the UMCHEM and SLIMCAT show no similar underestimation of total-column
ozone values at the same latitudes. The underestimation in the high-latitude column
ozone is consistent with the lack of poleward extension of the O3 contours in Fig. 4.
Figures 6(a) to (d) show the seasonal variation of total-column ozone at four
different latitudes (again the tropospheric contribution of column ozone was added to the
corresponding UMCHEM values). The UMCHEM captures the seasonal variation well
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Figure 5. Time series over 10 years of zonal mean total-column ozone from (a) the UMCHEM run RO,
(b) SLIMCAT and (c) TOMS observations. The TOMS data have periods of missing data between 1992 and 1995.

at these latitudes and, when the tropospheric contribution is included, compares well
in magnitude with TOMS. For SLIMCAT the modelled O3 column, especially in high
latitude winter/spring depends on the analyses used to force the model and this early run
with ERA-40 winds shows larger values than TOMS, e.g. a mean of 500 DU in spring at
65°N. The column ozone from SLIMCAT, which is driven by analysed winds, exhibits
the largest interannual variability while the UMCHEM gives the smallest variability.
Overall, these comparisons of two models with the same chemistry scheme emphasize
the importance of dynamics in reproducing column ozone.

Some more information on the model’s dynamical performance can be gained from
comparing the seasonal variation of the stratospheric temperature with UKMO and
ECMWEF analysis (Figs. 6(e) to (h)). The model temperature in midlatitudes is about
0-5 K higher than those of UKMO and ECMWF. However, at the higher latitudes, the
model mean temperature is in good agreement with UKMO and ECMWF analyses.
There are no significant differences in temperature variabilities between the three
datasets.

(d) Tracer—tracer correlations and mixing

In the stratosphere long-lived tracers, even when they are not chemically related,
will exhibit compact correlation curves (Plumb and Ko 1992). These plots are a useful
way of comparing observations and models, especially when the datasets are large or do
not correspond to the same time period.
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Figure 6. The seasonal variation of mean and variability (range) of total-column ozone at latitudes (a) 45°N,
(b) 45°S, (c) 65°N and (d) 65°S for the UMCHEM (mean dashed line and variability vertical shading), TOMS
data (mean solid line and variability dots), and SLIMCAT (mean dash-dotted line and variability light shading).
(e) to (h) show mean and variability of stratospheric temperature (averaged between 100 and 10 hPa) from UKMO
(solid line and light shading), ECMWF (dash-dotted line and line-shading), and UMCHEM (dashed line and dots)
at the same four latitudes. (Where dots are used to show range, each one is an individual monthly mean value.)

Figure 7 shows the correlations of CHy versus N> O and NOy, versus N>O in January
and October after 8 years of UMCHEM simulation. These tracer—tracer plots were
generated using one instantaneous sample of the chemical species at a particular time
step. Essentially, after 5 years’ simulation, the compact correlations are very strong and
there is very little variation in the correlation between these species throughout the year
(Sankey and Shepherd 2003). The data from the UMCHEM also show little seasonal
variation in the CHy versus N, O correlation. However, some seasonal difference can be
noted in NO,, versus N>O correlations. At the SH higher altitudes, the compactness is
not very strong and the points in the higher altitudes show some evidence of spreading
particularly in October. The similar feature also existed in the corresponding plots from
the CCM described by Sankey and Shepherd (2003) and they argued that the conversion
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Figure 7. Tracer—tracer correlation plots of (a) NoO versus CHy and (b) N>O versus NO,, for January northern

hemisphere from the UMCHEM run RO after 8 years of simulation. (c) and (d) are as (a) and (b), but for October.

(e) to (h) are as (a) to (d), but for the southern hemisphere. Different grey shades represent data from different
model levels. The dashed lines are fits to ER-2 observations for the lower stratosphere (see Kawa et al. 1993).

of N>O to NO, is more rapid at higher altitudes and so the conditions for compact
correlation are violated.

Not only is a broadly compact correlation achieved by the model, the slope of
CH4 versus N;O is reasonably consistent with observational fit (Kawa et al. 1993).
However, the slope of the UMCHEM NO,, versus N>O correlation is much larger
(by a factor of 2) than the observations. For long-lived chemical species the slope of
the correlation depends on chemistry (Sankey and Shepherd 2003). We have noted
from Figs. 4 and 5 that the model stratospheric chemistry behaves well compared
with observations. Here the slope of the UMCHEM CH4 versus N>O being in good
agreement with observations further indicates that the chemistry in the UMCHEM is
reasonable.

For correlations between NO,, versus N>, it is thought the slope is mainly deter-
mined by the chemistry while compactness of the correlation is related to the mixing
process. Figure 7 shows that NO, mixing ratios are much higher than observations.
Rinsland et al. (1999) reported that the lack of low NO,, values may be due to denitrifi-
cation which is not included in the UMCHEM runs. However, it is also believed that low
mixing ratios of NO,, are related to the dynamical processes which mix the air brought
down from above across the polar vortex barrier (Michelsen et al. 1998).
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Figure 7. Continued.

The corresponding plots based on the data from the SLIMCAT run are shown in
Fig. 8. In contrast to the UMCHEM, a stronger seasonal variation in the correlation
between CHy4 and N>O can be noted, and also between NO,, versus N>O correlations.
The isentropic levels used in the stratosphere in SLIMCAT lead to a separation of
correlation curves which is not seen so clearly in the pressure-level UMCHEM. For NO,,
versus N>O, SLIMCAT gets a better representation of the observed correlation slope.
SLIMCAT also produces a strong signal of denitrification in the SH in October as this
run included the sedimentation of PSCs.

Figures 7 and 8 together suggest that the much higher slope of the UMCHEM NO,,
versus N»>O correlation is due largely to too strong vortex confinement (as is implied in
Fig. 1) rather than to the denitrification which is not considered in the UMCHEM but is
in SLIMCAT.

4. EFFECT OF CHEMISTRY COUPLING

(a) Coupling of O3, N2O and CH4
As mentioned above, the UM has been used in many studies of the middle atmos-
phere but the fields used in the radiation calculations, and the coupling between chem-
istry and radiation, have varied. In the full chemistry runs of Austin and co-workers
(e.g. Austin et al. 2001), the only species coupled to the radiation scheme was Os.
The other species in the radiation calculation (i.e. minor GHGs such as N>O, CHy,
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Figure 8. As Fig. 7, but for data from the SLIMCAT CTM run.

CFC11 and CFC12) were specified from observations or predicted future scenarios in-
dependent of the chemistry. For water vapour they used the UM’s humidity field but
with the addition of a contribution from methane oxidation. Again, however, this was
different to the H,O in their chemical scheme.

More recently, Mackenzie and Harwood (2004) coupled O3, N»,O, CHy, and H>,O
to the UM radiation scheme. However, they did not discuss the effects of this coupling
and their chemistry scheme was simplified. As shown below, an accurate prediction of
these radiatively active chemical species is crucial to studies of stratospheric chemistry
processes.

Braesicke and Pyle (2003) tested the different coupling to the radiation scheme
of ozone either from their parametrized chemistry scheme or from a zonal mean
climatology derived from their coupled run. They showed that the UM stratosphere was
significantly warmer when using its fixed ozone climatology than when using interactive
ozone from chemistry scheme. In their study, there was no account of the coupling of
water vapour and other chemical species.

Figure 9 shows the differences in zonal mean temperature and zonal wind climatol-
ogy between the control run R0 and the basic UM run UMC. Note that the temperature
from the UMCHEM is about 4 K lower in the Antarctic lower stratosphere than that
from the UM; apparently the cold pole problem is also related the chemistry coupling in
the model. The maximum ozone mixing ratio of the ozone climatology in the UM run
UMC is about 4 ppmv larger than the corresponding values calculated in the UMCHEM
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Figure 8. Continued.

control run R0. As a result, we get a warmer upper stratosphere and also a warmer
(pronounced in the Antarctic), slightly weaker (zonal winds are up to 5 m s~! lower in
the southern high latitudes) polar vortex in the basic UM run.

It is evident that the model temperature climatology in the stratosphere is highly
sensitive to the ozone field used in the model. An accurate prediction of stratospheric
ozone from chemistry schemes is also likely a sensitive factor in resolving the ‘cold pole
bias’ in CCMs and an unreasonable prediction of ozone in polar stratosphere may either
intensify or weaken the cold pole bias.

Figure 10 shows the differences in mean age from the UMCHEM run (R0) and
the basic UM run UMC. There are evident differences in the mean ages due to the
chemical coupling caused by changes in the strength of the meridional circulation in the
two experiments. The air is younger in the UM compared to UMCHEM, particularly
in the lower stratosphere where the difference is more than 3 months. The differences
in the circulation are mainly due to ozone-induced radiative forcing. Higher ozone con-
centrations in the stratosphere in the UM run UMC give rise to a warmer stratosphere,
especially a warmer Antarctic polar vortex in the lower stratosphere. The warmer and
weaker polar vortex corresponds to a stronger Brewer—Dobson circulation in the lower
stratosphere as the age of air in UMC is less than that in UMCHEM. In the upper
stratosphere, it appears that the Brewer-Dobson circulation in UMC is weaker and the
age of air is greater than that of UMCHEM. This could be related to the stronger vertical
temperature gradient in the UMC.
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Figure 11 shows the correlation of N,O mixing ratios from the control run RO
and the mean ages from run R0 and UMC. Note that both runs have the same tracer
advection scheme. It is apparent that there is younger air in both hemispheres in run R0
when compared to the air without chemistry coupling. In the northern hemisphere, for a
given amount of N, O, air is shifted towards a younger age in R0. This is also generally
the case in the SH although some of the most aged points in run R0 have similar age to
run UMC.

(b) Water vapour coupling

Our CCM experiments have used different H,O fields in the radiation scheme,
i.e. with and without the coupling of stratospheric HyO. Here we investigate the
differences, especially in the stratospheric ozone field, caused by this coupling of water
vapour into the radiation scheme. It is worth noting here that, if the water vapour
from chemistry is not coupled in the radiation scheme, then the UM humidity field
is used instead. Figure 12 shows the UM specific humidity, gym, and stratospheric
chemistry water vapour, gchem, in the control run R0 and run R2. The two water vapour
fields are different both in magnitude and in spatial distribution. The gcpemvalues are
about twice as large as those of gum, which ignores oxidation of CHy as a source of
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Figure 11. Correlation plots of zonal mean N>O volume mixing ratio (ppbv) versus mean age (years) for

the control run RO (black dots) and the basic UM run UMC (grey dots) in the (a) northern and (b) southern

hemisphere. As N, O output is only available on the 30 ‘chemistry’ levels in the coupled model (from about 150
to 0.5 hPa), points with low N,O loading (i.e. the very upper stratosphere) are not shown.
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Figure 12. Zonal mean (a) water vapour (¢chem, ppmv) from run R2 and (b) humidity (gum, ppmv) from run RO.

stratospheric H>O. Clearly, the chemistry scheme gives more reasonable water vapour
than the UM humidity field in the stratosphere. However, the gchem field does not include
large values in the troposphere (to avoid the need to add physical dehydration processes
to the chemical tracers) so gum is clearly more realistic here.

The differences in the water vapour fields in Fig. 12 give rise to significant differ-
ences in temperature, CH4 and O3 between R0 and R2 (Figs. 13 and 14). Using the
humidity field from UM in the radiation scheme in the stratosphere results in 1-2 K
cooling in the stratosphere compared with using the chemistry water vapour field.
A maximum difference of around 50 ppbv in CH4 occurs in the tropical upper strato-
sphere and the Arctic middle stratosphere, while in the lower stratosphere the differ-
ences are only around 1 ppbv. The water vapour coupling also leads to a maximum
difference of about 250 ppbv in ozone mixing ratios in the tropical and southern higher
latitude upper stratosphere. In the tropical lower stratosphere, a maximum difference of
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about 30 ppbv occurs in ozone, with the opposite sign to those in the middle and upper
stratosphere.

The differences in the zonal circulation between R0 and R2 are not very significant;
however, we can note that CH4 concentrations in R0 are overall smaller than those in
R2 implying that residual circulation in R0 is weaker than that in R2. As a result of
this, ozone concentrations are larger in the lower stratosphere in R0 than in R2. In the
upper stratosphere the higher temperatures in run R0 cause less ozone through a direct
chemical feedback.

Clearly, coupling of H,O from the chemistry scheme into the radiation scheme is
not only desirable but also important to give a more reasonable prediction of ozone
depletion.
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Figure 15. Differences between runs R4 and R0 in (a) total-column ozone (%, with contour interval 5%) and
(b) zonal mean temperature (K, with contour interval 1 K and 4+/—0.5 K contours also shown). The temperature
has been averaged between 100 and 10 hPa, and positive values are shaded.

5. OZONE RECOVERY

A motivation for creating this coupled radiative—chemical-dynamical model is
to use it to predict the future evolution of the stratosphere. The comparisons shown
above indicate that the model performs well in simulating present-day conditions.
However, accurate predictions of the future depend not only on this but also on a realistic
assumption about future trace-gas loadings. Moreover, the relative importance of certain
processes, which have not been sufficiently tested under present-day conditions, may
increase. For these reasons, future predictions will always need to be updated using
the best, most recent model and cover a range of possible assumptions. In this section
we discuss a coupled simulation for the year 2050, not as a specific prediction of the
future but in order to see whether our model reproduces the expected chemistry—climate
coupling.

Figure 15 gives temperature and ozone differences between R4 and R0. In 2050 the
model indicates the column O3 will be increased by around 5% in the tropics and by 15%
in the NH high-latitude winter. The largest increase is naturally in the smaller Antarctic
ozone hole where the column increase is up to 85% of year 2000 values. Overall the
increase in GHGs leads to a cooling of the lower stratosphere of around 2 K, with
the exception of two regions which indicate a warming (in high-latitude winter/spring).
In the SH, the decreased O3 loss means a stronger heating in late spring/summer. In the
NH the temperature increase does not correlate so clearly with the more modest ozone
change—indicating a possible dynamical effect.

The time evolution of vortex-averaged temperature and ozone from UMCHEM
control run RO for the Arctic and Antarctic are given in Fig. 16, along with their
differences from the corresponding fields of run R4. Figure 16 shows clearly that
temperatures in the Antarctic lower stratosphere are higher due to ozone recovery in the
Antarctic summer. In Arctic winter in the mid-stratosphere above 550 K, a significant
cooling can be noted, while a slight warming occurs in the lower stratosphere in the
Arctic autumn.

An interesting point from Fig. 16 is that the ozone changes between the two
experiments are not simply related to the temperature changes in their vertical and time
distribution. Compared to that of 2000, the Antarctic maximum ozone increase in 2050
starts in May in the upper stratosphere and moves downward with time and reaches its
highest about 1 ppmv in the Antarctic summer. Despite the significant ozone increase
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Figure 16. Time-height evolution of vortex-mean ozone from run RO for the (a) northern and (b) southern

hemisphere (with contour interval 0.5 ppmv), and the differences between runs R4 and RO for the (c) northern

and (d) southern hemisphere (with contour interval 0.1 ppmv). (e) to (h) are as (a) to (d), but for temperature, with

contour interval 4 K for temperature and 1 K for differences. The vortex boundary was taken as the 65° equivalent
potential vorticity latitude contour.

in the upper stratosphere in the Antarctic summer, the Antarctic vortex temperature in
R4 is about 1 K lower than that in R0 in the upper stratosphere. In 2050 in the Arctic,
a significant cooling ranging from 1 to 4 K occurs in the upper stratosphere in winter,
while the ozone mixing ratio is increased relative to 2000 by 0.6 ppmv at its maximum.
The inference then is that there is not only feedback between future changes in the polar
temperature and ozone, but also interaction with other GHGs in a complex chemical,
radiative and dynamical interposition.

6. DISCUSSION AND CONCLUSIONS

We have created a new interactive model for coupled chemistry—climate studies of
the stratosphere and used it to study the effect of chemical-radiative coupling for trace
gases including H>O under 2000 and 2050 conditions. The model combines the detailed
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stratospheric chemistry modules developed and tested in the SLIMCAT/TOMCAT off-
line CTMs with a version of the Met Office Unified Model. The resulting UMCHEM
chemistry—climate model has a detailed description of stratospheric gas-phase and
heterogeneous chemistry.

The UMCHEM model performs well in reproducing basic features of the strato-
sphere. The distribution of long-lived tracers and age of air compare well with observa-
tions. For O3, the model tends to underestimate the stratospheric column at high latitudes
by ~20 DU. This is due to an underestimate of poleward transport in the mid-low strato-
sphere. The UMCHEM reproduces the seasonal cycle in monthly mean column O3 well
at mid-high latitudes through the variability is slightly smaller than observations and
smaller than in the SLIMCAT CTM. Other comparisons with the CTM, which has an
identical chemistry scheme, show differences resulting from the models’ meteorologies.
For example, while the CTM reproduces the observed NO,, versus N>O correlation, the
UMCHEM overestimates the slope by about a factor 2.

Compared to the basic UM, important differences are seen in the UMCHEM
climatology. The age of air is less in the basic UM by about 1-3 months in the
lower stratosphere but slightly more in the upper stratosphere. A maximum 4 ppmv
difference between the prescribed zonal mean ozone climatology in UM and that from
the UMCHEM corresponds to a maximum 4 K temperature difference in the Antarctic
lower stratosphere. Coupling of the more realistic stratospheric chemistry water vapour
warms the model stratosphere by ~1-2 K. Also due to water vapour coupling, the
ozone mixing ratios are decreased by a maximum of about 250 ppbv in the tropical and
southern higher latitude upper stratosphere, while in tropical lower stratosphere ozone
concentrations are increased with a maximum difference of about 30 ppbv. Coupling of
H,O from the chemistry scheme into the radiation scheme allows the model to capture
an important feedback and should lead to better predictions of future ozone.

For 2050 conditions, the model produces a column O3 increase of 5% of its present-
day value in the tropics, about 15% in the Arctic winter/spring and up to 90% in
the much smaller Antarctic O3z hole. This large O3 increase more than offsets the
GHGe-induced cooling in the Antarctic late spring. In the future the model will be further
developed and used to perform time-dependent predictions of the future evolution of the
stratosphere.
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