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Abstract

The UK Chemistry and Aerosols model is a new aerosol-chemistry model coupled
to the Met Office Unified Model capable of simulating composition and climate from
the troposphere to the mesosphere. Here we introduce the model and assess its
performance with a particular focus on the stratosphere. A 20-year perpetual year-
2000 simulation forms the basis of our analysis. We compare the model results to
ERA-40 reanalyses and some observational climatologies, and also assess aspects of
dynamical-chemical coupling.

1 Introduction

Coupled chemistry-climate models (CCMs) are needed to study the multiple links be-
tween ozone, greenhouse gases (including ozone precursors and ozone-depleting sub-
stances), and the dynamical components of the climate system. Such models are used
to study, e.g., the response of the ozone layer to climate change and conversely the
active role of ozone in a changing climate (WMO, 2007; IPCC, 2007). Presently there
are only a few CCMs available that cover both tropospheric and stratospheric ozone
chemistry (e.g., JOckel et al., 2006; Garcia et al., 2007). However, the links between the
two regions are increasingly recognized. For example, it is clear that future changes in
stratospheric ozone will significantly impact tropospheric composition (Zeng and Pyle,
2003) and surface climate (Morgenstern et al., 2008). Such coupled models will be-
come increasingly widespread.

Given the increasing importance of CCMs, the MetOffice (the UK climate and
weather forecasting agency) and the National Centre for Atmospheric Science (NCAS)
have joined forces to develop a next-generation aerosol-chemistry model, the UK
Chemistry and Aerosols (UKCA) model (http://www.ukca.ac.uk), which will form an
integral part of the Met Office Unified Model (MetUM). When completed, this model
will link aerosol and gas phase chemistry in a troposphere-stratosphere environment.
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The new model will be used in upcoming World Meteorological Organization (WMO)
ozone and Intergovernmental Panel on Climate Change (IPCC) assessments and will
form part of the new QUEST Earth System model (http://quest.bris.ac.uk). The main
focus of the present paper is to document the set-up of a stratospheric-chemistry ver-
sion of UKCA and assess its chemical and dynamical performance versus available
observations and climatologies. The results presented in this paper derive from an
integration of the UKCA model performed as part of our contribution to the Strato-
spheric Processes And their Role in Climate (SPARC) Chemistry-Climate Model Val-
idation (CCMVal) activity (http://www.atmosp.physics.utoronto.ca/SPARC/index.html;
http://www.pa.op.dIr.de/CCMVal/). In the subsequent sections we present a model de-
scription, assessments of climate, chemistry, and chemical-dynamical coupling, and a
synthesis of the model performance. The performance of UKCA with respect to tropo-
spheric chemistry and aerosols will the subject of parts Il and Il of this publication.

2 The stratospheric UKCA model

The whole-atmosphere and stratospheric versions of UKCA, called here Strat-UKCA,
are based on a middle-atmosphere version of the MetOffice Unified Model (MetUM)
with 60 levels in the vertical, a top lid at 84 km, and a horizontal resolution of 3.75°x2.5°.
Morgenstern et al. (2008) use the model to study the impact on climate of ozone
loss avoided by the Montreal Protocol; the version used here is almost identical to
theirs. The dynamical core of the model is described by Davies et al. (2005). Due to
the model’s non-hydrostatic formulation the vertical coordinate system in the model is
hybrid-height, unlike most climate models. Advection in the model is semi-Lagrangian
(Priestley, 1993). Gravity wave drag comprises an orographic (Webster et al., 2003)
and a parameterized spectral component (Scaife et al., 2002); the latter addresses mo-
mentum transport from the troposphere to the middle atmosphere. Radiation follows
Edwards and Slingo (1996) with 9 bands in the long- and 6 in the shortwave part of
the spectrum. In the version considered here the model is run in an atmosphere-only
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mode forced with prescribed sea surface temperatures (SSTs) and sea ice. For the run
presented here, perpetual year-2000 SSTs and sea ice from the HadISST climatology
(Rayner et al., 2003) are used.

For Strat-UKCA we have added to the model a comprehensive description of strato-
spheric chemistry, including chlorine and bromine chemistry and heterogeneous pro-
cesses on polar stratospheric clouds (PSCs) and liquid sulphate aerosols (based on
Chipperfield and Pyle, 1998). Note that a simplified tropospheric chemistry is also
included. The chemistry is embedded in a flexible way using the ASAD framework
(Carver et al., 1997), built around a symbolic non-families sparse-matrix Newton-
Raphson solver (derived from Wild and Prather, 2000). Table 1 summarizes the
species predicted by the chemistry part of Strat-UKCA. O,, N,, H,, and CO, are not
predicted by the chemistry and are assumed uniform. Chemical water production or
loss is deliberately ignored in the chemistry and instead a parameterization for strato-
spheric water vapour production is used based on Untch et al. (1998) which assumes
a uniform distribution of equivalent water H,O+2CH,=6.03 ppmv. We also set water
vapour equal to 3.5ppmv in the tropical lower stratosphere (between 30°S and 30° N
and between 18 and 23 km). This procedure is followed because this model version
has got a warm bias above the tropical tropopause (see below). Chemical reactions
and their respective references are summarized in Tables 2-5. Bimolecular and ter-
molecular reaction rates are amalgamated from Atkinson et al. (2000) and Sander et
al. (2003), as indicated in Tables 2 and 3. Photolysis rates are defined following the
procedure outlined below (Table 4): Where available, photolysis in the troposphere
(below 300 hPa) follows tabulated rates calculated off-line in the Cambridge 2-D model
(updated from Harwood and Pyle, 1975), as also used by the Cambridge TOMCAT
(Law et al., 1998) and UM_UCAM (Zeng and Pyle, 2003) models. In the stratosphere
(above 200 hPa), and in the troposphere for species not included in TOMCAT, a second
set of off-line precalculated rates updated from Lary and Pyle (1991), as used by Chip-
perfield (1999), is used. The stratospheric photolysis rates respond to changes in the
overhead ozone column. In the intermediate region (between 200 and 300 hPa) a linear
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transition is made between the two rates. Online photolysis rates (Bian and Prather,
2002) are available in the model but are not used here due to the omission of scat-
tering at short wavelengths which would be important for polar ozone chemistry (Neu
et al., 2007). Some photolysis reactions with branching (CIONO,, BrONO,, HO,NO,)
have been updated following Sander et al. (2003). Heterogeneous reaction rates follow
Chipperfield (1999). The abundance of nitric acid trihnydrate (NAT) and mixed NAT/ice
polar stratospheric clouds is calculated following Chipperfield (1999) assuming ther-
modynamic equilibrium with gas-phase HNO4 and water vapour. Also the treatment of
reactions on liquid sulfate aerosol follows Chipperfield (1999).

Species with surface deposition are listed in Table 6; dry deposition applies to the
bottom level of the model and deposition velocities are calculated in the same way
as in Law et al. (1998) and Zeng and Pyle (2003). Wet deposition again follows
Law et al. (1998); species with washout are listed in Table 7. Lightning emissions
of NO follow Price and Rind (1992) with total nitrogen produced by lightning scaled to
5Tg(N)/year. Halogen source gases are treated in a simplified way, with only the major
source species CFCl;, CF,Cl,, and CH3Br represented and lumped with other long-
lived contributors, preserving numbers of chlorine and bromine atoms, respectively
(Table 8; Chipperfield, 1999). Wet and dry deposition of inorganic halogen species are
not represented; instead, these species are removed instantaneously at the surface.

Nitric acid trihydrate (NAT) PSCs are assumed to be in equilibrium with gas phase
HNO;. Sedimentation of PSCs is included in the model. Dehydration is handled as
part of the MetUM hydrological cycle. Denitrification is prescribed in the same way as in
Chipperfield (1999) with two different sedimentation velocities for pure NAT (0.46 mm/s)
and mixed NAT/ice (17 mm/s).

The model is formulated in such a way that halogen loadings remain invariant un-
der chemistry and are unaffected by dry and wet deposition. For a simulation with
invariant lower boundary conditions and appropriate initialization, this should lead to a
uniform, invariant halogen loading throughout the course of the integration. However,
the advection scheme (Priestley, 1993) is somewhat non-linear in tracers and requires
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non-linear tracer mass fixing. This step introduces non-conservation of chemical el-
ements. To circumvent this problem we introduce total chlorine and total bromine as
advected tracers. These tracers then do not have sharp gradients in the stratosphere.
For transport they replace the most abundant inorganic forms of chlorine and bromine,
HCI and BrO. The model then well preserves total chlorine and total bromine. A total
odd nitrogen tracer, replacing NO,, is also introduced, which also includes the fraction
of N,O that goes on to form odd nitrogen (6.9%). Due to the special treatment of water
vapour (see above) hydrogen is not explicitly conserved in the model; this feature can
be included once the tropical tropopause warm bias has been reduced.

3 The simulation

In the following we present the results of a 30-year time-slice simulation of Strat-UKCA,
following the definition of the REF-BO experiment of CCMVal. In this experiment, forc-
ings represent perpetual year-2000 conditions. Source gas loadings are listed in Ta-
ble 9. CO, is assumed uniform with an abundance of 369 ppmv. Aircraft emissions
of NO and surface emissions of NO, CO, and HCHO are the average over the years
1998, 1999, and 2000 emissions taken from the RETRO database (Schultz et al.,
2007). The total halogen loadings are around 3.4 ppbv for chlorine and 17.5 pptv for
bromine. We prescribe a perpetual year 2000 aerosol surface area density updated
from SPARC (2006), as described by Eyring et al. (2008); this affects reactions 3 and
4 of Table 5. Aerosols are at background levels, i.e., volcanic eruptions are not con-
sidered in the simulation. Note that bromine species considered in REF-BO deliber-
ately exclude very short-lived bromine source gases which would contribute 3-8 pptv
to stratospheric bromine (WMO, 2007). Species with feedback into the radiation are
listed in Table 10. For radiation, the CFCs (CFCl; and CF,Cl,) are scaled to their sur-
face abundance, following the A1b scenario (Houghton et al., 2001), without lumping.
The first 10 years of the simulation, during which the model settles down, are ignored;
results pertain to the last 20 years of the run.
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4 Model performance
4.1 Dynamical aspects
4.1.1 Mean temperature, winds and humidity

Figure 1 shows the 20-year temperature climatology produced by the model, which
is compared to a climatology derived from the ERA-40 reanalysis data set (Uppala et
al., 2005), using the years 1979 to 2001. The model satisfactorily reproduces tropo-
spheric zonal-mean temperatures, and in the stratosphere the Southern polar vortex
is well represented. The Northern polar vortex above 100 hPa is also well captured.
Elsewhere, some biases remain, e.g., in the upper stratosphere (above 10hPa), and
around 100 hPa year-round in the tropics. The bias around 100 hPa means that without
additional constraints too much water would enter the stratosphere. As an aside, ver-
sions of the MetUM with prescribed ozone do not exhibit any appreciable bias in this
region, suggesting that this is an ozone-sensitive result. However, the realistic temper-
atures above Antarctica mean that there can be substantial chlorine activation in the
Southern polar vortex, allowing us to assess the model’s performance in reproducing
Antarctic ozone.

A depiction of zonal winds in the model (Fig. 2) reveals that the positions of major
features, such as the subtropical jets and the polar jets, are well captured by the model.
Also the subtropical jets appear as isolated maxima in the zonal wind, separated from
the polar jets, with a realistic amplitude.

Figure 3 indicates that water vapour is generally well represented. ERA-40 has got
a slightly more pronounced dehydration during Antarctic winter; also it appears that
the onset of dehydration is somewhat late in this simulation and does not extend below
100hPa. The upper-stratospheric abundance of water vapour is very similar to the
ERA-40 climatology. Also the position of the transition to tropospheric humidity (around
6 ppmv) is quite similar between the two data sets. In the troposphere, away from
the tropical UTLS region there is good agreement. In the upper tropical troposphere,
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around 200 hPa, ERA-40 predicts somewhat more water vapour than UKCA-Strat.
Note that the seasonal cycle of water vapour around 70 hPa in the tropics evident
in ERA-40 is suppressed in the model by artificially prescribing water vapour there
(Sect. 2).

4.1.2 The Quasi-Biennial Oscillation (QBO)

An analysis of equatorial winds (Fig. 4a) reveals that there is a well-formed oscillation
in the lower stratosphere, with amplitudes of 10 to 20 m/s for the westerly phase and
—-30 to —40 m/s for the easterly phase. Both compare well with observations (Naujokat,
1986). Its period length of around 4.5 years however is significantly too long, compared
with an observed average periodicity of the Quasi-Biennial Oscillation (QBO) of around
27 months. The periodicity is substantially longer than the one found in the equivalent
version without interactive chemistry, indicating a sensitivity to ozone (Butchart et al.,
2003). It can be changed by varying a parameter in the spectral gravity wave depo-
sition; this re-tuning has not been done for this model version. The presence of the
oscillation however sets the model apart from the majority of the models compared by
Eyring et al. (2006) that do not have an internally generated QBO.

The QBO is known to modulate upwelling in the tropics. Following Fleming et al.
(2002), Fig. 4b shows the detrended, deseasonalized, and smoothed vertical winds
w”" at the Equator throughout the integration. A comparison with Fig. 4a shows that
w" correlates very well with zonal winds, as in Fleming et al. (2002); also the typical
peak-to-peak amplitude (Fig. 4b) compares well with Fig. 1 of Fleming et al. (2002).

4.1.3 The polar vortices

Figure 5 displays the probability density function (PDF) P(A) as a function of area A
with temperatures below 195K at 50hPa. It is evaluated for both Strat-UKCA and
ERA-40 and separately for both hemispheres, excluding areas equatorwards of +45°.
The PDF is calculated from daily snapshots of temperature at 0 UTC. For the Arctic,
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the figure suggests that small to medium-size vortices (less than 10-10"2 m?) are well
represented, but the probability for large vortices is underestimated. For the Antarctic,
both in Strat-UKCA and ERA-40 there are preferred sizes for the polar vortex. In the
ERA-40 data this is around 23-10'm?. Strat-UKCA underestimates this with around
19.10'2 m2, with consequences for the simulation of the Antarctic ozone hole.

The timing of the onset of Antarctic summer, as indicated by a reversal from west-
erlies to easterlies at the latitude of the polar jet, has been challenging for models to
reproduce correctly (Eyring et al., 2006, see Fig. 6), with many models producing a late
onset of summer. The zonal-mean winds turn to easterlies starting aloft and propagat-
ing downwards during the course of the months of November to January. The timing of
breakup in our model compares favourably with the ERA-40 data set (Fig. 6), with de-
viations from the ERA-40 mean limited to less than the standard deviation throughout
the depth of the domain.

4.1.4 Age of air and the tape recorder signal

The age of air (Hall et al., 1999) is defined here as the time passed since an air parcel
last resided in the troposphere. It is calculated as an advected tracer, set to 0 below
2km of altitude and increased at every timestep by the timestep length. For analysis
purposes we subtract from this tracer the average age at the Equator at 100 hPa. Fig-
ure 7 shows the 20-year mean age, with the interannual standard deviation, at different
pressures, compared to observations and models. By construction, the age at 100 hPa
and at the Equator is 0. As expected, due to the periodic forcings the interannual vari-
ability of annual-mean age, expressed by the standard deviation, is typically just a few
months; this also indicates that any trend due to insufficient spin-up must be insignifi-
cant. There is about a 2-year difference in age in the tropics between 100 and 50 hPa,
which is quite large compared to measurements and most models and may be related
to the tropical temperature bias (Sect. 4.1.1). The difference between mean equatorial
and south-polar age at 50 hPa of around 4.7 years is also larger than suggested by
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Eyring et al. (2006).

Figure 8 shows the tape recorder signal in Strat-UKCA. By construction there is no
tape recorder in the modelled water vapour signal; however, the annually periodic forc-
ing of trace gases means there is a small tape recorder signal e.g. in the total bromine
field, caused by the decrease of total bromine by about 2% during the year 2000. We
compare the result to the tape recorder signals seen in the Halogen Occultation Ex-
periment (HALOE)/Microwave Limb Sounder (MLS) climatology (Fig. 8 of Eyring et
al., 2006) and in the ERA-40 water vapour. There is a considerable difference in the
speed of upward propagation between these two data sets, with HALOE/MLS sug-
gesting slower ascent than ERA-40. Resolving this discrepancy is beyond the scope
of this paper; however, there is a possibility that stratospheric water vapour in ERA-40
may be insufficiently constrained by observations and may mainly reflect an ECMWF
model property. The HALOE/MLS tape recorder signal suggests an age difference
between 100 and 10 hPa in the tropics of around 20 months; Strat-UKCA is largely in
agreement with this number. Considering the aforementioned problems with age of air,
further comparisons with independent data would be beneficial.

4.2 Chemical constituents
421 Ozone

Figure 9 shows the modelled zonal-mean ozone column latitude-time section, with the
SBUV/TOMS climatology (Stolarski and Frith, 2006) superimposed. All the major fea-
tures in the diagram look similar to the climatology and their timing is captured realisti-
cally. In the tropics, both the magnitude of the column and its standard deviation (2-5
Dobson Units, DU, not shown) compare very well with observations. In Northern high
latitudes, Strat-UKCA overestimates the springtime ozone maximum by 60 to 80 DU,
but also the minimum in summer is slightly overestimated. In Southern midlatitudes, we
find again a year-round overestimation of the ozone column by 20 to 60 DU. Antarctic
ozone reaches mean values of less than 180 DU in October. Observations suggest a
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slightly deeper mean ozone hole for present-day conditions, of less than 150 DU. How-
ever, the contrast with midlatitudes is quite realistic. The standard deviation maximizes
at 50 DU in early spring in the Arctic and late spring in the Antarctic, respectively, mainly
reflecting the differences in the life cycles of the polar vortices. A comparison with fig-
ure 14 of Eyring et al. (2006) suggests that in the tropics and mid-latitudes Strat-UKCA
is within the range spanned by other models; for polar latitudes the comparison is inap-
propriate because Eyring et al. (2006) evaluate a transient simulation with significant
changes in polar halogen loadings whereas here we study a time-slice experiment with
invariant, historically high halogen loadings.

A cross section of ozone reveals that again the basic features of the stratospheric
ozone distribution are well captured by the UKCA model, for example in the months
of September and February (Fig. 10). The ozone maximum in the tropics at 10 hPa
is slightly underestimated versus the HALOE/MLS climatology (Russell et al., 1993).
Between 10 and 1hPa UKCA-Strat also underestimates the ozone abundance by
about 1ppmv. At heights lower than the maximum however the model generally
overestimates the ozone abundance. This is particularly evident around the tropical
tropopause, versus the ozone climatology by Fortuin and Langematz (1995). This fea-
ture possibly reflects the slow updraft found before in the tropical lower stratosphere.
Elsewhere in the free troposphere, in the extratropics the model generally seems to
overestimate ozone. The Antarctic ozone hole is present in the data; however, the
depth is underestimated with ozone mixing ratios not dropping below 1 ppmv below 40
hPa, unlike suggested by the HALOE/MLS climatology. Figure 13 of Eyring et al. (2006)
suggests that most CCMs, like ours, overestimate ozone in the lower-stratosphere re-
gion.

A detailed evaluation of the tropospheric performance of UKCA is the subject of part
Il (Sect. 1).
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4.2.2 Methane and Nitrous Oxide

For CH, we again perform a comparison versus the HALOE/Cyrogenic Limb Array
Etalon Spectrometer (CLAES) climatology (Fig. 11; Kumer et al., 1993). In general, the
two CH, distributions are quite similar, although with some important differences. In the
tropics, modelled CH, appears to fall off too quickly with height. In the Southern polar
vortex, a tongue of very methane-depleted air extends down from the mesosphere and,
e.g. between 100 and 1 hPa, depresses the CH, mixing ratio below values suggested
by HALOE/CLAES. For N,O, essentially the same comments apply. In the Southern
polar vortex, the drop from 250 to 50 ppbv occurs between 150 and 50 hPa whereas
the climatology suggests this drop should happen between 100 and 25hPa. These
findings suggest overly strong subsidence of air of mesospheric origin in the Antarctic
polar vortex.

4.2.3 0Odd nitrogen

Odd nitrogen in the stratosphere mostly results from N,O oxidation, with (in our model)
6.9% of N,O forming NOy, the rest returning N,. In the lower stratosphere, the dom-
inant form of odd nitrogen is HNO5. Generally, compared to the CLAES climatology
the shape of the distribution of nitric acid is well represented but the model somewhat
overestimates its abundance (Fig. 12). Above 10 hPa, the dominant form of odd nitro-
gen is NO, (=NO+NO,). A reference HALOE NO, climatology is constructed by taking
the sum of the four sunrise and sunset NO and NO, climatologies, divided by 2. In
comparison with this reference, the model gets the shape of the distribution about right
but the magnitude is overestimated, reflecting the too rapid decline of N,O with altitude.

4.2.4 Inorganic chlorine

The dominant form of inorganic chlorine in much of the stratosphere is HCI. A com-
parison of modelled versus HALOE HCI (Fig. 13) indicates that the model captures the
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general features of the HCI distribution rather well, particularly the latitudinal gradients
across the subtropical jets. In the upper stratosphere, the model has systematically
somewhat more HCI than the climatology. HALOE covers the period of 1978—1993,
during which time the average chlorine loading was indeed lower than the loading im-
posed for Strat-UKCA (Table 9). Also note the evidence for chlorine activation in South-
ern high latitudes, e.g., the isolated minimum of HCI at 70° S and 50 hPa. In February
there is evidence for weaker chlorine activation in the Arctic, with a localized minimum
of HCI forming between 50 and 90 hPa in the Arctic, in good agreement with HALOE.

In contrast to HCI, chlorine monoxide (CIO) is closely implicated in ozone chemistry.
A comparison with the MLS climatology (Fig. 14) suggests that zonal-mean modelled
CIlO mostly underestimates the MLS climatology, both in the CIO layer between 1 and
10 hPa, but also in the regions of polar chlorine activation, i.e., between 100 and 10 hPa
in spring. However, formation of Cl,O, at night leads to an important diurnal modulation
of the CIO signal. To assess whether the satellite sampling (done at dawn and dusk)
may introduce a bias to the CIO climatology, using 10-daily instantaneous dumps of
ClO we construct a daytime zonal-mean CIO signal with daytime defined as the re-
gion where the Cl,O, photolysis rate is greater than 0. While this daytime-mean CIO
climatology yields larger values of CIO and reduces the difference w.r.t. the MLS cli-
matology, a bias remains. Also there is a suggestion that the CIO “collar”’ found at the
sun-lit edge of the polar vortex is placed further south and lower down in the model
than is suggested by the MLS climatology. In the North, in February, the CIO maximum
reaches between 100 and 200 pptv at 50 hPa where the climatology suggests a sharp
maximum of more than 400 pptv. Note also the maxima of CIO in the summer upper
troposphere, caused by chlorine activation on tropospheric ice clouds. There is some
observational evidence for this to play a role in the real atmosphere (Thornton et al.,
2007, and references therein) although more observations and process studies would
be beneficial.
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4.2.5 Lifetimes of long-lived species

The lifetime of long-lived species is defined here as the mean abundance of a given
species during a model year, divided by the total throughput through all loss chan-
nels during this year. Table 11 summarizes the findings. The CH, lifetime compares
favourably to Houghton et al. (2001) indicating that tropospheric OH abundances are
broadly correct. For the other long-lived tracers with large tropospheric sinks (CH4Br,
H,) important surface sinks are excluded from the budget, leading to a substantial
overestimation of the lifetimes. The errors in N,O and the CFCs reflect a genuine
problem of this model version. These species are almost exclusively photochemically
destroyed in the stratosphere; the very slow updraft in the tropical pipe noted earlier
(Sect. 4.1.4) implies that these species are not destroyed quickly enough. However,
the model preserves the order of lifetimes for these species with N,O>CF,Cl,>CFCls,.

4.3 Climate-chemistry coupling

Figure 15 shows the Arctic ozone column in March (when interannual variability peaks),
as a function of a measure of the strength of the polar jet. The ozone column anticor-
relates strongly with the jet strength (Braesicke and Pyle, 2003), the correlation co-
efficient of —0.76 being almost the same as that derived from NIMBUS-7/TOMS data
(Heath and Park, 1978) and ERA-40 reanalyses (Uppala et al., 2005) for the same
variables. This suggests that despite the obvious offset of around 50 DU produced by
the model the coupling between ozone column and jet strength is well represented in
the model. Strat-UKCA actually produces strong anticorrelations for all winter months
(Braesicke and Pyle (2003) find a correlation coefficent of —0.91 for January in their
model); due to insufficient satellite coverage these can only be validated for March. As
an aside, Morgenstern et al. (2008) use Strat-UKCA to study a world with 9 ppbv of
total chlorine in the atmosphere (2.7 times the amount used here); they find that this
relationship has broken down at 9 ppbv of total chlorine.

The Eliassen-Palm (EP) flux (Andrews et al., 1987) is a measure of the heat flux to-
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wards the poles. Randel et al. (2002) find a see-saw of large correlations between the
vertical component of the EP-flux and ozone column changes in January-April at high
northern latitudes, and an anticorrelation in the tropics. Our results (Fig. 16) qualti-
tatively agree with Randel et al. (2002), in that we find high positive correlations at
high latitudes, particularly in winter, and some significant anticorrelations during some
months in the tropics; in detail on the other hand there are differences between their
model results and ours, regarding both the seasonality and the geographical distru-
bution of significant positive or negative correlations. A verification of EP flux-ozone
column change correlations using observations is complicated by a need for high tem-
poral resolution of meteorological analyses and is thus beyond the scope of this paper.

5 Synthesis of model performance

The model comparison versus satellite and other climatological datasets suggests
that in many respects the model performs quite well. With the exception of tropical
tropopause temperatures, in the multiannual mean all basic meteorological fields ana-
lyzed here compare favourably with ERA-40. The size of the Antarctic polar vortex is
underestimated by around 3102 m?, but the timing of its disappearance in spring com-
pares very well with ERA-40. October mean Antarctic ozone columns drop to 160 to
180 DU, indicating a somewhat weak ozone depletion in the Antarctic. The Arctic polar
vortex is well captured; only the probability of rare large vortices (greater than 10" m2)
is underestimated. The model produces a QBO but with a periodicity of around 4.5
years which is too large compared to observations. Age of air is older than suggested
by observations and most other models, with the maximum age difference between
the tropical tropopause and 0.5 hPa reaching 7 years. This is related to an overes-
timation of chemical lifetimes of species with dominant stratospheric sinks (N,O and
the CFCs). The methane lifetime by contrast is well captured, indicating a broadly
correct OH abundance in the troposphere. It appears from N,O and CH, that sub-
sidence over the South Pole in winter is too fast, possibly suppressing the signature
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of ozone loss by removing ozone-depleted air and activated chlorine from the ozone
loss region. The model has a tendency to overestimate the abundance of ozone in
middle and high latitudes generally, meaning that polar ozone depletion is likely to start
off from a high starting point. Strat-UKCA produces a strong anticorrelation between
Arctic ozone columns and the strength of the polar jet which is very similar to obser-
vations. An evaluation of EP fluxes reveals that seasonally at high latitudes there are
strong correlations between the vertical component of the EP flux and changes in the
ozone column. These two quantities also anticorrelate at lower latitudes. Qualitatively
these findings are similar to literature assessments but there are important differences
in seasonality.

We conclude that for a contemporary atmosphere the model well reproduces the
basic mean meteorological state of the stratosphere almost everywhere, with the ex-
ception of the tropical tropopause. The chemical fields analyzed here likewise resem-
ble observations. The chemical-dynamical coupling that characterizes the Arctic polar
vortex is well captured. Future development of the UKCA CCM needs to address inter-
relations between the chemical-dynamical coupling and the Brewer-Dobson circulation,
particularly upwelling in the tropical pipe. A more comprehensive tropospheric chem-
istry (similar to Zeng and Pyle, 2003) and an interactive aerosol scheme (Spracklen et
al., 2007) will be evaluated in parts Il and Ill of this publication. Further developments
will include nudging (Telford et al., 2008) and interactive photolysis (Neu et al., 2007).
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Table 1. Species predicted by Strat-UKCA.

O(1D),O(3P>,O&

H, OH, HO,, H,0,,

N, NO, NO,, NOg, N,Ogz, HONO,, HO,NO,, N,O,

CH,, CH;0,, CH;00H, HCHO, CO,

Cl, CIO, OCIO, CI,0,, HCI, HOCI, CIONO,, CFCl;, CF,Cl,
Br, BrO, BrClI, HBr, HOBr, BrONO,, CH;Br
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Table 2.
al. (2002).

Bimolecular reactions in Strat-UKCA. A=Atkinson et al. (2003).

O©CoOoONOOOBRWN =

Br+Cl,0O,
Br+O;
Br+OCIO
Br+HCHO
Br+HO,
2BrO
BrO+CIO
BrO+CIO
BrO+CIO
BrO+NO
BrO+HO,
BrO+OH
Cl+CH,
Cl+Cl,0,
CI+CIONO,
Cl+H,
Cl+H,0,
Cl+HCHO
Cl+HO,
Cl+HO,
Cl+HOCI
Cl+NO,
Cl+0O4
Cl+OCIO
2CIlO
2CIO

2 CIO
CIO+HO,
CIO+CH30,

L A A A e A A A

BrCl+CI+0O,
BrO+0,
BrO+CIO
HBr+CO+HO,
HBr+0,

2 Br+0O,
Br+OCIO
Br+CI+0O,
BrCI+O,
Br+NO,

0.98 (HOBr+0,)+ 0.02 (HBr+0y)

Br+HO,
HCI+CH30,
3Cl

2 Cl+NO,
HCI+H
HCI+HO,
HCI+CO+HO,
HCI+0,
CIO+OH

2 CI+OH
CIO+NO,
ClO+0,

2CIOo

Cl,+0, — 2 Cl
Cl+ClO, — 2 ClI
Cl+0CIO
HOCI+0,
Cl+HCHO+HO,

Wr>>r>>2>2>>2>0>2>>>2>2>2>2>2>0>>>>W0>0>>>
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Table 2. Continued.

30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

45
46
47
48
49
50
51
52
53
54

CIO+NO
CIO+NO4

2 HO,
HO,+CH;0,
HO,+NO
HO,+NO;,
HO,+0O4

2 CH;0,
CH;0,+NO
NO+NO;
NO+0O4
NO,+NO;
NO,+0O4
NO;+Br
NO;z+HCHO

o(°pP)+Bro
°P)+ClO
°P) +H,
°P) +H,0,
°P) +HBr

°P)+HCI
°P)+HO,
®P) +HOCI
°P)+NO,

O O OO OO OO0 O
w
5

+HCHO

L A A e A A A

!

!

Cl+NO,
Cl+0,+NO,
H,0,+0,
0,+CH;0O0H
OH+NO,

0,+0.5 (HONO, + OH+NO,)
OH+2 O,

2 (HCHO+HO,)+0,
HCHO+HO,+NO,
2 NO,

NO,+0O,
NO+NO,+0,
NO;+0O,

BrO+NO,
HONO,+CO+HO,

O,+Br
Cl+0,

OH+H
OH+HO,
OH+Br
OH+CO+HO,
OH+Cl
OH+0,
OH+CIO
0,+NO

> >» > W > W X > > > >>>>O0>>>0>>TU>>>>>
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Table 2. Continued.

55
56
57
58
59
60
61
62
63
64
65
66
67

68

69
70
71
72
73
75
74
76

P) +NO,
°P)+0,
°P)+0CIO
°P) +OH
+HBr
+CH,
+CO,
+H,
+H,0
+HCI

- -

O O O OO OO OO0 oo o o
U U U0 000U g g o

-

@)

OCIO+NO
OH+CH,
OH+CO
OH+CIO
OH+CIO
OH+H,0,
OH+H,
OH+HBr

l

!

A A A

0,+NO,
20,
0,+CIO
O,+H

0.2 [HBr+O (3P)] +0.8 (OH+Br)
0.9 (OH +CH;0,)+0.1 (HCHO+H.,)

O(SP) +CO,
OH+H
OH+OH

0.09 [0 <3P) + HCI] +0.24 (H+CIl0)+0.67 (OH+Cl)

O(SP +N,
0.42 (N, + O,)+1.16 NO
O(3P) +0,
15 02+O<3P>
NO,+CIO
H,0+CH;0,
H+CO,
HO,+Cl
HCI+0,
H,O+HO,
H,O+H
H,O+Br

>r>0O0>»>>»>» > >» W >» >» >» > > > > > > > P
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Table 2. Continued.

77
78
79
80
81
82
83
84
85

86

87

88
89
90

91

92
93
94
95
96

97

98
99
100
101

OH+HCHO
OH+HCI
OH+HO,
OH+HOCI
OH+HONO,
OH+CHZ;O0H
OH+NO4
OH+0;3
OH+0OCIO

2 OH

0 <3P> +CIONO,

OH+CIONO,
OH+HO,NO,
Cl+CHZOO0H

CFCI3+O<1 D)

C|=2c:|2+o<1 D)

CH,Br+OH

CHsBr+O(1 D)

CH;Br+Cl
N+O,

N+NO
N+NO,
H+0O,

H+HO,
H+NO,

L A

I A

Ll

Ll

H,0+CO+HO,
H,O+Cl
H,0+0,
CIO+H,0
H,O+NO4
H,O0+CH;0,
HO,+NO,
HO,+0,
HOCI+O,
H20+O<3P>
CIO+NO4

HOCI+NO,
H,O+NO, O,
HCI+CH;0,
2 Cl+CIO

Cl+CIO
Br+OH
Br+O<3P>
Br+ClI
N0+o(3P)
N2+O<3P)
N20+O<3P>
OH+0,

1.38 OH+0.29 (H, + 0,)+0.02 [o <3P> + HZO]

OH+NO

U 0 0 WU 0O WW 0D OWWODW ®>>PO>>O>>>
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Table 3. Termolecular reactions in Strat-UKCA. A=Atkinson et al. (2000). B=Sander et al.

(2003).

GMDD
1, 381432, 2008

w

- 2o UAN =
© ~

- O

—_
w N

I QT G U §
No o A~

BrO+NO,+M
Cl,0,+ M
CIO+NO,+M

2 HO,+M
HO,+NO,+M
N,Os5+ M
2NO+ M
O(°P)+ NO +M
O(%P)+ NO,+M
O(°P)+ 0,+M
O('D)+ Ny+M
OH+ NO,+M

2 OH+M
H+ O,+M

L1ttt iltld

l

l

1Ll

BrONO,+M
2 CIO+M
CIONO,+M
H,0,+0,+M
HO,NO,+M
NO,+NOz;+M
2 NO,+M

NO,+M
NO,;+M
O3;+M

N,O+M

HONO,+M
H,O,+M
HO,+M

WrH>> 0 > >» W Prr>>>>>
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Table 4.

Photolysis reactions in Strat-UKCA. For details on the method see text.

A=Chipperfield (1999), B=Law et al. (1998), C=Sander et al. (2003). “A, C” means that the
cross section follows A and the branching ratio follows C. “A, B” means that the photolysis rate
follows A above 200 hPa, and B below 300 hPa, with a linear transition inbetween. “A, B, C”

means the same as “A, B” but with the branching ratio following C.

0 N O 0o~ DN =

11
12

13
14
15

16
17
18

19
20

BrCl+hv
BrO+hv
BrONO, +hv
O,+hv

O,+hv
Oz+hv
Og+hv
OCIO+hv
NO+hv

NO,+hv
NO;+hv
NO;+hv

HOBr+hv
HONO, +hv
HO,NO,+hv
N,O+hv
N,O5+hv
H,O+hv
H,O,+hv
CIONO,+hv

Ll

A

!

A

Br+Cl
Br+O<3P>

0.29 (Br+NOs) +0.71 (BrO+NO,)

20(°P
O<3P>+O<1D>
0,+0 3P>
0,+0 1D)
O<3P>+CIO
N+o(3P)
N0+o(3P)
NO+0O,
N02+O<3P>

OH+Br
NO,+OH

0.67 (NO, + HO,)+ 0.33 (NO; + OH)

N2+o<1 D>
NO,+NO;,
OH+H

2 OH
Cl+NO4

AC
ABC
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Table 4. Continued.

GMDD
1, 381-432, 2008

21
22
23
24
25
26
27
28
29
30
31

32

CIONO, +hv
HCI+hv
HOCI+hv
Cl,O,+hv
HCHO+hv
HCHO+hAv
CH;O0H+hv
CFClz+hv
CF,Cl,+hv
CH3Br+hv
CH,+hv

CO,+hv

L A A A A

CIO+NO,
H+Cl
OH+Cl

2 Cl+0,
H+CO+HO,
H,+CO
HCHO+HO,+0OH
3 Cl

2 Cl

Br
CH;0,+H
CO+o(3P)

o

> >>>>>>>>>>>
[veltve iy
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Table 5. Heterogeneous reactions in Strat-UKCA. Rates are from Chipperfield (1999).

a s~ ON =

CIONO,+H,0
CIONO,+HCI
HOCI+HCI
N,O5+H,0
N,O5+HCI

HOCI+HONO,
Cl,0,+HONO,
Cl,0,+H,0
HONO,+HONO,
OCIO+NO,+HONO,

A
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Table 6. Species with dry deposition in Strat-UKCA.

0, NO, NO,, NO, N,O5, HO,NO,, HONO,, H,0,, CO, HCHO, CH;00H
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Table 7. Species with wet deposition.

NOs, N,Os, HO,NO,, HONO,, H,0,, HCHO, CH,0,, CH;00H, HO,
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Table 8. Lumping of halogen source gases.
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CFClj
CF,Cl,
CH3Br

CFCl,, CCl,, CH4Cl, CH4CCl,, CHyCFCl,, CH5CF,Cl, CF,CIBr
CF,Cl,, CF,CICFCl,, (CF,Cl),, C,F5Cl, CHF,CI
CH,Br, CF,CIB, CF4Br, (CF,Br),, CF,Br,
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Table 9. (a) Surface boundary conditions (volume mixing ratios; VMRs) for CH,, N,O, and
halogen source gases, for chemistry. Cl, and Br, denote total chlorine and total bromine,
respectively. (b) Surface VMRs for the CFCs and CO,, for radiation. 3-dimensional distributions
for the CFCs are obtained by rescaling the lumped fields.

(@)

CH, N,O  CFCl;  CF,Cl, CHsBr |Cl, Br,
1.77E-6 316E-9 632E-12 723E-12 17.5E-12 | 3.34E-9 17.5E-12

(b)

CFCl,  CF,Cl, CO,
262E-12 539E-12 369E-6
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Table 10. Chemical species feeding into the radiation. See text for details.

04, N,O, CH,, CFCl,, CF,Cl,, H,0, CO,
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Table 11. Global atmospheric lifetimes of long-lived species, in years. *= excluding the ter-
restrial sink. The uncertainty indicates the interannual standard deviation of the annual-mean
lifetimes.

species N,O CFCl; CF,Cl, CH,
Strat-UKCA 161+3 88+3 146+3 9.07+0.03
Houghton et al. (2001) 120 45 100 8.9*
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Fig. 1. Multiannual, seasonal- and zonal-mean temperatures in K in Strat-UKCA (colours) and
in the ERA-40 dataset using the years 1979-2001 (contours).
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Fig. 2. Same as Fig. 1 but for zonal wind, in m/s.
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Fig. 3. Same as Fig. 1 but for water vapour volume mixing ratio, in parts per million by volume

(Ppmv).
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ZM wind at equator
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Fig. 4. (left) Monthly- and zonal-mean zonal wind v at the Equator, in m/s. (right) Deseasonal-
ized, detrended and smoothed zonal-mean vertical wind w" at the Equator, in mm/s.
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PDF of area below 195 K at 50 hPa
0.047\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\L

0.031

0.021\:

probability density [107'2 m™Z]

area [10'2 m?)

Fig. 5. Probability density function (PDF) for, at any time of the year, the area with temperatures
below 195 K at 50 hPa. The PDF is constructed from daily snapshots at 00:00 UTC. Solid: Strat-
UKCA. Dotted: ERA-40 for the years 1979-2002. Black: Northern hemisphere (latitude>45°).
Orange: Southern hemisphere (latitude<—-45°).
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transition to easterlies at 60S
A
S - - AMTRAC
3 — CCSRNIES _
" — CMAM
—_ — GEOSCCM
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£ n-s', — - MRI
a g 3 -
&
[ — WACCM -
a 10 — ERA40
NCEP
30 - - UKMO _
1000 I [ [ 100
0 N 0 J £ November December January

month Date

Fig. 6. Timing of the transition of the zonal-mean zonal wind from westerlies to easterlies at
60° S. Left: Black contour: UKCA mean wind. Violet solid: ERA-40 mean wind. Dashed: ERA-
40 plus and minus the standard deviation of ERA-40. Ticks mark the beginning of the month.

Right: Same for 12 models and 3 analyses (Fig. 2 of Eyring et al., 2006). Reproduced with kind
permission by AGU.
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(c) p=50 hPa

Age at 0.5, 10, 50, 100 hPa
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Fig. 7. Left: Annual-zonal mean age of air in Strat-UKCA at 100, 50, 10, and 0.5 hPa, with
the mean age at the Equator at 100 hPa defined as 0. Dotted lines indicate the age plus and
minus its standard deviation. Right: Annual-zonal mean age at 50 hPa from ER-2 observations
of CO, and from a variety of models (Fig. 10c of Eyring et al., 2006). Reproduced with kind
permission by AGU.
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Fig. 8. Left: Multiannual- and zonal-mean total bromine VMR at the Equator, minus global-
mean bromine, times 10 (ppfv), from Strat-UKCA. (right) Multiannual- and zonal-mean water N o
vapour volume mixing ratio at the Equator, minus the mean equatorial water profile, in ppbv, m— p—
from ERA-40 (1979-2002). Shown are two annual cycles.
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Fig. 9. Multiannual- and zonal-mean ozone column (Dobson Units). Colours: Strat-UKCA, with
daily resolution. Contours: TOMS/SBUV climatology, with monthly resolution.
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Fig. 10. Multiannual-, monthly-, and zonal-mean ozone in ppmv in (top) September (bottom) Back Close
February. (left) Colours: Strat-UKCA. Black contours: HALOE/MLS climatology. White con-
tours: The Fortuin and Langematz (1995) climatology, restricted to p>70hPa. (right) Scatter Full Screen / Esc
plot of Strat-UKCA versus HALOE/MLS ozone. Black line: 1:1 line. Black symbols: Pressure
p=10hPa. Green symbols; p<10hPa. Orange line: Linear regression fit. The parameters of Printer-friendly Version
the regression (slope, axis intercept, in ppmyv, and the correlation coefficient) are stated in the
titles of the plots (Russell et al., 1993). Interactive Discussion
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Fig. 11. Multiannual-, monthly-, and zonal-mean (left) CH, in ppmv (right) N,O in ppbv, in
September. Colours: Strat-UKCA. Contours: CH,: HALOE/CLAES climatology. N,O: CLAES
climatology.
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Fig. 12. Multiannual-, monthly-, and zonal-mean (left) HNO3; (right) NO,=NO,+NO in Septem-
ber, in ppbv. Colours: Strat-UKCA. Contours: HNO3: CLAES climatology. NO,: HALOE clima-

tology (average of sunrise and sunset data).
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Fig. 13. Multiannual-, monthly-, and zonal-mean HCI in ppbv in (left) September (right) Febru-
ary. Colours: Strat-UKCA. Contours: HALOE climatology.
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Fig. 14. (top) Multiannual-, monthly-, and zonal-mean CIO in pptv in (left) September (right)
February. Colours: Strat-UKCA. Contours: MLS climatology. (bottom) Same, but for the day-
time mean CIO. See text for details.
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Fig. 15. Monthly-zonal-mean March zonal wind v at 60° N and 100 hPa, versus monthly-zonal-
mean March ozone column at 77.5° N. Linear regressions are superimposed. Black symbols:
Strat-UKCA. Orange numbers: Observations, marked by the years of the 20th century. Zonal
winds are from ERA-40 analyses. Ozone columns are constructed from daily NIMBUS-7 TOMS
(Heath and Park, 1978) total ozone maps. Note that at 77.5° N TOMS measurements start on
6 or 7 March, so the mean is from 6 or 7 March to 31 March. r stands for the correlation
coefficient, m for the linear regression coefficient.
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Fig. 16. Correlation coefficient, derived from Strat-UKCA, of the mean change of zonal-mean
ozone column in a month, AO5/At, with the vertical component of the EP flux at 100 hPa. The
data have been binned in 10° latitude bands for the analysis.
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