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Abstract. This study evaluates effects and applications of default model option of a tropospheric global 3-D Q¥lue,

a new linear parameterisation for stratospheric methane anthe CoMeCAT distribution produces an overall change in the
water vapour. The new scheme (CoMeCAT) is derived from aannual mean net RF of up t630 mW ni2.

3-D full-chemistry-transport model (CTM). It is suitable for

any global model, and is shown here to produce realistic pro-

files in the TOMCAT/SLIMCAT 3-D CTM and the ECMWF

(European Centre for Medium-Range Weather Forecasts} Introduction

general circulation model (GCM). Results from the new

scheme are in good agreement with the full-chemistry cTmThe stratosphere is being increasingly acknowledged as one
CH, field and with observations from the Halogen Occulta- ©f the keys to adding more skill to numerical models in
tion Experiment (HALOE). The scheme is also used to derive@ Wide range of timescales and applications, from weather
stratospheric water increments, which in the CTM produceforecasts to climate studies, as well as a potential source of
vertical and latitudinal KO variations in fair agreement with S€asonal meteorological predictabili§alomon et al.201Q
satellite observations. Stratospherig®distributions in the ~ Maycock et al. 2011, Scaife et al. 2019. To capture the
ECMWF GCM show realistic overall features, although con- variability of the stratosphere, radiative processes in this re-
centrations are smaller than in the CTM run (up to 0.5 ppm\,gion need to be realistically modelled. Stratospheric radiative
smaller above 10 hPa). The potential of the new CoMecATheating rates strongly depend on the distribution of concen-
tracer for evaluating stratospheric transport is exploited to astrations of radiatively active gases in this region. Therefore,
sess the impacts of nudging the free-running GCM to ERA-Numerical models that consider the stratosphere but do not
40 and ERA-Interim reanalyses. The nudged GCM showdully treat its stratospheric chemistry need realistic strato-
similar transport patterns to the offline CTM forced by the spheric descriptions of, at least, the main greenhouse gases
corresponding reanalysis data. The new scheme also impact®HGS). i-e. @, H20, CHy and chlorofluorocarbons (CFCs).
radiation and temperature in the model. Compared to the de- In the past more attention was paid to the description
fault CHy climatology and HO used by the ECMWF ra- of stratospheric @ in models; for example, the European
diation scheme, the main effect on ECMWF temperaturesCentre for Medium-Range Weather Forecasts (ECMWF)
when considering both CHand HO from CoMeCAT is first included their current @parameterisatiorGariolle and

a decrease of up to 1.0K over the tropical mid/low strato-D€qué 1986 Cariolle and Teyssedr&007) to improve the
sphere. The effect of using the CoMeCAT scheme for radia-Use of satellite radiance data by providing the radiance ob-
tive forcing (RF) calculations is investigated using the offline servation operators with accurate 3-D ozone fields instead of

Edwards—Slingo radiative transfer model. Compared to the? climatology Dethof and H6Im 2004. This showed that
including one of the main stratospheric radiative gases in
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9642 B. M. Monge-Sanz et al.: Stratospheric methane and water in global models

the model had the potential to improve the assimilation ofterise a source of stratospherie®| as the main source of
satellite radiances, with subsequent benefits for numericastratospheric KO is the oxidation of methane (e Bates and
weather prediction and reanalysis production. Nicolet, 195Q Jones and Py|e1984 Le Texier et al. 1988.
However, the description of stratospheric £&hd HO The new scheme we develop for the present study has the
is still too simple in numerical weather prediction models advantage of providing a consistent stratospheric parameter-
(NWP) such as the ECMWF model (e.Bechtold et al. isation of both CH and HO. In this way our new scheme
2009. The shortcomings of $O descriptions in the strato- provides not only stratospherigB increments but also a re-
sphere are not exclusive to NWP modeBnlomon et al.  alistic CH, tracer for the global GCM. In this study we show
(2010 note that most global climate models also show lim- that this CH tracer can also act as a suitable transport tracer
itations in their representation of stratospherigdH As dis-  for online stratospheric circulation assessments, which has
cussed byGettelman et al(2010, even if the ability to sim-  enabled coherent comparisons of stratospheric transport in
ulate stratospheric #D has improved significantly in recent the GCM and the offline chemistry-transport model (CTM).
years, there are still discrepancies between models, the af®ur study also evaluates the effect that improving the de-
nual cycle in the lower stratosphere is not captured by allscription of the stratospheric composition has on tempera-
models, and there are still some models that consigér td ture and radiative effects. The new scheme, called CoMe-
be fixed throughout the stratosphere. CAT (Coefficients for Methane from a Chemistry And Trans-
Better descriptions of stratospheric water vapour in modelgport model), can be implemented within any global model,
are expected to have a positive impact not only on temperaand has been tested here within the TOMCAT/SLIMCAT
ture and wind fields, but also on the stratospheric Brewer-CTM (Chipperfield 200§ and the ECMWF GCM. The way
Dobson circulation and on tropospheric climate and trendsCoMeCAT is formulated (see Se@.2) allows for the simu-
(e.g.Solomon et a].201Q Maycock et al. 2013. The dis-  lation of changes in stratospheric® due to both forcings
tribution of radiatively active gases in the stratosphere is re<(via CH,y oxidation) and feedbacks (via changes in TTL tem-
ceiving increasing attention due to its relevance for climateperatures).
studies through the interaction with radiation and temper- This paper is organised as follows. Sect@mliscusses
ature. Nevertheless, uncertainties remain in current modelthe existing parameterisations for stratospherigOHand
regarding key atmospheric transport processes controllingpresents the new linear approach we adopt to parameterise
these gases’ distribution and evolution (esplomon et al.  CH4 and KO in the stratosphere. The calculation of the lin-
201Q Ravishankara2012 Riese et al.2012. Improved ear coefficients for the scheme is explained in S&atthere
stratospheric descriptions are, therefore, of interest for modthe observations used for validation are also introduced, and
els, such as the ECMWF Integrated Forecast System (IFSthe performance of the CfHparameterisation in the two dif-
which are not only used for short/medium-term weather pre-ferent global models is assessed. Sedfidiscusses the abil-
diction but also form the basis for seasonal prediction sys-ty of the scheme to model stratospherig@® Results of
tems, long reanalyses production systems and Earth systestratospheric transport from nudged GCM simulations are
models like EC-EarthHazeleger et 8l2010. Improvingthe  evaluated in Sect. The impacts of Chl on stratospheric
description of the stratosphere is becoming especially importemperatures and radiative forcing calculations are discussed
tant if NWP models want to evolve towards seamless predicin Sect.6. Our conclusions and an outline of future research
tion systems (e.d?almer et a].2008. are in Sect7.
Stratospheric HO simulations within 3-D global mod-
els are problematic due to the variety of processes in-
volved: humidity entry rate through the tropical tropopause2 Parameterisations for stratospheric HO
layer (TTL), oxidation of CH in the stratosphere, meso-
spheric photolysis, transport and mixing within the strato-2.1 Existing schemes
sphere and exchange processes through the tropopause. In
addition, feedbacks exist between all these factors, e.g. radiA few approaches exist for the parameterisation of water
ation, stratospheric circulation and tropical tropopause temvapour in the stratospher®é¢thof 2003 MacKenzie and
peratures. Implementing a stratospherigCHparameterisa- Harwood 2004 Austin et al, 2007 McCormack et al.
tion simple enough for forecasting purposes, while consid-2008, but there are important issues that remain unsolved:
ering all the relevant processes in an accurate way, shoulthe lack of a realistic latitudinal variabilityDethof, 2003,
at least incorporate realistic GHbxidation and allow for and the lack of an interactive link between £dnd HO
feedbacks with atmospheric temperatures. One of the curfMcCormack et al.2008. Also, most of the models used
rent problems is the poor representation of JCidund in to obtain these parameterisations are two dimensional, there-
most general circulation models (GCMs) which, in spite of fore missing the influence of longitudinal features. The ex-
being a major GHG, is often represented simply as a glob-ception is the scheme proposed Bystin et al. (2007,
ally averaged value or a climatology. A realistic represen-which, as discussed below in more detail, overcomes these
tation of stratospheric CHis crucial to correctly parame- problems but requires tracers (e.g. an age-of-air tracer) that
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are not usually available in NWP models and data assimila- MacKenzie and Harwood2004 used the Thin Air 2D
tion systems (DAS). photochemical modelKinnersley and Harwoqd1993 to
In a global model the total hydrogen amoait obtain the rate coefficient for the pseudo-reaction that
groups the whole Cld oxidation process described by
H =H»0+2-CHg +HyCO+ Hoy, Q) _ X _
Le Texier et al.(1988, CHs— 2H,0; k was obtained as a
must be conserved under mixing and transport. Recent studunction of latitude, altitude and seasd@ustin et al.(2007)
ies have shown that the quantity is also uniformly dis-  studied the evolution of stratospherig® concentrations in
tributed in the stratosphere when the last two terms are nea chemistry climate model (CCM) ensemble run from 1960
glected (e.gRandel et a].2004 Austin et al, 2007). to 2005. They examined the,B® concentrations coming
The current ECMWF model includes a simple parameteri-from the CCM photochemistry scheme (via £bkidation),
sation of stratospheric water vapour based on the oxidatiorand concentrations obtained from a parameterisation involv-
of CHs (Dethof, 2003. The basis of such scheme is the ing entry rates, Chloxidation and also mean age-of-air, as
observation that the following quantity is fairly uniformly the amount of Cl oxidised depends on the time air masses
distributed in the stratosphere with a value~06.8 ppmv have spent in the stratosphere. They formulated the water

(Randel et al.2004: concentration at a stratospheric locatiorand timer to be
H = 2[CHg] + [H20] ~ 6.8 ppm\, 2)
where [] stands for volume mixing ratio (vmr). HoO(x,t) = A+ B. @)

The ECMWF model assumes, therefore, that the vmr of
water vapour [HO] in the stratosphere increases at arate  The entry termA, and the methane oxidation ter, can
be expressed as

A[H20] = 2k1[CHy] 3)

or by using Eq. 2), A =H0l(t —y), (8a)
A[H20] = k1(6.8—[H20)), 4)

which is expressed in ppmv and can also be written in terms

of specific humidityy, by simply dividing by 16 x 10° as B =2-[CHglo(t — y) — CHa(x, )], (8b)
Aq=ki(Q —q). () wherey =y (x,t) is the mean age-of-air for that particular

where Q = 4.25x 1075 (kgkg1). In addition, above ap- location, and HO|, is the water vapour concentration for
proximately 60 km a term for the 4D loss by photolysis  that particular air par_cel_at stratosph_eric entry. At present,
is added, and so the complete humidity parameterisation ithe kind of parameterisation usedAwstin et al.(2007) can-

the ECMWE model is not be implemented by ECMWEF due to the lack of age-of-
air and CH tracers in their IFS modeMcCormack et al.
Ag =k1(Q —q) —k2q. (6) (2008 described a parameterisation for water vapour pro-

The ratek; can be determined from a model with detailed duction a.”d loss to k.)e u_se_d in a high-altitude NWP/DA_S Sys-
tem. Their method is similar to the current approach in the

CHa chemistry, suc_h as was dof‘e in the past with the 2'ECMWF model, with the improvement of including latitu-
D model of the University of Edinburgh (R. S. Harwood, . L . .
dinal variation. However, they did not include a gtiacer,

personal communication, 2005). Nevertheless, a simpler op; . N ; ;
L . focusing on the parameterisation of® directly, and, in a
tion is used at present by ECMWF, where analytical forms . - : .

: similar way toMacKenzie and Harwoo(2004), they obtain
for k1 andk; as a function of pressure are used so that the

photochemical lifetime of water vapour follows that shown _the coefficientscy andk; in Eq. (6) with a 2-D photochem-

; . T ical model as function of altitude, latitude and season. The
in Brasseur and Solomof2009. There is no latitudinal or . .
. : main advantage of the schemeMicCormack et al(2008 is
seasonal dependency included in the ECMWF scheme, nat ", . : : .
A o ; its high altitude range. Nevertheless, their study was mainly
any variation in the Cll oxidation source (due for instance : . .
) : . . . concerned with the mesospheric region (10-0.001 hPa), and
o increasing tropospheric concentrations of this gas). The rovides no comparative results for our stratospheric stud
ECMWF model does not assimilate stratospheric humidityp b P Y-

data operationally, but uses the background humidity field. Our scheme differs from that icCormack et al(2009

directly in the analysis. Therefore, it is the model dynam- in the conceptual approach of the parameterisation, as ours
) . ' ' . o .focuses on parameterising ghh the stratosphere and then

ics and physics that shapes the stratospheric humidity, ulti- ">~~~ : :
mately constrained to observations by the wind and temperEfISIng it to obtain a source of stratospherlg water vapour. Un-
ature fields §immons et a).1999 like McCormack et al(2008 andMacKenzie and Harwood

(2004, in which a 2-D model was used, we use a 3-D CTM
parts per million by volume to obtain the new Chland HO scheme.
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2.2 New linear approach for CH; and H>O We have implemented such a scheme in TOM-
CAT/SLIMCAT and ECMWF GCM runs. CHk has

Inthe stratosphere CHs only destroyed by oxidation; there- been parameterised following the CoMeCAT approach,

fore, the time tendency of stratospheric O#tie to chemistry  and results have been compared tgOHobservations (see

corresponds to Sect.4).
AP _ Licha, ©)

ot 3 The CoMeCAT parameterisation scheme
where [ ] indicates concentrations ahds the CH, loss rate
(s . 3.1 Coefficients calculation

Loss of CH; in the stratosphere takes place mainly through
the following reactions: CoMeCAT coefficients have been calculated from full-

chemistry runs of the global 3-D TOMCAT/SLIMCAT CTM,

CH4 + OH — CHz + H20, (10a)  similar to the method employed Monge-Sanz et a(2011)
CHs + O(*D) — CHz + OH, (10pb)  for the calculation of coefficients for a stratospheric ozone
CHs + Cl — CHz +HCI. (10c) scheme. To calculate the coefficients, a TOMCAT box model

version was used. The box model configuration is identical
Based on such reactions, the oxidation rate ofyCéh be  to the 3-D CTM (chemical descriptions, grid resolution etc.)
written as except that it does not consider transport processes. The box
1 model was initialised with the zonally averaged output of a
L = ka[OH] +k2{OC D)1 + k3[CIl, (1) full-chemistry simulation of the SLIMCAT 3-D model (run
where the rate constants (i =1, 2, 3) are given in (cfkh  323). Run 323 is a multiannual SLIMCAT run that uses a
molecule 1 s™1). 7.5° x 7.5° horizontal resolution and 24 vertical levels (L24).
Full-chemistry 3-D models such as SLIMCAT calculate The run is driven by ERA-40 windsUppala et al. 2005
the oxidation rate in Eqg.14) analytically from the explicit from 1977 to 2001 and by ECMWF operational winds from
reactions. However, in order to provide NWP models with a2002 to 2006. The period chosen to initialise the box model
simplified methane scheme, an alternative approach has beésJanuary to December 2004. The box model is initialised by
explored here. As Cliis only destroyed, our new scheme pa- reading input from run 323 for every month of the year 2004,
rameterises the loss rake Since the three reactions involved and then a series of 2-day runs is performed for each month.
in CH4 destruction depend on temperature (T) and JCH From the initial state, five 2-day runs of the box model were
can be parameterised following a scheme similar to the on&arried out: one control run and four perturbation runs from
proposed for the ozone tendency by Cariolle and DéGaé-(  the initial conditions. In these runs the chemistry was com-
iolle and Déqué1986 Cariolle and Teysseédr2007): puted every 20 minutes. The resolution adopted for the box
_ — model is 24 latitudes, and 24 levels (from the surface up to
L(CHs.T) = cotc1(ICHal = [CHaD) +c2(T =T).  (12)  _gokmy), matching the resolution of the full-chemistry run
In this case the coefficients are used for the initialisation. The box model also uses the same
chemistry module as the full SLIMCAT model.

0= Lo, The reference loss rafe) (coefficientcp) is obtained from
c1 = L ’ (13)  acontrol run in which the zonal 3-D output is used without
d[CHal [ alteration to initialise the box model. The loss rate is cal-

oL culated from the three chemical reactions in Efp)( The

2= 9T o reference state values pEH4] and T are directly provided

Lo is the loss rate (subscript O indicates values obtained at zta)y the zonal output of the SLIMCAT initial state on the 15th

. ... of each month, corresponding therefore to year 2004. Then,
reference state}; represents how the loss rate adjusts with : .
. . ) perturbed runs of the box model are carried out to obtain the
changes in the Cldconcentration, while, relates to how.

. : = coefficientsc; andc;,. To obtainci, variations in [CH] of
varies with temperature. The tenf SH“]. andT" in Eq. (12) + 5% with respect to the reference state are introduced, and
also come from a reference state or climatology.

. . variations of+ 4.0K to obtainc,. The calculation results in
Since CH has no stratospheric source except entry 2

a set of coefficients for each latitude, level and month of the
tsherr(])tlé%hag]:vérgg(r)]pa?gze[;eﬂzjesec(:jot'\(/)le()%?;@@&l:?]r(;i?gezr?r; year. The coefficients and climatologies are provided as five

the stratosphere. Based on an approximation of Baqvkere look-up tables do, c1, c2, [CH4] andT) for every month.
: These CoMeCAT coefficients are available for research pur-
the last two terms have been neglected, the time tendency for

. . 0Ses upon request.
water vapour in the stratosphere can be written as P P g

9H0] __dICH]
ar ar

(14)
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Table 1. TOMCAT/SLIMCAT CTM runs performed with the CoMeCAT scheme and full-chemistry run323. For each run, the CTM mode
(0-6 SLIMCAT or o-p TOMCAT) and the winds used to drive the simulation are indicated. For the runs using the CoMeCAT scheme, the
terms of the parameterisation that have been active for the particular run are also included. Winds for the runs with CoMeCAT correspond to
year 2000.

CTMrun CTM mode Winds Chyl Active terms
runl3 SLIMCAT ERA-40 CoMeCAT 6 C1, C2
run130 SLIMCAT ERA-40 CoMeCAT €

runl31 SLIMCAT ERA-40 CoMeCAT 6 C1
runl4 TOMCAT ERA-40 CoMeCAT & C1, C2
runls TOMCAT ERA-Interim  CoMeCAT & C1, C2
run323 SLIMCAT ERA-40 full-chem -

a) JANUARY CH4 (ppmv) b) JANUARY T(K)
' ' ' ] : \2\7'260 ' >\ \
« _\01’6//\\/5 i 210 Y
100 _2\1;.’:\' h\ i 100E @@ ) | 3

-50 0 50 -50 0 50

¢) JULY CH4 (ppmv) ) JULY T(K)
=l o<
1F 3 1F E
< 10—,%%@5 10F 240 i
B é@%& j 210 220 2301
100 _5\&‘.6/_)).\‘.\; 100 E . C W;} Je

0 50

-50 0 50 -50
Latitude Latitude

Fig. 1. Zonal mean of CoMeCATCH,] (ppmv) (left panels) and temperatufe(K) (right panels) reference terms for January (top row) and
July (bottom row) 2004. These reference terms come from the SLIMCAT CTM (see main text for detail8,. Bect.

Figure 1 plots the zonal mean of the reference values for The methane time tendency is controlled mainly by the
[CH4] and T for January and July. Stratospheric £kh first coefficientcg, and the other terms add corrections due
the full-chemistry SLIMCAT has been widely validated, and to changes in Ciland temperature. Figuf@shows the im-
compares very well with MIPAS observations (ekguker, pact that changes in GHtoncentrations have on the loss rate
2005. The temperature field corresponds to ECMWF oper-(coefficientc;) for the months of January, April, July and
ational data for 2004 interpolated onto the CTM grid. The October. Similarly, Fig4 shows how temperature changes
CoMeCAT zonal mean CHlifetime, 7, is plotted in Fig.2 feed back on the loss rate. Note that the minus sign in®q. (
for January, April, July and October. The minimum lifetime has been included when calculating the coefficientso the
values are reached atl hPa, and are almost 1yr over the scheme actually parameteridés= —L. In the middle strato-
summer pole, where the maximum gHbss rate occurs. sphere, anincrease in Gldoncentration causes a decrease in
Above 1 hPa, Chiloss decreases (lifetime increases) due toloss ratel. (Fig. 3), explained by the fact that a GHhcrease
the decrease in the abundance of OH. The lifetime values inmplies a decrease of CIO at around 40 km and an overall
Fig. 2 are in overall agreement with those Brasseur and decrease of HQ which leads to a decrease in gldss. The
Solomon(2005. opposite effect occurs in the lower stratosphere (LS) region

and above the stratopause, where a;@itrease causes an
increased loss rate.

www.atmos-chem-phys.net/13/9641/2013/ Atmos. Chem. Phys., 13, 9664 2013
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p (hPa)

p (hPa)

Latitude Latitude

Fig. 2. Altitude—latitude distribution of CoMeCAT CHlifetime t (inverse of the loss rate). Valuesofare shown, in years, fqgn) January,
(b) April, (c) July and(d) October.

Table 2. ECMWEF runs with CoMeCAT Cl{ and H,O schemes. The ECMWF GCM has been used in free-running mode or in nudged mode

to reanalyses as shown. In all these runs stratospherjca@tiHbO can come from the CoMeCAT scheme, from the default ECMWF option

or remain inactive, as indicated. For the runs included here the CoMeCAT scheme was not interactive with the ECMWF radiation scheme.
The meteorology used for the nudged runs corresponds to year 2000.

ECMWEF run GCM CH, scheme HO scheme
fif4 Free GCM CoMeCAT  ECMWEF default
fién Free GCM CoMeCAT CoMeCAT
fif5 Free GCM none none
fh22 Nudged to ERA-40 every 6h CoMeCAT ECMWEF default
fh23 Nudged to ERA-Interim every 6h  CoMeCAT  ECMWF default

The values ofc,> (loss tendency with respect to temper- HALOE data used in our study correspond to the third pub-
ature) are negative everywhere except in the equatorial L3ic release v19 (W. Randel and F. Wu, personal communi-
(between 100 and 200 hPa) and in the Arctic summer LScation, 2006). These HALOE data are zonally averaged and
(Fig. 4). The negative sign agrees with the fact that by in- are available for 41 latitudes (881-80° S) and 49 pressure
creasing temperature; in Eqg. (L1) increases, which means levels (from 100 to 0.01 hPa); the monthly time series cov-
more CH, loss. The decrease in loss over the Arctic sum-ers the period November 1991-November 2005. The accu-
mer (positive contours in Figc) is explained by a secondary racy for these Cllobservations is better than 7 % between 1
effect, coming from decreased OH concentrations at higheand 100 hPaRark et al. 1996 and 10 % for HO measure-
temperature, that outweighs the direct temperature effect irments at the same altitude range. Such HALOE data have

this region. been widely validated and have been used for several model
results validations (e.gChipperfield et al.2002 Bregman
3.2 HALOE observations of CH; and H,0O et al, 2006 Eyring et al, 2006 Feng et al.2007).

The results of the model simulations in this study have beer8.3 CoMeCAT methane distributions

validated against observations from the Halogen Occultation

Experiment (HALOE) instrument, on board the Upper At- Table 1 describes the 3-D CTM runs that have been per-
mosphere Research Satellite (UAHRssell et a].1993 of formed using ERA-40yppala et al.2005 and ERA-Interim
CHy (Park et al. 1996 and HO (Harries et al.1996. The  winds Qee et al. 2011). The SLIMCAT (with hybrid o-

Atmos. Chem. Phys., 13, 964866Q 2013 www.atmos-chem-phys.net/13/9641/2013/



B. M. Monge-Sanz et al.: Stratospheric methane and water in global models
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Fig. 3. Altitude—latitude distribution of the CoMeCAT loss tendency with [Ktoefficientcs) in units of (10-14day=1 ppmv—1) for (a)

January(b) April, (c) July and(d) October. Solid contours indicate positive values; dashed contours indicate negative values.

a) JANUARY

b) APRIL

i)
[a¥
£
D- -
0
100 E &ﬂo > . 3 100 . <—0> . 3
-50 0 50 -50 0 50
d) OCTOBER
1E
o
(o E
£ 10E
a [ i
100F 1 100 e ;
. n_f\_/; . .0 .
-50 0 50 -50 0 50
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Fig. 4. Altitude—latitude distribution of the CoMeCAT loss tendency with temperature (coeffici¢nin units of (10~164ay=1k 1) for

(a) January(b) April, (c) July and(d) October. Contours are plotted every 10 units. Solid contours indicate positive values; dashed contours

indicate negative values.

6 vertical levels) runs driven by ERA-40 winds include the other by ERA-Interim winds. The GHracer in these
those using the CoMeCAT scheme for £funl13, run130,
run131) and one full chemistry run (run323). There are alsothe reference climatologyJHs]. The same climatology was
two TOMCAT (o-p vertical coordinate) runs which imple-
ment the CoMeCAT scheme, one driven by ERA-40 andstep to prevent the surface values from drifting during the

www.atmos-chem-phys.net/13/9641/2013/

3-D CTM runs was initialised with the concentrations from

used to overwrite the tracer value at the surface at every time
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ferences with the full-chemistry run323 and with HALOE
CH4 measurements above 100 hPa. Results in Figprre-
spond to year 2000, which is different to the year used to
compute the CoMeCAT coefficients (meteorological condi-
tions of 2004, Sect3.1). Both simulations, CoMeCAT and
full chemistry used the same ECMWF ERA-40 winds. The
CoMeCAT parameterisation is able to capture all general
features and variability. There are differences over the trop-
- . . ics above 10 hPa, where CoMeCAT gkoncentrations are
-50 0 50 slightly smaller (up to 0.05 ppmv), as well as in LS high lat-
itudes, where CoMeCAT simulates up to 0.10 ppmv more
b) coMeCAT- FULL323 (ppmv) 2000 than SLIMCAT full chemistry over the Arctic. The overall
I ' ' ' agreement with HALOE is good; modelled concentrations,
both CoMeCAT and full chemistry, are up to 0.20 ppmv
= smaller than HALOE in the most upper levels (above 20 hPa)
in the Southern Hemisphere (SH), with maximum differ-
ences concentrated around 10 hPa at high latitudes in both
hemispheres. CoMeCAT simulates more £2Han observed

V?g over the tropical mid-stratosphere and most upper levels at
50

a) CoMeCAT (ppmv) SLIM 2000

p (hPa)

100

p (hPa)

high Northern Hemisphere (NH) latitudes. The differences
between the two modelled GHields (CoMeCAT and full
chemistry) are smaller than the differences between the mod-
€) CoMeCAT— HALOE (ppmv) 2000 elled fields and HALOE observations.
. ' : : ] Annually averaged (year 2000) vertical @Histributions
from CoMeCAT and from the full-chemistry run 323 be-
tween 100 and 0.2 hPa are shown in Fador five different
latitudes. The CoMeCAT vertical distribution in the SLIM-
CAT run (runl3) agrees well with the full-chemistry run.
The most significant differences occur above 1 hPa, where
CoMeCAT overestimates GHby up to 0.1 ppmv, and be-
low 30 hPa, where the parameterisation, especially at south-
| atitude ern mid-latitudes, results in smaller concentrations than the
full chemistry (up to 0.05 ppmv smaller). CoMeCAT in the
Fig. 5. Annual mean for year 2000 d&) zonally averaged ClH  TOMCAT run (run14) is also in good agreement with full
et reomac e ComccAY i chamety, i STETISEY 1 1 LS, it e midle and uppersatoshere
o SLGAT (ur9 andc dfrnces bt Cavecaand L ST UES 10 CHIen e SLUCAT s e
HALOE observations. The model simulations use ERA-40 winds. . ) . .
results in up to 0.40 ppmv more than run323 in the highest

Contour values are 0.20 ppmv fa) and 0.05 ppmv fo(b) and(c). . ; . i
Colour scale ir{a) goes from larger concentrations (darkest green) levels at tropical latitudes, the reason for these differences is

to smaller concentrations (darkest blue), while foy and(c) the  the too fast vertical transport in the TOMCAT ruM@nge-
colour scale indicates most positive differences (in darkest greenfSanz et al.2007).
and most negative differences (in darkest blue). HALOE observa- Two additional CTM runs have been performed to deter-
tions are available for the latitudinal range’&-80 N. mine the contribution of the individual terms in the parame-
terisation. These two runs are analogous to runl3 (TAble
but for one of them (run130) only the first term of the pa-
model simulations. A series of runs with the ECMWF GCM rameterisation (gin Eq. 12) is used, and for the second run
(IFS) has also been carried out using the CoMeCAT schemdrun131) only the first two terms in EqlZ) are used. Fig-
(Table2). The runs were performed with the Cy36rl model ure7 shows the annually averaged profiles of the differences
version with a T159 horizontal resolution (1.£2%nd 60  between the three runs (runl3, run130 and run131) for five

wooi'\'/.>
~50

0

p (hPa)

vertical levels up to 0.1 hPa. different latitudes. As discussed in Segitl, the main contri-
bution is made by the first term of the parameterisatign,
3.3.1 CoMeCAT against full chemistry The next two terms add corrections of up+d.0 % of the

total concentration. It is in the middle stratosphere where
Figure5 shows the annual mean zonal average,€éhcen-  andc; make their main absolute contributions. Theterm
trations from the parameterisation in runl3, as well as dif-(i.e. indirect CH effect) contributes most over mid- and high
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Fig. 6. Annually averaged Clf distributions (ppmv) for year 2000 from the CoMeCAT scheme in SLIMCAT runl3 (solid black line),
TOMCAT run14 (blue line) and in the ECMWF GCM (dashed black line) run fif4 (T&phor the latitudes 70N, 40° N, 4° N, 70° S and
40° S (as labelled). HALOE observations have also been included (red line), as well as the CTM full-chemistry run323 (red dashed line).

latitudes above 20 hPa. Thgterm (i.e. the indirect T effect) also within 0.1 ppmv difference. Between 1 and 10 hPa the
in run13 reduces the CHsalues between 30 and 3 hPa with ECMWF CoMeCAT run (fif4) simulates smaller concentra-
respect to runl31 (Figr). In the uppermost levels (above tions than the full chemistry (by up to 0.2 ppmv) at high and
2 hPa), the-; term acts to increase the concentrations, espemid-latitudes in the NH; while in the SH the underestimation

cially over mid- and low latitudes. (up to 0.3 ppmv) takes place between 5 and 50 hPa. Over the
_ tropics the ECMWF run is very close to the SLIMCAT runs
3.3.2 CoMeCAT inthe GCM in the LS and middle stratosphere. This, together with the

o . fact that in the upper levels fif4 is more realistic than TOM-
The ECMWF runs were initialised with the GHeference  cAT forced by ERA-40 winds, shows the improvement in
field from the CTM. Figure6 shows annually averaged ne vertical transport achieved in the recent ECMWF model
CHy vertical distributions from the CoMeCAT scheme in ygrsions (e.gMonge-Sanz et 312007, 2012. Nevertheless,
the CTM and in the ECMWF GCM (run fif4). Two differ-  gefinitive conclusions cannot be drawn on this issue since the
ent CTM runs are included: the default SLIMCAF-P) one  yertical motion used in the model runs is different: The CTM
(run13) and also one TOMCAB¢ p) run (runl4) forabetter  gptains it from the divergence of the horizontal winds, while
comparison against the ECMWF runs, which, like the GCM, the ECMWF runs use the instantaneous vertical wind veloc-
also uses a-p vertical coordinate. The overall agreement ity w. The ECMWFuw field had been reported to be too noisy
in the LS (up to 10 hPa) is good between all runs and obseri, the past (e.gFueglistaler et al2004 Kriiger et al, 2008

vations (with differences smaller than 0.1 ppmv); larger dif- Tegtmeier et a).2008, while more recent studies point to
ferences occur above 10 hPa. At the highest levels the agree-

ment with observations is good for fif4 and SLIMCAT run13,
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Fig. 7. Annual average (year 2000) of the profiles for £ZtHfferences (ppmv) between run131 and run130 (black line) and between runl13
and run131 (blue line). Run13 uses the full parameterisation as i Bqrgn130 uses only the first termg(@ Eq. (12)) and run131 uses
only the ¢ and g terms of the scheme. All runs are driven by ERA-40 reanalyses.

a significant noise reduction (e.biu et al, 201Q Ploeger levels we use the CoMeCAT scheme to compute the strato-
et al, 2011, in agreement with our comparison in F&y. spheric tendencies of water vapour.

Figure 8a shows the BIO cross section (annual average
2000) from CoMeCAT. The overall variability is well cap-
tured by the CoMeCAT approach; the best agreement with
HALOE (Fig. 8e) is found over NH high and mid-latitudes.

In the LS, CoMeCAT shows a wet bias 6f0.6 ppmv in

To obtain CoMeCAT water distributions with the SLIMCAT the range 100-50hPa, a_nd then agreement in_the middle
CTM, the humidity field from the ECMWF analysis is used Stratosphere (50-3hPa) is very good for all latitudes, ex-

in the troposphere, while in the stratosphere the relation deS€Pt Over southem high latitudes, where CoMeCAFOH

scribed in Eq. 14) is used to obtain bD tendencies from IS UP t0 0.8 ppmv larger than observed by HALOE. Above
CoMeCAT. In the tropics (155—1% N) H.O is taken from 3hPa, CoMeCAT again produces larger concer_1trat|0_ns (up
the ECMWF analyses for levels below the level at which © 0.5ppmv). The discrepancy over southern high latitudes
the minimum temperature is reached: outside the tropics th@€tween CoMeCAT and HALOE in the LS is most likely
ECMWF H,0 field is used when the absolute potential vor- due to the lack of Antarctic dehydration in the CoMeCAT
ticity (PV) is less than 2 PV&and the potential temperature SCheme.

(9) less than 380K, or ib is less than 300 K. For all other

4 Stratospheric HO distributions from CoMeCAT

4.1 CoMeCAT H»O distributions within the CTM

2pVU s potential vorticity unit and its value is
1PVU=10%m?s 1Kkg1.
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Fig. 8.H>0 (ppmv) cross sections averaged over year 2000 obtained #d@oMeCAT in the SLIMCAT run13(b) CoMeCAT in ECMWF

run fién, (c) ECMWEF control run fif5,(d) ECMWF default scheme in run fif4 ari@) HALOE instrument. Colour scale goes from larger
concentrations (orange) to smaller concentrations (dark blue). Contour interval is 0.5 ppmv. HALOE observations are available for the
latitudinal range 80S-80 N.

4.2 CoMeCAT H»O distributions in the GCM 4.2.1 ECMWEF default HoO scheme

The default ECMWEF (currently operational) stratospheric

water scheme and #® obtained from the CoMeCAT CH  The ECMWEF stratospheric D currently comes from a pa-

in the ECMWF runs have been compared against HALOErameterisation based on a fixed profile of water vapour ob-
observations and #0 from CoMeCAT in the CTM. The served lifetime (e.gDethof 2003. This scheme does not
same ECMWE runs used to obtain results in SB@have include any latitudinal variation, relying on the accuracy of
been used to parameterise stratosphepi© Table2). The  the Brewer-Dobson circulation to get the correct amount of
initial value for the HO tracer in the ECMWF runs was H20 increase in the stratosphere due tos@iiidation. Fig-
7.0x 106 —2[CHy]. Figure8 shows B0 cross sections av-  ure8d shows HO from an ECMWF run (fif4) using this de-
eraged over the year 2000 obtained from CoMeCAT in thefault stratospheric water scheme. At high latitudes in the up-
ECMWF model (run fién). Also shown in the same figure are Per levels (above 5hPa) fif4J® concentrations are around
H»O from the default ECMWF scheme (run fif4) and from an 0.5 ppmv smaller than HALOE. One control run has also

ECMWF control run (fif5) in which no water source scheme been carried out (run fif5) in which the source of water in
is used in the stratosphere. the stratosphere has been switched off (Big). It can be

seen that the $D field would be far too low in the strato-
sphere in the absence of a source parameterisation; up to
1.5ppmv are added by the default ECMWE® scheme,

www.atmos-chem-phys.net/13/9641/2013/ Atmos. Chem. Phys., 13, 9664 2013
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which also makes the concentration gradients realistic. Commodel variablex is given by

pared to the CTM run and to HALOE observations, the
ECMWF H,O distributions show a negative bias in the trop-
ics around 100 hPa; #D in the ECMWEF run is 2.5 ppmv
smaller than in the CTM run (Figa) and 2.0 ppmv smaller
than HALOE observations (Fige). This bias is present in

Y M(x+ G (xan—x)), (15)

Nudging improves temperature and fast horizontal wind
fields in the GCM; however, the impact of nudging on the

all three ECMWEF simulations, independent of the schemeslow stratospheric meridional circulation has not been widely

used to obtain stratospherig@, which indicates a charac-
teristic of this version of the ECMWF GCM that will require
further investigation.

4.2.2 ECMWEF new H,O scheme from CoMeCAT

The distribution of water from the CoMeCAT scheme imple-
mented in the ECMWF model (run fi6n) is shown in Fap.

Compared to the performance of the same scheme in SLIM

CAT (Fig. 8a), the ECMWF run shows smaller,B val-
ues (up to 0.5ppmv lower above 10hPa). The SLIMCAT
run is closer to the HALOE distribution (Fige). In the
ECMWF model, CoMeCAT produces vertical distributions

of H>O similar to those from the IFS default scheme, except
at high levels (above 10 hPa), where CoMeCAT can simu-

late up to 0.5 ppmv more D at some latitudes (FicB).
The differences between the CoMeCATL® distributions
in the CTM and the ECMWF runs partly arise from the
fact that fibn comes from the free-running GCM while the
SLIMCAT run is forced by 6-hourly ERA-40 analyses. This
last factor conditions the concentrations entering through th

tropopause, as itis the analysed humidity field that is adopte(ﬁ
for the troposphere in the CTM runs. ERA-40 shows a 10 %

wet bias with respect to HALOE in the L®{konomou and
O’Neill, 2006. The too large HO concentrations that en-

ter the CoMeCAT scheme from the tropopause are accumu-
lated throughout the entire stratosphere, causing the CoMé?

CAT CTM run to show larger concentrations than HALOE

(Fig. 8a). On the other hand, the problems shown by the

ECMWEF default BO scheme in previous analysis versions,
e.g. in ERA-40 Uppala et al. 2005, have been partially
overcome due to a more realistic transport in the more re
cent ECMWF model versions (like the one used for this run
fif4).

5 Effects of GCM nudging on stratospheric tracers
transport

tested yet. Until now, most published studies on GCM nudg-
ing have focused on nudging effects on dynamical fields (e.g.
Telford et al, 2008 Douville, 2009, neglecting the effects
this has on the distribution of chemical tracers in the strato-
sphere. A few studies have evaluated the ability of nudged
models to simulate the distribution of stratospheric tracers
compared to observations (evgn Aalst et al.2004 Jockel

et al, 2006 Lelieveld et al, 2007). Here we evaluate nudg-
ing effects on stratospheric circulation thanks to the inclu-
sion of CoMeCAT as a suitable stratospheric transport tracer
in the ECMWF GCM. The CoMeCAT tracer has allowed us
to evaluate, in online runs, the effects that nudging the GCM
to reanalyses has on stratospheric transport compared to the
free-running GCM and to corresponding offline CTM runs.
To the best of our knowledge, the present study is the first
one to tackle this kind of comparison.

Two nudged IFS simulations have been performed for this
transport evaluation: experiments fh22 and fh23 (Tadle
have been produced with the same GCM version and the
same CoMeCAT parameterisation as the free-running GCM

esimulation fien. However, in fh22 the dynamical variables are

elaxed to ERA-40 values (year 2000), and in th23 they are
relaxed to ERA-Interim.

All dynamical variables are nudged and the nudging is ap-
plied to the full vertical range of the IFS model. The relax-
ation is done instantaneously every 6 h. Even if this nudging
rocedure is stronger than the nudging usually applied within
other GCMs, it needs to be taken into account that we are
nudging the ECMWF GCM with ECMWF reanalyses. The
fact that the GCM is the same one used to produce the re-
analyses helps to reduce inconsistencies, which in other cases
needs to be done by applying weaker nudging strategies.

Figure 9 shows CoMeCAT Cl annually averaged cross
sections for the free-running experiment fi6n and the nudged
runs th22 and fh23; results from the CoMeCAT-SLIMCAT
runl3 (Tablel) and the CoMeCAT-TOMCAT runl4 (ERA-
40) and run15 (ERA-Interim) are also included. Compared to
the free-running fién, fh22 results in larger gkoncentra-
tions at almost all levels and latitudes. At the uppermost lev-
els (above 1 hPa) the GCM run nudged to ERA-40 produces
between 0.2 (at high latitudes) and 0.3 ppmv (at the tropics)

The use of nudged GCMs is increasing over recent years amore than fi6n. This is similar to the effect found when using
a potential way to make these models closer to the real at€oMeCAT in the TOMCAT ¢ — p) run forced by ERA-40

mosphereJeuken et al.1996 Schmidt et al.2006 Telford

et al, 2008 Douville, 2009. Such an approach consists of
relaxing, or nudging, the GCM dynamical fields towards me-
teorological (re)analyses so that,M is the model opera-
tor andG the nudging parameter, the evolution of a certain

Atmos. Chem. Phys., 13, 964866Q 2013

(Fig. 9c), compared to the SLIMCAT run (Fi§a). These too
large CH; values in the upper stratosphere are related to the
excessive vertical transport exhibited by ERA-40 in TOM-
CAT simulations Monge-Sanz et gl.2007, 2012. There-
fore, our results show that nudging is bringing the GCM
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Fig. 9. Annually averaged zonal GHdistributions (ppmv) for year 2000 from the CoMeCAT tracefahthe SLIMCAT CTM run13,(b)

the free-running GCM fién(c) the TOMCAT run14 forced by ERA-40 field&l) the GCM run th22 nudged to ERA-4(¢) the TOMCAT

runl5 forced by ERA-Interim an¢f) the GCM run fh23 nudged to ERA-Interim. Colour scale goes from larger concentrations (dark green)
to smaller concentrations (dark blue). Contour interval is 0.20 ppmv.

closer to the transport features in ERA-40, with the associ-GCM nudged to the ERA-40 and ERA-Interim reanalyses.
ated known problems. The TOMCAT run forced by ERA- Our assessment shows that the GCM nudged to these mete-
Interim brings the CH distribution closer to that from the orological series exhibits similar features to the CTM driven
SLIMCAT run. Similarly, the GCM run nudged to ERA- by the same meteorological fields, exposing the potential
Interim (fh23) is in better agreement with the SLIMCAT run limitations of nudged GCM runs for tracer transport applica-
and the free-running GCM than fh22. This also indicates thattions, compared to the less computationally expensive CTM
the effect the too fast stratospheric transport in ERA-40 haduns.

on stratospheric tracers is significantly improved in ERA-

Interim.

In the nudged GCM, an upper limit to the quality of the 6 Stratospheric methane, radiation and temperature
dynamical fields is set by the meteorological data used for i
the nudging: when ERA-40 fields are used, the nudged GC ethane is a strong greenhouse gas that warms the tropo-
shows the same problems as the offline CTM driven by thesphere and middle/lower stratosphere, _and cools the meso-
same ERA-40 fields, while the distribution of the strato- SPN€re/upper stratosphere. Despite this, many GCMs use
spheric tracers improves in a similar way in the TOMCAT Only @ fixed constant value for GHconcentrations (e.g.

ERA-Interim run and in the GCM nudged to ERA-Interim Collins e_t al, 2008 that 'S these. m_odels consider £Hs
fields. The experiments in this section therefore show not? well-mixed gas, which is unrealistic above the tropopause.

only the potential of COMeCAT as an internal tracer for USINg @ simpler parameterisation approach than CoMeCAT,

stratospheric transport but also provide an assessment of GUY et @l(200§ showed the impact that relaxing the well-
mixed approximation for some greenhouse gases (GHGS)
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had in the stratosphere. They used the Canadian AGCM3 a) Difference in T ft5b-ft46 JJA 1996-2000
general circulation modelMcFarlane et a).1992 with a
simplified treatment for the chemical loss ob®, CHy, 03]
CFC-11 and CFC-12Curry et al.(2006 found a general 85
cooling of the stratosphere compared to the use of well-
mixed concentrations for these GHGs, mainly caused by the
additional HO resulting from the Cll oxidation; they also

found increases in temperature in the upper winter strato-
sphere (up to 8 K over the pole). ]

6.1 Stratospheric temperatures &

In past versions of the IFS GCM, a global gHalue §§§
of 1.72 ppmv was used by the ECMWF radiation scheme &
(Bechtold et al.2009; such a value is typical of tropospheric
levels, and was shown hiylonge-SanZ£2008 to cause tem-
perature biases in the upper stratosphere compared to the use
of the CoMeCAT tracer coupled to the ECMWF radiation |
scheme. In the IFS version used in the present study, the de-§
fault CH;s field included in the radiation scheme is a two- o5
dimensional climatology derived from the reanalysis of the -
Global and regional Earth-system Monitoring using Satellite g
and in-situ data project (GEM&]ollingsworth et al.2008. b
In order to evaluate the impact that CoMeCAT has on the
ECMWF temperature field, compared to the default climatol-
ogy, CoMeCAT has been made interactive with the ECMWF &
radiation scheme, and temperature changes in the GCM have.,
been examined. For this, three sets of simulations have been:;

performed with the CoMeCAT parameterisation in IFS: Og',g

80N ‘N DN @'s s

(i) one in which CoMeCAT CH is not interactive with  Fig 10. Differences in temperature (K) averaged over June-July-
the radiation scheme (ft46), and therefore the radiationaugust (JJA) 1996-2000 between the ECMWF ru@3 ft5b
scheme still sees the climatological GEMS £fi¢lds; (CoMeCAT CH in the radiation scheme) and ft46 (GEMS g¢H

climatology in the radiation schemd}) run ftjs (CoMeCAT CH,

(i) one with CoMeCAT CH interactive with the radia- and HO in the radiation scheme) and run ft5b (CoMeCAT £H
tion scheme (ft5b); the radiation scheme). Colour scale goes from most negative differ-

ences (dark blue) to most positive differences (dark red).
(i) one with CoMeCAT CH interactive with the radia-
tion scheme and with activated CoMeCAT gbkida-

tion to HyO (ftjs).
Figure 10a shows the June-July-August (JJA) averaged

Simulations ft46 and ft5b use the operational ECMWEF differences in temperature in the ECMWF model using the
CHs oxidation to BO as described inwww.ecmwf.int/ default operational ECMWF CHclimatology (run ft46) in
research/ifsdocs/CY36r1/PHYSICS/IFSPart4.pifach of the IFS radiation scheme and using the 4Cdtistributions
these GCM simulations covers the period 1996-2000 androm the CoMeCAT tracer (run ft5b). Absorption by GH
each 1yr run consists of four 1yr forecasts (with an addi-is considered both in the shortwave (SW) and the longwave
tional spin-up period of 2 months) started 30 h apart: 1 Jan{LW) in these runs. With CoMeCAT temperature increases
uary at 00:00UTC, 2 January at 06:00 UTC, 3 January afover the tropics and subtropics (49—40° S) between 1 and
12:00 UTC and 4 January at 18:00 UTC. The different start-100 hPa; temperature in this region is up to 0.5K warmer
ing hours (00:00, 06:00, 12:00 and 18:00 UTC) ensure thathan with the IFS default climatology. Larger temperature
the diurnal cycle is properly sampled, minimising potential differences are found over the winter hemisphere, where
biases resulting from the fact that model output is archivedcooling of up to 2.0 K appears over southern high latitudes
every 24 h. The radiation calculations are performed everyaround 5hPa when using the prognostic CoMeCAT4CH
hour, which is also the time step of the model integration, Even if the dynamical variability is large in the SH for these
using the ECMWEF operational radiation scherofcrette ~ months, performing a test reveals that the signal is statis-
et al, 2008. tically significant for SH lower stratospheric regions at high
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latitudes. The value of the differences outside the winter high Difference in CH4 (1.E-8 kg/kg) JJA 1996-2000
latitudes is within the standard deviation of temperature for
the 1996-2000 period over this region for the two IFS runs. o
To obtain more information, longer runs would be required, 8
which were beyond the resources available for this study.
Nevertheless, the temperature differences in Edg agree
with the differences in the CHields of both runs (ft5b-ft46)
shown in Fig.11l The CoMeCAT CH concentrations for the
JJA average over the period 1996-2000 are larger than in
the GEMS climatology for the tropics at levels between 0.5
and 100 hPa (FidlL1); larger concentrations result in warmer &
temperatures for that region, and a corresponding tempera ¢ j; ]‘5’
ture effect of opposite sign above the same region (as it cang; I.25
be seen in FiglGa). Analogously, the smaller CoMeCAT g —— ~0 0 = = W
CHg4 stratospheric concentrations over the SH, reinforced by
the larger CoMeCAT Chitropospheric values, have a cool- Fig. 11. Differences in the Clj concentrations (108 kg kg~1) be-
ing effect with respect to the use of the GEMS climatology Fween thg CpMeCAT distribution and ECMWF GEMS climatology
in the low and mid-stratosphere. in the radiation scheme, averaged for Jum_e-JuIy-August (JJA) 1996—
Figure 10b shows the June-July-August (JJA) averagedfooa%sfog’g:ijgﬂﬁfggfcggr(';;isrgz)egat've differences (dark blue)
differences in temperature in the ECMWF model when both P '
CH,4 and HO from CoMeCAT are interactive with the radi-
ation scheme (run ftjs) and when only CoMeCAT £i-
teracts with radiation (run ft5b). The effect the® con- 2005) are taken from the International Satellite Cloud Clima-
centrations from CoMeCAT Cloxidation have on temper- tology Project (ISCCP) archiv&ossow and Schiffed999.
ature is of up to 1.0 K decrease over the tropical mid/low Clouds are added to three vertical levels, corresponding to
stratosphere, and a warming of the SH mid/high latitudes befow, middle and high clouds. The version of the E-S model
tween 1 and 200 hPa. The temperature differences irlBiy. we use here has been recently testeldrster et al(2017).
are larger than the values for the standard deviation of tem- The CoMeCAT radiative effect (RE) has been evaluated
perature of the corresponding runs (ftjs, ft5b), which showsfor each calendar month by taking the differences between
that the effects on temperature from the combined CoMeCATthree runs of the E-S radiation code: (i) one control run
CH4 and KO fields produce a signal stronger than the model(“ctrl”) using a global 3-D constant Civalue of 1.80 ppmv
internal variability. These results highlight the advantage offor CH, (the same for every calendar month), (ii) one per-
including schemes for radiative gases that are consistent witkurbed run (“‘come”) taking the CHdistribution from the
each other (like CoMeCAT Cldand H0O), compared to the CoMeCAT CH,; field in the CTM run13 and (iii), one second
use of different climatologies/schemes for each gas (whergerturbed run (“gems”) using the same £BEMS climatol-
effects can be cancelled or enhanced for the wrong reasonspgy as the ECMWF model currently uses by default.
Figure 12 shows the annual mean values of the net RE
6.2 Radiative forcing differences between the perturbed and the control radiation
runs. The differences have been calculated at the tropopause
Further calculations of radiative effects of the CoMeCAT after allowing for stratospheric temperatures to readjust to
CHg distribution have been performed with the offline ver- radiative equilibrium, using the fixed dynamical heating ap-
sion of the Edwards—Slingo (E-S) radiative transfer modelproximation Ramanathan and Dickinsph979 Forster and
(Edwards and Slingal996 with a 2.5 horizontal resolu-  Shing 1997). Changing from the constant 1.80 ppmv value
tion and 23 pressure levels. The vertical levels in our E-Sused in the “ctrl” run to the much more realistic distribu-
model runs match those of the original archiving of ERA- tion in the stratosphere for the “come” run results in global
40 fields on pressure levélsThis state-of-the-art radiative cooling; negative differences are found in all regions, with
model uses nine bands in the longwave and six bands im global average value 6£11.0mW nt?2 (Fig. 12a). The
the shortwave and a delta-Eddington two-stream scatteringalue of 1.80 ppmv is the value used by the CoMeCAT CTM
solver at all wavelengths. The E-S model employs a monthlyruns in the troposphere. In this way, with these two runs of
averaged climatology based on ERA-40 data for temperaturethe E-S model (“come”“ctrl”), we can evaluate RE differ-
ozone and water vapour. Monthly mean climatological cloudences due only to stratospheric £Hhese differences are of
fields and surface albedo (averaged over the period 1983the same order of magnitude as those obtained when includ-
ing aircraft contrails’ formation in the radiative mod&dp
Swww.ecmwf.int/products/data/archive/descriptions/e4/oper/ et al, 2010. Our results imply that RE calculations using
an/pl/2.5/index.html a well-mixed approximation that overestimates stratospheric
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Fig. 13. Annually averaged cross section for the differences in the
son =2 CH, concentrations (10f kgkg1) between the CoMeCAT dis-
tribution and the ECMWF GEMS climatology; these differences
30N correspond to the radiative effect (RE) shown in the lower panel
of Fig. 12. Colour scale goes from most negative differences (dark
EQ blue) to most positive differences (dark red).
305
c0s to the warming is the Antarctic continent, where cooling of
up to 30 mW n12 is obtained when using the CoMeCAT field
90S : : : : ‘ instead of the GEMS climatology. The distribution of these
1eow 120w 6ow CM 60E 1208 180E radiative effects is very dependent on the altitude at which the
=TT L LT T T T r— differences in CH concentrations between the two runs are
-100 =50 -30 -20 —-10 =50 O 5.0 10 20 30 50 100 . . .
RE [mWm 2] found Riese et al.2012. Figure13 shows the cross section

] o ) ) of CHy4 differences corresponding to the calculations shown
Fig. 12. Annually averaged net radiative forcing (mW#) in- Fig. 12b. Even if the largest differences between CoMe-

duced by using the CoMeCAT CHa) instead of a default constant B .
value of 1.80 ppmv in the Edwards—Slingo (E-S) radiation model .CAT and GEMS are found above 100 hPa —that is, where the

(upper panel) andb) instead of the GEMS climatology for GH influence on ra(jlatlve effects is pot the. Igrgate(se et al.

in the E-S model (bottom panel). See main text (Se). for de- 2013_ — such dl_fferences are still modlfylng the e_ffects of

tails about the model runs used for these calculations. In the coloufh€ differences in Ckifound in lower levels, including tro-

scale, blue is for negative radiative effect (cooling), and red for pos-Pospheric levels. Results in Figk2b and13 show that, in

itive radiative effect (warming). our runs, effects due to differences below the tropopause are
compensated (or enhanced) by the differences found in the
SH lower stratosphere (or the NH mid-stratosphere).

methane concentrations will overestimate surface warming

globally. The use of a constant Glgrofile is still the default 7 Conclusions

option in offline radiative models like the E-S model, which

are widely used for climate research. Figurga therefore A new CH; parameterisation scheme (CoMeCAT) has been

shows the importance of an improved stratosphere in radiadeveloped for the stratosphere, and tested within a 3-D CTM

tive forcing calculations, with respect to the standards cur-and a 3-D GCM. The scheme has the advantage of parame-

rently used for climate studies. terising both stratospheric GHand HO in a consistent and
Figure 12b shows the annual mean values of the netefficient way.

RE differences, between the “come” run using the CoMe- The CoMeCAT CH scheme performs well in the TOM-

CAT CHqy field and the “gems” run using the same £H CAT/SLIMCAT CTM, showing very good agreement with

GEMS climatology as ECMWF currently uses. There is anobservations from HALOE and with the CTM full-chemistry

overall warming effect at all latitudes with a global mean field. The largest differences with observations are found

average value of 30mWn{; maximum values of up to at high latitudes, especially in the SH, where CoMeCAT

100 mW n12 are found over the tropics. The only exception (and full-chemistry) runs with ERA-40 underestimate LH
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compared to HALOE by up to 0.3 ppmv at altitudes arounddue to limitations in resources available for this project; how-
10 hPa. CoMeCAT also performs well in the ECMWF GCM, ever, this remains as a future line of research. The CoMe-
producing realistic Cll distributions. The Chl time ten-  CAT scheme is also a good option to represent stratospheric
dency obtained from CoMeCAT has been used in both mod-CH, within the Monitoring Air Composition and Climate
els (CTM and GCM) to parameterise the source of strato-(MACC) project; this is now part of ongoing research at
spheric water. The O distributions obtained from CoMe- ECMWEF.
CAT in the CTM runs are in good agreement with HALOE = The CoMeCAT scheme also opens new possibilities for
observations, except for a wet bias in the LS region ofclimate studies. In spite of being the second-most impor-
~0.6 ppmv. This is at least partly due to the use of ERA-40tant greenhouse gas, many climate models use only a fixed
humidity values in the troposphere, which show a wet bias awvalue for CH, in the stratosphere. Including a realistic £H
the tropopause. In the ECMWF model the CoMeCAT water profile, with latitude dependence and linked to other model
approach performs well. ECMWF CoMeCAT,B8 distribu-  variables (like temperature), is expected to produce changes
tions show realistic spatial variability and good agreementto radiative forcing results in climate models. In our study,
with HALOE observations, except for a dry bias in the trop- including the CoMeCAT methane distribution in the offline
ical lower stratosphere (of up to 2.0 ppmv). Edwards—Slingo (E-S) state-of-the-art radiation model has

The CoMeCAT scheme has also provided the ECMWFhad an effect on the calculated radiative forcing values of
GCM with a suitable tracer (CHtracer) for internal tests the same order of magnitude, but of different sign, as the in-
of stratospheric transport. This has allowed us to comparegorporation of aircraft contrail formation. The use of CoMe-
for the first time, stratospheric transport in the free-running CAT instead of the default well-mixed approximation in the
ECMWF GCM, also in two nudged configurations of the stratosphere has reduced radiative forcing values by up to
GCM and in corresponding offline CTM runs. Nudging the 30 mW n12 over mid- and high latitudes, with a global annu-
GCM to ERA-40 analyses produced similar g£Histribu- ally averaged change 6f11.0 mW n12. This implies that
tions to those obtained with the TOMCAF {p) run by ERA-  a realistic representation of vertical distribution of GHGs
40. Nudging the GCM to ERA-Interim brought about im- in the stratosphere is necessary to better constrain radiative
provements, compared to the nudging to ERA-40, similar toforcing and climate warming projections. In this sense it
those obtained in the TOMCAT run driven by ERA-Interim can be said that the stratosphere plays a similar role to that
instead of ERA-40 fields. These results show that a nudgegblayed by the oceans: the stratosphere acts as a slowly evolv-
GCM incorporates the advantages and deficiencies of théng boundary for the troposphere, and a realistic descrip-
analyses used, and nudging a recent version of the ECMWHFon of stratospheric processes is key to increasing the accu-
IFS to ERA-40 is not recommended for applications involv- racy of long-term climate predictions. In additiddglomon
ing transport of stratospheric tracers. Our results also indiet al. (2010 highlighted the need for better representations
cate that runs with nudged GCMs do not necessarily showof stratospheric bO in climate models to better simulate
improvement over cheaper offine CTM runs regarding theand interpret decadal surface warming trends; the CoMeCAT
stratospheric transport of tracers. scheme could also contribute in this respect. The inclusion of

CoMeCAT impacts on radiation and temperature haverealistic schemes for other GHGs, like@®@ and CFCs, is ex-
been explored with two different models. When using CoMe- pected to have the same type of effect as we have shown here
CAT interactively with the ECMWF radiation scheme, the for methane. The total net contribution of such parameterised
new CH; warms (up to 0.5K) the middle stratosphere over stratospheric GHGs to temperature and radiation will need to
mid/low latitudes compared to the use of the default4CH be quantified. Future research should be done on the effects
field from the GEMS climatology. Using also CoMeCAT that realistic GHGs vertical distributions in the stratosphere
H>0 in the radiation scheme decreases temperature over thgave on temperature and radiative forcing calculations, and
tropical mid/low stratosphere and warms most of the SHtherefore on climate studies, as well as on the effects that a
stratosphere outside the tropics. These results show the inmore realistic stratospheric composition has on seasonal pre-
portance of using distributions of GHnd HO that are con-  diction systems.
sistent with each other.

The CoMeCAT scheme is a more realistic treatment for
stratospheric Chithan previously included in ECMWF. As AcknpwledgementsWe thank Elias HoIm for valluable commu-
a next step, the effect of using CoMeCAT in conjunction Nications on the ECMWF pD scheme and Piers Forster for
with similar schemes for other GHGs (e.go® and CFCs) g%':;“' (z;fsc_uss'?/r\‘ls on thle 'mera‘?'fn OE. tze SC['em? W'tg the
in models like IFS should be investigated. In addition, in- radiation. We are also grateful to Lindsay Lee for advice

. . . on statistical analysis and to Nigel Richards for help with data
cluding this type of Cld/H20 scheme in the ECMWF model files. This work has been funded by the NERC Research Award

would also enable the assimilation of gEoncentrations to  Ng/Fo4575/1, the EU GEOMON project and the IEF Marie Curie
be used to constrain humidity analyses in the stratosphere. Ipejiowship PIEF-GA-2010-273531.

this study we have not been able to test the performance of
CoMeCAT in data assimilation runs of the ECMWF model Edited by: W. Lahoz
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