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Summary

The fie EUCREM cases ka been simulated in a single columersion of the UGAMP
GCM, to ealuate the shalle and deep components of the Betts-Miller \arive
parametrization. The beViaur of other parametrizations in the single column model (SCM)
is also highlighted by the simulations and sevisjtiexperiments.

Deep comection simulations with the Betts-Miller scheme ardreamely successful in
obtaining smooth wlution compared to the other EUCREM groups. Dependent on the
cornvectve adjustment timescale, grid scale saturation occurs in the presence of strong
adiabatic forcing and a stratiform condensatieaperation couplet is formed in the upper
troposphere, &ctively modelling aspects of a mesoscaleilanThe lov-level parametrized
downdraught acts to stabilise the sub-cloud layer and, through its interaction with the
turbulence scheme, to increase the acefflues.

The shallev corvection scheme, although not formulated to represent stratocumulus cloud,
simulates the cumulus cases successfullye main deficiencies are that eective cloud top
cooling and moistening are not well constrained and the slope of the reference profile is not
always optimal, déating from the theoretical mixing line on which the scheme is based.
Technical changes could imme these aspects. A closure for theveative adjustment
timescale is required to represent the wide range addifbrcing and caective intensity in

the EUCREM cases. The shall@orvection scheme and present wdnce scheme do not
interact well, since neither represents tHeafof lage eddies in the sub-cloud layer in the
corvective regime. A non-local turblence closure auld be more appropriate than the
present local stability dependence in theveative boundary layer Adjustment of the sub-
cloud layer by the carection scheme ould improve interaction of the parametrizations.

Noise and intermitterycassociated with the local tudence closure scheme aredent in the
strongly surdce-forced cold-air outbreak. Unrealistic feedback between theléode and
both cowection and stratiform condensation via the stability profile contaminates the
evolution, suggesting additional numerical adtages for non-local tuskence closure.

Not surprisingly the diagnostic cloud scheme performs poorly irymespects compared to
newer prognostic schemes. The scaling of cloud fraction in terms of precipitation must be
modified for non-tropical applications. Ideas are presented tcee rttek scheme more
physically consistent with the ceactive and stratiform processes in the SCM.

SCM Development

A single column ersion of UGAMP GCM ersion 2.1 has been used in EUCREMvalegate

and deelop the Betts-Miller corectve adjustment scheme (Betts & Miller 1993). The
remaining parametrizations in the model are described in Slingo et al (1994) and consist of a
Louis et al local, stability-dependent tutbnce scheme, a condensation scheme to precipitate
supersaturation, a diagnostic cloud scheme (Slingo 1987) and (where used) the radiation



scheme of Morcrette (1990). The tuldnce, condensation and cloud parametrizations are
based on and similar to those in the 1986sn of the ECMWF model, so can no longer be
considered “state of the art” for operational models. Indeesfaeof the findings reported
here highlight shortcomings of these parametrizations.

The SCM has been deloped both scientifically and technically for EUCREM, resulting in a
more flible tool for parametrizationvaluation and deslopment.

Adiabatic forcing in the SCM has beextended to include prescribedveigence and thus
interactve \ertical adection, as required by EUCREM cases A and B. An option for
prescribed sudce fluxes has also been added, requiring modification of the implicit solution
for the turlulent flux profile in the Louis et al scheme.

Cloud fraction and cloud ater/ice content are important diagnostics for all the cases. The
diagnostic cloud scheme computes these quantities from thveatimm scheme, relag
humidity and other quantitiesubit was preiously called only at “full” radiation timesteps,
typically 3 hourly The cloud scheme is wocalled at gery timestep in the SCM to priole
continuous cloud diagnostics. These are used in the cloud-top cooling algorithm in case A.

Diagnostic routines W& been added to write time series of SCM profiles ancacairf
parameters using the DRS data structure used widely in the GCM commdty has
allowed rapid vigving and additional diagnostic computation using a graphicakivench
(VCS) supplied by PCMDI at kermore. Brmatted diagnostic output has also been added
for the EUCREM intercomparisons.

Since the Betts-Miller scheme currently does not include momentum transports and the
current study focuses on thermodynamic quantities, the SCM omits a momentum prognosis.
Instead the wind profile is maintained at its initial state anditemb momentum flues are
neglected. This is equalent to adding a momentum forcing to balarncactdy the turlbilent

forcing at each timestep. While this wilfedt the turbilent heat and momentum flescin the
sub-cloud layervia the wind profile used in the local tutence closure, the main results are

not believed to be sensite to this restriction.

The Betts-Miller convective adjustment scheme

The Betts-Miller cowective adjustment scheme is described in detail in Betts and Miller
(1993). The parametrization consists of separate deep precipitating andv shate
precipitating schemes, the choice iryamid column depending initially on cloud-top height
deduced from a parcel ascent. Each scheme computes a reference profile for temperature and
specific humidity and the atmosphere is rethxavards this on a prescribed timescaleor F

shallov corvection the timescale has no theoretical dependence on horizontal resolution and
the 4-hour timescale used in the UGAMP GCM is used for all the EUCREM casededp
convection the timescale should reduce with increasing resolution in a GCM, to counter the
effect of stronger peak ascent ratesr Fesolutions of 100-150km, which is the CRM domain

size for the deep cwaction cases, GCMxperience suggests a timescale of 1 hour

The shallav convection scheme is based on the concept of mixing the c@ussaturation
point properties between the sub-cloud layer amdrgion top. Br broken cumulus (i.e. a
subsaturated grid-scal@eaage) the consesd \ariables reduce to the potential temperature



and vater \apour contentfq,) but for stratocumulus the cloudater must be included. The
scheme is currently formulated only for beok cumulus and has yet to betemnded to
stratocumulus. This is discussed further in case Anbe&hallav corvection does not adjust
the sub-cloud layewnhich is afected only by the dry tutlence scheme.

The deep corection scheme computes a neutraty@angy profile, including virtual décts

and liquid vater loading up to the freezingvéd, and the column is adjustedMards it. The
moisture reference profile is empirically based and consists of a subsaturation profile. The
sub-cloud layer is adjustedwards an eaporatvely driven davndraught profile, with itsven
timescale devied from an eaporation dfciency. If a deep cloud-top is diagnosedt lthe
atmospheric column is too dry to precipitate, shaltmnvection is ivoked instead (this is
denoted a “swap point”).

Initial data, vertical and temporal resolution

Previous &perience of the bekimur of the GCM parametrizationsas gined at a standard
19-level vertical resolution, with approximately 10GnBpacing in the mid troposphere and 4
levels in the lavest kilometre. Initial SCM>@eriments used this resolutiontithe results
were generally more sensii to parametrization options than to resolution, so the results
presented here and used for the intercomparisons use theeBdesmlution and spacing of the
current operational ECMWF model. This has approximately d58pacing in mid-
troposphere and 5Vels in the lavest kilometre.

The initial data and (where required) adiabatic forcing data supplied by the CRM groups for
each case ke been interpolated to the standard 3&ll@esolution, by first intgrating the
piecavise linear profiles ydrostatically to obtain pressures and then interpolating the
thermodynamic and momentum profiles to the model lpressures. Extrapolation aleahe
“active” domain to the SCM top at 1ChRised data from radiosondes, vaidable, or the
ECMWEF reanalysis climatology for the reémt latitude and month.

Time discretisation as chosen as a compromise between typical GCM timestepping and a 5
minute sampling requested for some of the cases. W#yatninor sensitiity to timestep \as

found. The deep cwrction cases use a 15 minute timestep, the cold-air outbreak 10 minutes
and the cumulus and stratocumulus cases 5 minutes. The SCM retains the leapfrog time-
scheme of the GCM, rather than a simple fmdvscheme, leading to discrepancies between
the time a&erages of the parametrization forcing computed directly and as a residual. This is
most noticeable in the cold-air outbreak, where tlduéion is more intermittent.

Case A: North Atlantic Stratocumulus

The Betts-Miller shallv corvection scheme is currently formulated in terms of mixing the
mean profiles of potential temperature araten\apour 0,q,), which are conseed \ariables

for broken cumulus only To simulate stratocumulus successfulishere the mean profile is
supersaturated, transformation to liquidter potential temperature and totadter content
(6,,0) would be required. The SCM does not predict a cloadem\ariable and the
condensation and diagnostic cloud schemasldvalso require modification to maintain grid-
averaged supersaturation during a simulation.

The prescribed initial data includes a stratocumulus cloud sheet with adiabt#iccantent.



This cloud vater has been remed to leae the cloud layer just at saturation, and cloadew

is instead diagnosed from the cloud scheme at each timestep and used in the prescribed cloud-
top longwave cooling algorithm. If supersaturation occurred during thgiat®n it would be
immediately precipitated,ub the lage scale descent is fafent to preent this and there is no

drizzle. This &perimental setup dirs from the formal case specificationt 5 hava GCM

of this type would handle stratocumulus situations, so it igemheless instruate. For this

reason thexgperiments described herevieanot been included in the formal intercomparison,
though the CRM and other SCM resultyddeen used in the diagnostic analysis.

Despite grid scale saturation, the cloud scheme initially diagnoses only ~20% claud co
from its empirical inersion criterion and ~25% from a pseudo condensation rate in the
cornvection scheme. The cloud scheme assumes 1% supersaturation, so the resulting cloud
water path is only 3.4% of that implied by the prescribed adiabatic in-cloud profile. The
resulting longvave cooling is 82% of that prescribedtlis spread\eer the tvo in-cloud levels

rather than being entirely in the top lay&learly the cloud-scheme is not optimised for this
case and ges both the M cloud fraction and weak radie# efect expected of this
generation of GCM for stratocumulus conditions.

Fig.1 shaevs the eolution of radiatve cooling and tundence-plus-cloud heating and
moistening (Q1 and Q2) for a control igtation using the detilt Betts-Miller parameters.
Corvection is maintained for 13 hours, ceasing shortly after the cloud vadiadpling
wealens. The origin of this breakda is in the moistening profile, Q2. This is noisy from the
beginning, due to poorwerlap of the turblent and covective moistening, and there isen
drying initially at the iversion top (see bel. The weak moistening of the cloud layer
cannot balance the & scale descent drying, causing the nadatiumidity at the wersion
base to reduce. Thisventually reduces the diagnosed cloud fraction via a humidity criterion
in the cloud scheme, and this in turn reduces the diagnosed civeidamd radiate cooling.
The adiabatic wrming then dominates, stabilising the cloud layer and causingamn to
cease. Thus the maintenance of (strato)cumulus relies on cloud-topreaciating and the
cloud break-up process is simulated realisticallife main sensitties of the golution are to
the cowective forcing, which depends on parameters in thevextion scheme, and to the
descent rate, which is rehaly uncertain for this case and tuned teegobsered irversion
height in the CRM simulations (it dérs in the GCSSersion of this case by adtor of 3).

The shallev convection scheme mes through the cloud layer and into theeirsion as
required, lnt an analysis in terms of mixing of the conselrwariables, using the profile of
saturation point quantities which is the basis of the schereglsessome shortcomings. Using
the de&ult mixing parameters for the scheme, theeision top is initially meed almost
perpendicular rather than parallel to the mixing line between sub-cloud\adiam-top air
(Fig.2). This involves both cooling and drying of air at the@ension top, which is unpfsical

since the mixing process must theoretically cool and moisten thet by evaporation of
cloud water Clearly the current technical formulation of the scheme does not constrain it to
mix the conserd \ariables as required. The reason in this case is that the reference profile in
Fig.2 has a slope in consednariable space dgring from the theoretical mixing line, due to

an empirical slope parameter which is inappropriate in this case. An interdetermination

of the slope parameter is required to ensure that the ratio wéaioe tendencies (Q1/Q2) is
constrained alays to be parallel to the mixing line.

In earlier &periments the tutdence acted strongly only at the swé and in the wersion,



due to an erroneous interpolation of the initial data. Thisaled &treme senskity of the
local turtulence closure to small changes in Richardson numibethe simulations reported
here, turbilence acts smoothly through the sub-cloud layer

Case B: North Sea Cumulus

In common with the other EUCREM groups, spin-up problems were encountered using the
original specification of the initial data. The parametrizations vech&inks in the pieseise

linear moisture profile in the firstiehours. Additionally in the UGAMP SCM, the local
turbulence closure created noisy tuldnt flux profiles during the spin-up, highlighting the
sensitvity of a local scheme to discontinuities in the stability profile.

The revised initial data, with a more continuous moisture gradient, leads to smoathgios

and reduced spin-up. Mever there is @dence of a systematically tkfent spin-up in this

and the other SCMs to that in the CRMs. In the SCM, parametrizadence bgins only in

the sur&ce layersince the initial sub-cloud layer is slightly statically stable,darametrized
convection bgins immediatelysince small ngative CAPE belw cloud base does not inhibit
convection (Fig. 3). Mixing therefore occurs in the cloud layer andrgion immediately
while small scale turdence taks 1-2 hours to fill the sub-cloud layén contrast, the CRMs

take 2 hours or more to delop mixing from the suate through to the wersion. By 3-4
hours, the period of the intercomparison diagnostics, the CRMs and SCM are therefore acting
on different thermodynamic profiles, though the importance of this is uncertain. Future
intercomparisons could ackiggreater consistepd®y spinning up tunblence and carection

for several hours while relaxing the mean state to the obsemitial profile, alleving the
free-running olution to bgin from a common initial state in which clouds and @ehce

are already in quasi-equilibrium. This procedumild also allav closer comparison with the
obsenations.

The eolution of the “control” simulation is sl in Fig.3 ower an &tended period of 12
hours. The initial corective forcing @olves into a profile which is raist to changes in the
Betts-Miller scheme parameters, in which mixing of cloudy air into theraon counteracts,
but is wealer than, both the descenamning and drying. There is intermittgnia the cloud
base lgel, possibly because the obsshcloud base and initial lifting condensatioveleare
very close to a modelvel. The subcloud layeravsms and moistens from the prescribed
surface fluxes, its profile @olving consistently in all the models to become slightly statically
unstable and with increased moisture lapse than initially (natrghoThe Q2 moistening
profile in the UGAMP SCM remains noisy because of peerlap between the parametrized
turbulence and corection, as in case A. A crude attempt towalmnsection to adjust belo
cloud base ges an impreed simulation, with a smoother Q2 profile and reduced
intermitteny of cloud base leel. As a result, a modifiecersion of the scheme which adjusts
the entire sub-cloud layer will be tested.

Parametric analysis, using the profile of consdnsaturation point properties, s the
convective tendencies at theversion top to be poorly constrained, as in Case A (Fig.4). In
this case the sensitiy is to a parameter controlling thegitee of mixing in the wersion. The
schemes dehult parameter (Bi=2.5) leads to institient mixing initially because, as is
clear in Fig. 4, the reference profile is not significantly compressed along the mixing line
relative to the initial emronmental profile. As a result thevarsion forcing is weak and the
corrections required for consation hae an undue influence, producing a Q1/Q2 radio f



from that of the theoretical mixing line slope. Strongeersion mixing (e.g. BW=2 in

Fig.4) results in a more compressed reference profile and a Q1/Q2 ratio nearer its theoretical
value. As mentioned prmusly, the initial conective forcing &olves into a more ralst

profile as the mean state adjustst the initial sensitiity suggests a dérent approach to
defining the imersion mixing, possibly using a criterion for cloud-top entrainment instability
This could also be used to distinguish between cumulus and stratocumulus cloud fractions.
The CRM data hae yet to be used to estimate or constrain thergion mixing.

The cloud scheme diagnoses between 10% and 40% cloed i@ fraction being sensig
to the number of model\els in cloud. The upper limit is ave@restimate similar to that in
the other SCMs in the intercomparison: if intenaetiadiation vas included this auld lead to
incorrect cloud radiate forcing.

It is the Betts-Miller shallw scheme which performs the adjustment in this case, despite the
cloud top height being classed as deegr sea by the parametrization. Deepveation is
attempted first, it the comecting layer contains indidient humidity to sustain precipitation
and the scheme “@ps” to shallaw convection instead. The scherseswitching logic is
discussed further in case C, where it is more of an issue.

Case C: Arctic Cold-air Outbr eak

Control and sensitity simulations for case C folw the case specification of placing the
initial ice-edge atmospheric profileer a fixed SST of 1.5d8C and intgrating for a period of

at least 20 hours. Separate roughness lengths for momentum and heat were spethized b
turbulence scheme alls only a single alue for all \ariables. Huwever interactie surfice
fluxes with roughness length based on the Charnock relatv® amost eactly the
prescribed roughness length for momentum throughout thgratiien period, so interagg
fluxes hae been used in all the simulations. The intercomparisowsstiwat the resulting
surface fluxes are comparable with those in the other models and alilksrdexied from the
obserations. Most of the simulations omit radiatioryt kexperiments with interacte
radiation are also described belo

There is discrepagcin the initial moisture content between the models, since aveelati
humidity profile was prescribed and tirent saturation criteria fai@ been used to ceert to
specific humidity While most groups useater saturation at all temperatures, the UGAMP
SCM uses ice saturation beldreezing point and precipitates all moisture xeess of this.
ECMWEF use a mied phase formulation between zero and -88de Lowv level specific
humidity increases by adtor of five through the simulation, so details of the initial profile are
relatively unimportant.

The SCM successfully simulates a deepening cloudy boundary layer whichswand
moistens approximately as obsedly due to the strong sade forcing. TUrbulence and
shallov non-precipitating corection are imoked from the start, with precipitating aattion
occurring once the cloud top reaches approximately 8)Cafer 11 hours. After this the
corvection alternates between theottypes, though with a fed cloud top, as the (implicit)
humidity criterion of the deep scheme is not maintained. In contrast to the othewshallo
cornvection cases, tudbence &tends into the cloud layegiving a more continuous u@sd
moisture flux, because the in-cloud stability (approximating a moist adiabatehatowv
static stability here, due to thencabsolute moisture content. This contrasts with the mid-



latitude and tropical cases, where a mredrincrease in static stability and Richardson number
at cloud base #dctively restricts turblence to the sub-cloud layer in the SCM.

For the dedult shallev convective adjustment timescale of 4 hours, which is basegliaon
trade wind cumulus studies, the geantive fluxes are much weak than the tundent fluxes.

A timescale of 1 hour is more appropriate for this stronglyaserforced case and clearly an
interactve closure for timescale is required, based on thaseidensible heat flux directly or
on a CAPE adjustment timescale, if the scheme is to simulate the rangeeifteenntensity

in the EUCREM cases.

Two rolust features of the velution reveal important deficiencies in the SCM
parametrizations.

First, the boundary layer quickly becomes saturated throughout its depth and remains
saturated for the entire simulation (Fig.5), moister than all other simulations in the
intercomparison. The main reason for this is the non-precipitating nature of thevshallo
corvection scheme, which transports moisture auls lut is unable to reduce the igtated
moisture content. Until cloud-top reaches the threshold for degeadn, latent heating

can occur only in the stratiform precipitation scheme and this requires grid-scale saturation.
In addition, &lling precipitation eaporates in each el belav cloud until saturation is
reached, so a saturated column between the initial condensatenafel the sudce is
created before stratiform precipitation reaches theserf This has implications for both the
column moisture and heatithgets. Not only is the amount ofater \apour stored in the
column maximised, Ut the saturated sade layer inhibits furthervaporation. Both éécts

reduce the column latent heating and temperature increase so that, later in the simulation, the
SCM is the coldest of the intercomparison. Thieatfis likely to be lager at higher
temperatures, where avgn relatve humidity is associated with a higher absolute humidity
content, so the GCM is llty systematically to underestimatanming in cold-air outbreaks

in the oceanic storm-tracks. Seniyi experiments for this case, in whickaporation of

falling precipitation is inhibited, lead to stronger heating and a deepening sub-saturated sub-
cloud layey in better agreement with the other models and oasens. Havever, allowing

shallov convection to precipitate auld be a more pisically based solution to this problem.

Second, thewlution is \ery noisy with intense 4-timestepnability in parametrized heating

and moistening rates (Fig.6). Although details of the noise are sensitthe cowvective
timescale, a simulation without ogettion reveals that the problem is caused by interaction
between turblence and stratiform condensation, via the local Richardson numbeleturb
closure. The intense sade forcing initially acts to increasewdevel relatve humidity
rapidly (for the latent/sensible flux ratio near 1/3 and katuration humidity at the cold
temperature), and the resulting latent heating changes the Richardson number profile,
affecting turlulent mixing at the subsequent timestep.ajoration beneath condensation in

the boundary layer strengthens the feedback, andvedrabstratiform gaporation localises
intermitteny to the upper part of the boundary layer in the later stages of the simulation. The
intermitteny period is predominantly 4-timesteps because of the leapfrog tifeeedifing

with time-lagged input to the parametrizations. Maintenance of grid-scale subsaturation by a
precipitating shallw convection scheme auld undoubtedly reduce the intermittgnaut a

non local turbilence closure in cerctive situations wuld remae the strong local feedback
which is the basic cause of the intermitienc



A lack of plysical intgration of the diagnostic cloud scheme with the remaining
parametrizations isvedent, since fractional cloud (of only adgercent) is diagnosed, despite
grid-scale saturation. First, te@ad diagnosing I cloud at all ocean points in a GCM, no
layer cloud is alleved in the lavest ~2km from the relat® humidity criterion, so layer cloud

is diagnosed only when the moist boundary layer reaches roughly 800&€cond, the
extremely small covective cloud fraction and ater content are due to their empirical
dependence on precipitation or condensation rate being based only on tropical data (Slingo
1987): the lav absolute humidity in this case leads to small condensation rates. A crude
rescaling of condensation by the ratio of the actual saturation humidity and a typical tropical
value immediately ges cloud fraction near 50%, close to obedrnalues, with
correspondingly layer cloud vater content. This has adarimpact if interacte radiation is
included in the simulations, increasing in-cloud radetooling from typically 0.7K/day to
typically 2.5K/day

This modification of the cloud scheme can be seen as a first step in making it ysicaliyh
based, taking ideas from modern prognostic schemmewithout including prognostic cloud
variables in the model. The condensation rate is currentlyedea to cowective cloud
fraction using an empirical relation, and a simple cloud model (1% supersaturationyégn gi
cloud water content. Instead the condensation rate should heediieas creating
supersaturation and clouchter with the cloud model then\gng cloud fraction, dependent
on the local saturation specific humidibidditional information is then required, egaient

to a timescaleer which condensation acts, to obtain clouater content. In a prognostic
scheme storage and accumulation across timestepsd@rthis scaling in a pisically
consistent &y, plus a memory which cannot beilbinto a diagnostic scheme.

The deep comection cases

Both the &perimental design and behaur of the Betts-Miller covection scheme areewy
similar for the tvo deep cowvection cases. Both casesvddeen simulated as prescribed,
using adiabatic forcing of temperature and moisture computed from the CNRM CRM. The
CRM has been inggated with open boundary conditions, allog mesoscale ascent to
develop in the domain as a response to thevectve forcing. In order to compare the SCM
and CRM simulations, it is only consistent to run the SCM with parametrized and forcing
processes (e.g. sade fluwes, radiation) included orxeluded e&actly as in the CRM
integration. Neertheless, senstity tests hae been madeavying these processes, in order to
understand the betaur of the control simulations.

The simulations enable analysis of the parametrizedective response to mesoscale forcing,
but there is a wider question of ato represent such a situation in a GCM. At high
resolutions typical of current deterministic forecasting gramal models, the mesoscalewlo
would be at least partially reseld and wuld arise as a response to localisedveotion,
allowing feedback between oggction and mesoscale dynamics. This is an intgecti
analogue of the SCMxperiments here. Hwever at resolutions typical of GCM climate
modelling such interaction cannot be modelleglieitly and the mesoscale forcingowid
need to be parametrized within the wection and cloud schemes. It is not cleaw ftiwis is to

be done and thexperiments described here do not address this question.

The timescale of the Betts-Miller deep wentve adjustment is intended taary with
horizontal resolution, as described \poaisly. Experience at ECMWF and in UGAMP



suggests that a 1 hour timescale may be appropriate for a GCM resolution of 100-150km,
which is the range of CRM domain size in the deep cases. Experiments for cagetikesho
SCM sensitiity to timescale. The cerctive gustiness enhancement of the aceffluxes,
included in the GCM and discussed in Slingo et al (1994), is not included in the SCM.

Case D: Central Euopean Thunderstorms

Case D has been successfully simulated for the prescribed 6 hour period using a 15 minute
timestep, starting from the liftedaffern sounding supplied by DLR and including the CRM
adiabatic forcing. The CRM simulatiorx@uded radiation @t included interacte surfice

fluxes, using a roughness length typical of tlggare, following problems using the prescribed
constant flugs throughout the CRM domain. The SCM simulationse Haeen performed

both with constant flues, using either 100% or 60% of the prescribed 530W/m2 latent and
150W/m2 sensible flux, and also with interaetfluxes, using a roughness length andaef
temperature identical to those in the CNRM CRM simulation.

Fig.7 shaevs that the eolution of surlce precipitation in the SCM is smooth and that there is
little sensitvity to the suréce forcing, highlighting the predominance of the adiabatic forcing

in determining covective response. Wh mid-level adiabatic cooling and moistening in
excess of 100K/day and 40g/kg/day respestyi after 6 hours, the coection must almost
cancel the forcing if the temperature and moisture profiles are not to change by unrealistically
large amounts. The timeseries of precipitation, increasing to reach 160-170mm/day after 6
hours, reflects this balanceorfeomparison, if the total erggrinput from the sudce heated a
500hRa layer (by both sensible and latent heating), the 680W/m2 of the 100% prescribed flux
case wuld cowert to roughly 11K/dayless than 10% of the peak adiabatic forcing.
Radiation, if included, wuld be a yet weat component of theualget.

With interactve surfice flues the land suate cools rapidlydue to strong initial tuddent
heat loss and a lack of radiaiforcing, and the swa€e layer cools by an unrealistic 5K within
90 minutes. This causes the sgd fluxes to asymptote toalues significantly smaller than
those prescribed. Despite this cooling, theveotion and precipitation in Fig.7 remain almost
as intense as with prescribed #gx

Compared with the other SCMs, the precipitatiool@ion is consistently smooth and without
noticeable spin-up. This is true also of thevemtive heating and moistening profiles, wimo

in Fig.8 for the 100% prescribed sack flux case, together with the stratiform heating and
moistening and the temperature and moistuodugion.

Deep comection is ivoked from the start and the initiataution is dominated by adjustment
towards the BM deep reference profile on the 1 hour adjustment timescale. VEails @
limitation of the comection scheme, in that it will adjustyaneep unstable profile to the
reference structure, remiag short length-scale evtical structures in the emonmental
profile. After the initial adjustment, the aattion intensifies with the adiabatic forcing,
approximately balancing it. Kaever the forcing soon saturates the upper troposphere and the
stratiform condensation scheme produces a condensataporation couplet of increasing
strength, which progres&ly extends to laver levels. This feature is ffctively a mesoscale
anvil which occupies the entire horizontattent of the grid square. Its time of onset and
strength are dependent mainly on theveative adjustment timescale, with onset after 4 hours
for the deéult 1 hour timescale. A shorter timescalevadidhe cowection to balance the



forcing more closelyso that relatie humidity increases more iy, the opposite being true
for a longer timescale. The saturated layer reaches thacsuri the last hour of the
simulation, leading to the onset of (weak) stratiformastefprecipitation.

In contrast to the shallo convection cases, tudtence and carection appear to interact
successfully with little intermitteryc This is almost certainly due to the near neutral initial
profile at lav levels and the carective davndraught parametrization, which adjusts the sub-
cloud-layer tward a sub-saturated profile with well defined stabilityHowvever the
downdraught is not entirely realistic, since the initial adjustment creates a sub-cloud layer
(potentially) warmer than the cloud ab®. This appears to be due to a technical restriction on
dowvndraught depth, yet to be rewsal, which results in the cloud base implied by the
downdraught depth being significantlywer than that in the initial sounding. In the last hour
the intensifying darndraught strongly stabilises the sub-cloud layer and intermytteccurs

in the turlulent moisture flux profile when using prescribed aef flues, as the flles
strongly heat and moisten a shallsurface layer This suggests that, for numerical reasons,
ary non-local turinlence closure should be used not only in conditions of static instakility
also in the presence of deep wectve davndraughts. In reality the dmdraught occupies
only a fraction of the grid box, cristing with lage cowective eddies in updraughtgiens.

Despite diagnosing an increasing cloud fraction with time, reaching 80% in 2 hours and total
cover after 3 hours, theevtical profiles of cloud fraction andater content areery crude and

not linked directly to the carectve and stratiform processes occurring at each timestep.
Corvectie cloud fraction has a maximum of 20% in depth, with 80% at the fhstdbwe
cloud-base (representing ubiquitous shaltdouds) and a similar &ih fraction at the top in-

cloud level. Despite gridsgerage saturation and stratiform precipitation at nvedkelater in

the simulations, the cloud scheme does not diagnose wabdstatiform cloud, because the
relatve humidity criterion is adjusted for assumed supersaturation in tiveatwa cloud.
Clearly the diagnostic cloud should be more consistent with both theatwe and stratiform
processes occurring in the column.

Case E: Topical Pacific Squall Line

The SCM simulations of theaific squall line ehibit the same basic characteristics as the
continental European thunderstorms case, sincexfgrigental set up isevy similar The
main diferences from the continental case are sama¢ wealkr adiabatic forcing, resulting in

a lager influence of suaice fluxes, and a ber cloud base, resulting in a more realistically
modelled lov-level dovndraught.

The SCM has been irgsted for 7 hours from the prescribed initial sounding, including the
adiabatic forcing from the “SURFRADICE"xperiment of the CNRM CRM. The SCM
control intgration similarly includes interage surfice fluxes and radiation and the
cornvective adjustment timescale is 1 hour in the control simulation.

The cowective and stratiform precipitation are stmin Fig.9 for adjustment timescales of 1
hour and 2 hours. The@ution is agin smooth bt in this case there is a matkspin-up in
the first houras the initially moist sounding is driedvards the subsaturation profile of the
convective reference state. The reference parameters are defined glaiby than being
computed interactely, dependent on ambient conditions andvectve regime. While this
may be walid for the temperature reference profile, which approximates neutsary, it is
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more questionable for moisture. This also has implications for naglimtinsfer After the

initial adjustment, the precipitation increases smoothly in response to the increasing adiabatic
forcing, with more moistening and less precipitation if a longer adjustment timescale is used.
This afects the timing of grid-scale saturation and onset of stratiform processss, abko in

Fig.10, reflecting the ability of ceaction of a gien intensity to pneent saturation. After 7

hours the total suate precipitation rate is almost independent ofvectve timescale
(because the column has become saturated in dejitiWebler covection requires a stronger
stratiform component.

Omission of radiation and/or interacti surbice flues in the SCM is inconsistent with the
adiabatic forcing data from the CRM, in which these processes were inclutiddeb reeal

the role of the parametrizedadevel corvectve davndraught. If sudce flues are omitted,

deep cowection ceases after 3 hours and becomes intermittent, despite increasing adiabatic
forcing. The sub-cloud layer initially cools more quickly than before, vamothe deep
conditional instability because the coolingfett of the lov-level dovndraught is no longer
balanced by tutddence. The dendraught plays a dual role of inhibiting parcel ascertt b
increasing the suate fluxes to maintain instability This is confirmed by reducing the
downdraught dfciengy from 15% to 5%, in which case the sgé flues are reduced by
roughly 30% by the end of the simulation.

If radiation is omitted instead, deep wention remains continuous, with almost identical
evolution to the control simulation, demonstrating the strength of the adiabatic forcing. The
largest effect of radiation is near cloud top, where strong radatiooling abwe cloud and
warming in cloud maintains a higher cloud top later in the simulation.welts the
cornvective heating profile is noisy and cloud top fluctuates, both beorgeamwith radiatie
feedback. The noisy structure is ko to be sensite to the formulation of the ergr
correction in the deep ceection scheme and requires furtherestication. The problem is
compounded by the use of intermittent “full radiation” timesteps in the UGAMP (and
ECMWF) models, for computational fiefeng.. The SCM cloud diagnostics are hourly
averaged and input to the radiation for thetri®our, alloving the cloud thermodynamic and
radiatve forcings to become dissociated, both in time and height. Thislené¢in Fig. 10c,f.

As in case D, the diagnosed cloud fraction and cloatkemwcontent, used for the cloud
radiatve forcing, hae an unrealistic ertical profile which is closely related only to the
corvective processes at each timestep. Complete clouer ¢® diagnosed near c@ttve
cloud top throughout the simulations, representing a shaltwil there, although stratiform
condensation delops later and is not associated with a separate diagnosed cloud structure.

Discussion and Conclusions

EUCREM has praided a waluable contet in which to ealuate the Betts-Miller coective
adjustment scheme in the UGAMP SCM, \pding a wide range of both ceective regime

and models with which to compare. Theotyears of this initial phase of EUCREMvea
allowed detailed waluation and analysis of the current wectve and associated
parametrizations in the SCM and the main deficiencies found are reported here. The intention
is not criticism of the parametrizations: rather it isvnpnssible to focus on the impements

most likely to improve their realism and accusac

The Betts-Miller deep, precipitating ommttion scheme isxeremely successful in gng a
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smooth golution of plysical processes in both the continental and maritime cases studied.
The scheme responds to the intense mesoscale forcing by moistening until stratiform
processes occumitially in the upper troposphere, representing a mesoscailecanplet of
condensation andvaporation. The parametrizedMdevel dovndraught plays an important

role in cooling the sub-cloud layer and enhancing (interctsurbce flues, though a
generalisation of dendraught depth is still required, particularly for continentalvection.

For the Betts-Miller shall corvection scheme, attention has focused on tlyeegeto which
corvection is constrained simply to mix sub-cloud angision-top airusing the saturation
point analysis on which the scheme is based. Extension of the scheme teasunated
conditions is necessary for a more realistic simulation of stratocumuilushd diagnostic
cloud and stratiform condensation schemesld require modification too. It is not yet clear
whether significant imprement in cloud fraction and radiaiimpact can be attained within
this frameavork, or whether a prognostic cloud scheme is required.

Interaction between shallocorvection and turblence parametrizations in the SCM has been
shavn to be deficient because wentve (or “lage”) eddies in the sub-cloud layer are not
represented by either scheme. A non-localuierice scheme for ceactive regimes is lilely

to improve this and to reduce intermittgnassociated with the present local tudmt closure.

The cold air outbreak case has more general implications foecime closure. It reeals
that distinction between precipitating and non-precipitatingv@ction based on cloud-top
height alone is insfitient and that corective intensity should be related to the strength of the
surface forcing and turbdence. Vithout this, the SCM can represent only stratiform
precipitation in such cases, witkaessve storage of moisture and consequent implications for
column ludgets and the rate ofanming of cold air in the oceanic storm-tracks.

The diagnostic cloud scheme of the SCM is being superseded in operational models by
prognostic schemes which igrate the cloud parametrizations in a mongsptally consistent
manner However, deficiencies in the SCM simulationsveasuggested that the diagnostic
scheme could be more y#ically based, with condensation producing clouatew and a
simple cloud model thenygng cloud fraction, rather than the currentenese of this logic.
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Figure Captions

Fig. 1. Case A control simulation, stiag evolution of a) cloud and tutlent heating (Q1) in
K/day, b) cloud and tundent moistening (Q2) in g/kg/day and c) radiatheating in K/day
Radiatve cooling &tends @er the entire cloud layer and its weakng after 12 hours is the
precursor to the cessation of gention. The contour inteaVis approximately logrithmic.

Fig. 2. Conserd \ariable plot for Case A, shong the saturation point profile for the
(modified) initial state. Also sk is the initial reference profile for the Betts-Miller scheme,
which departs significantly from the theoretical mixing line between thacathyer and
inversion top. Light arnes joining the initial profile to the reference profile depict the initial
convective forcing, which isdr from parallel to the mixing line.

Fig. 3. Ewlution of parametrized heating (left, in K/day) and moistening (right, in g/kg/day)
for the control simulation of Case B.og panels she convective forcing and bottom panels
turbulent forcing. The contour inteais approximately logrithmic.

Fig. 4. Conserd \ariable plot for Case B, stwing the saturation point profile for the initial
state. Also shon is the initial reference profile for the Betts-Miller scheme, for a range of the
inversion mixing parameter (the control simulation useslaevof 2.5). The reference profile
differs from the mixing line between the sub-cloud layer amdrsion top. Light arnes
joining the initial profile to one of the reference profiles depict the initialexdiwe forcing,
which also difers significantly from that predicted by the mixing theory

Fig. 5. Ewlution of the deepening boundary layer for the control simulation of Case C. a)
Potential temperature, b) Specific humidayrelatve humidity

Fig. 6. Ewlution of parametrized heating (left, in K/day)) and moistening (right, in g/kg/day)
for the control simulation of Case C, shing intermitteny associated with the local
turbulence closure interacting with stratiform condensationop Panels she total
parametrized forcing, middle panels shdurbulence forcing and bottom panels sho
stratiform condensation forcing. Shading ingdsvare approximately lagithmic.

Fig. 7. Case D. Blution of surfice precipitation rate in mm/dafpr interactve surbice
fluxes (solid), 100% prescribed flesk (dotted) and 60% prescribed #sxdashed).

Fig. 8. Case D simulation with a a@ttve adjustment timescale of 1 hourdeating (left)
and moistening (right), due to ogttion (top) and stratiform condensation (middle).
Temperature and moistureadution as departures from the initial state (bottom).

Fig. 9. Case E. Blution of surce precipitation rate in mm/ddpr a conective timescale
of 1 hour (solid) and 2 hours (dashed).

Fig. 10. Case E simulations with a gentve adjustment timescale of 1 hour (left) and 2

hours (right). Heating rates in K/day for deep wamtion (top), stratiform condensation
(middle) and all parametrizations (bottom).
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Fig. 1. Case A control simulation, stiag evolution of a) cloud and tutbent heating (Q1) in
K/day, b) cloud and tunldent moistening (Q2) in g/kg/day and c) radiatheating in K/day
Radiatve cooling &tends @er the entire cloud layer and its weaing after 12 hours is the
precursor to the cessation of gention. The contour inteaVis approximately logrithmic.
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Fig. 2. Consemd \ariable plot for Case A, skwng the saturation point profile for the
(modified) initial state. Also sk is the initial reference profile for the Betts-Miller scheme,
which departs significantly from the theoretical mixing line between thacsutayer and
inversion top. Light armes joining the initial profile to the reference profile depict the initial
convectie forcing, which isdr from parallel to the mixing line.
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Fig. 3. Ewlution of parametrized heating (left, in K/day) and moistening (right, in g/kg/day)
for the control simulation of Case B.og panels she corvective forcing and bottom panels
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Fig. 4. Consermd \ariable plot for Case B, stming the saturation point profile for the initial
state. Also shan is the initial reference profile for the Betts-Miller scheme, for a range of the
inversion mixing parameter (the control simulation useslaevof 2.5). The reference profile
differs from the mixing line between the sub-cloud layer amdrgion top. Light arnes
joining the initial profile to one of the reference profiles depict the initialexiie forcing,
which also difers significantly from that predicted by the mixing theory
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Fig. 5. Ewlution of the deepening boundary layer for the control simulation of Case C. a)
Potential temperature, b) Specific humiddyrelatve humidity
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Fig. 6. Ewlution of parametrized heating (left, in K/day)) and moistening (right, in g/kg/day)
for the control simulation of Case C, shing intermitteny associated with the local
turbulence closure interacting with stratiform condensationop Ppanels she total
parametrized forcing, middle panels shdurbulence forcing and bottom panels sho
stratiform condensation forcing. Shading intdsvare approximately lagithmic.
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Fig. 7. Case D. milution of surhce precipitation rate in mm/dafpr interactve surfice
fluxes (solid), 100% prescribed flesk (dotted) and 60% prescribed #sxdashed).
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Fig.9. Case E. mlution of surbce precipitation rate in mm/dagr a conective timescale
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Fig.10. Case E simulations with a gentve adjustment timescale of 1 hour (left) and 2
hours (right). Heating rates in K/day for deep \amtion (top), stratiform condensation
(middle) and all parametrizations (bottom).
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