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Equilibrium and non-equilibrium convection SCECMWF

Abstract

A new diagnostic convective closure, which is dependenthencbnvective available potential en-
ergy (CAPB), is derived under the quasi-equilibrium assumption ferfitee troposphere subject to
boundary-layer forcing. The closure involves a convectidgistment time-scale for the free tro-
posphere, and a coupling coefficient between the free tpimys and the boundary-layer based on
different time-scales over land and ocean. Earlier studiés the ECMWF Integrated Forecast-
ing System IFS) have already demonstrated the model’s ability to reabdiii represent tropical
convectively-coupled waves and synoptic variability wite of the 'standardZAPEclosure, given
realistic entrainment rates.

A comparison of low-resolution seasonal integrations dagl-nesolution short-range forecasts against
complementary satellite and radar data shows that with@temdedCAPEclosure it is also possible,
independently of model resolution and time step, to réedilly represent non-equilibrium convec-
tion such as the diurnal cycle of convection and the coneadied to advective boundary-layers,
though representing the late night convection over landamesna challenge. A more in depth re-
gional analysis of the diurnal cycle and the closure is ptedifor the continental United States
and particularly Africa, including comparison with datarin satellites and a cloud resolving model
(CRM). Consequences for global numerical weather predicWi) are not only a better phase
representation of convection, but also better forecasts spatial distribution and local intensity.

1 Introduction

Equilibrium convection is generally interpreted as intlimg that the convection is in equilibrium with
the forcing due to the mean advection and processes othrecdimaection. In other words, the convection
can react on time scales short enough for the residual tepdmtween the forcing and the convective
stabilization to be small as measured by some function ssitheacloud work function or the convective
available potential energy (CAPEAakawa and Schubert974). This is generally referred to as quasi-
equilibrium. Numerous theoretical and experimental gside.gEmanuel et a.1994 Neelin and Yu
1994 Craig, 1996 Jones and RandaR011; Yano and Plant2012 have confirmed the validity of quasi-
equilibrium for synoptic disturbances and for time-scalethe order of one day. However, various stud-
ies Emanuel 19933 Raymond 1995 Zhang 2002 Donner and Philips2003 Raymond and Herman
2011 have pointed out that the adjustment in the boundary-lageurs on much shorter time-scales
than that in the free troposphere.

Today most global numerical weather prediction (NWP) anaie models employ a convection para-
metrization scheme based on the concept that vertical masspbrt occurs in convective plumes which
exchange mass with their environment. In these schemeathef horizontal mass exchange has to
be specified, and the mass flux at cloud base is determinedtherassumption of convective quasi-
equilibrium. A non-exhaustive list of basic parametriaatischemes used in these models includes
Arakawa and Schubeft974), Bougeaul{(1985), Tiedtke(1989, Gregory and Rowntre@ 990, Emanuel
(1993, Kain and Fritsch(1993, Zhang and McFarlan€1995, though many of these schemes have
later been substantially modified and improved. In spitengpleying a similar basic convective frame-
work, the models can produce substantially different lecgde tropical wave spectra and intra-seasonal
variability such as the Madden-Julian oscillatidain(et al., 2006 Kim et al, 2011; Blackburn et al.
2013 Benedict et al.2013. However, Bechtold et al.(2008), Vitart and Molteni (2009, Jung et al.
(2010 and Hirons et al.(20133 demonstrated with ECMWF's Integrated Forecasting Systiis)
that the basic mass flux framework under the quasi-equilibrassumption provides a realistic repro-
duction of the observed middle-latitude synoptic varihilas well as the tropical wave spectra and
intra-seasonal variability. In order to achieve this, twaportant properties of the convection scheme
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were required, an adaptive adjustment time-scale for thBEAnd a realistic strong entrainment rate
(Derbyshire et a).2004 de Rooy et al.2013. The latter represents the observed heating modes from
shallow, congestus and deep clouds in the trofios €t al., 2012).

In contrast to equilibrium convection, the forcing of nogquéibrium convection varies typically on
time scales of a few hourdgnes and Randalt011;, Yano and Plant2012 Davies et al.2013. Non-
equilibrium convection under rapidly-varying forcing tgplly occurs when either the upper-tropospheric
forcing is strong and the convection is inhibited by a cagjpiversion, or the upper-level forcing is weak
and the precipitating convection is driven along its trajec by rapidly-varying and strong surface heat
fluxes. Note that the quasi-geostrophic adjustment prafesset heat source occurs via inertia-gravity
waves on time-scales of a few hours. Forecasting non-bquitih convection is challenging for models,
and this is particularly true for surface-forced convettwhere the mesoscale adiabatic lifting/sinking
couplet in the free troposphere is the response to and ngbtlree of convective heating.

The diurnal cycle of convection is probably the most promtnaanifestation of non-equilibrium con-
vection driven by the boundary-layer. Numerous obsermatictudies (e.gYang and Slingp2003,

Dai et al, 1999 Tian et al, 2005 Zhang and Klein2010 and those based on cloud resolving models
(CRMSs) (e.g.Chaboureau et al2004 Khairoutdinov and RandalR006 Schlemmer et al2011) have
been devoted to the diurnal cycle of convection over lande pimase of the diurnal cycle can strongly
vary on regional scales, though the general picture is thatmorning shallow convective phase, fol-
lowed by a gradual onset of deeper convection, with rainsrptaking in the late afternoon to early
evening. It has been found that the phase and intensity ofggitation mainly depends on the surface
fluxes and lower to mid-tropospheric stability and moistimet boundary-layer processes such as con-
vergence, gravity waves and cold pools also play a role itiset and propagation of deep convection.
It has been shown that CRMs with resolutions of order 2.5 krhiginer are able to reproduce the ob-
served diurnal cycle (e.dRetch et al.2002 Sato et al.2008 Stirling and Stratton2012), but a strong
resolution sensitivity exists with respect to both ampléwand phase for coarser horizontal resolutions
when no convection parametrization is employed. HoweSato et al(2009 andMarsham et al(2013
have reasonably reproduced the observed phase in CRMityp&ations at 7 and 12 km horizontal res-
olutions, respectively.

The same success in reproducing the observed diurnal cgol@enerally not be reported for large-
scale models. Indeed, numerous global and regional masidiestSlingo et al, 1992 Dai et al, 1999
Betts and Jakal2002 Bechtold et al.2004 Clark et al, 2007 Brockhaus et a|2008 Stratton and Stirling
2012 Langhans et 812013 Marsham et a).2013 and comparisons of CRMs with single-column mod-
els Guichard et al.2004 Grabowski et al.2006 pointed to systematic errors in the diurnal cycle of
precipitation when a convection parametrization schenegnigloyed, namely a too early onset of deep
convection with a diurnal cycle of precipitation that is ghly in phase with the surface fluxes. A no-
table exception are the successful simulations reporte@labgyabu and Kimot¢2008. The diurnal
cycle of non-precipitating shallow convection, howeven de realistically represented with a quasi-
equilibrium closure for the boundary-layer and a progrositbud scheme, as demonstrated with the IFS
by Ahlgrimm and Forbe$2012.

Various approaches have been taken to improve the repatisendf convection driven by surface fluxes.
While Piriou et al.(2007), Del Genio and Wi{2010 andStratton and Stirling2012 focused on the en-
trainment rates, important work has also been done on ctiwwedosure as reviewed iano et al.
(2013. In particular,Pan and Randa(ll998 andGerard et al(2009 accounted for convective memory
through a prognostic closure for the updraft kinetic enexggl/or updraft area fractioMapes(2000),

Rio et al.(2009 andFletcher and Brethertof2010 proposed convective closures involving the convec-
tive inhibition (CIN) and/or lifting by cold pools, while aumidity dependent closure has been adopted
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in Fuchs and Raymon(007). However, so far none of the above methods have proved t@heral
and robust enough to replace, at least in the global NWP xbrtee standard equilibrium closures
for the CAPE or cloud work function. The notable exceptiombehe studies byponner and Philips
(2003 andZhang (2002 who evaluated the quasi-equilibrium assumption for CABE&irsst observa-
tions, whilst recognizing findings braymond(1995 on different adjustment time-scales for the free
troposphere and the boundary-layer. From those studieastooncluded that it should be possible to
formulate a CAPE closure for the free troposphere under aigaeuiilibrium assumption that also holds
for rapidly-varying boundary-layer forcing.

The above considerations constitute the basis for the prestcle, where we derive a CAPE closure
involving appropriate boundary-layer time-scales ovedland water. Indeed, we show that with this
extended diagnostic closure it is possible to represeramigtiarge-scale synoptically driven convection,
but also non-equilibrium boundary-layer driven convettiaith its characteristic diurnal cycle, and the
inland advection of wintry convective showers. The artislerganized as follows. The CAPE closure is
derived in Section 2, followed in Section 3 by an evaluatigaiast satellite and radar data of the diurnal
cycle of convection in low-resolution seasonal integragi@and high-resolution short-range forecasts. A
more in depth discussion of the physics of the new closuretlaadliurnal cycle in the Sahel region,
which makes use of complementary satellite and CRM datapidqed in Section 4. Conclusions and
consequences for NWP are discussed in Section 5, includbrgefadiscussion of a wintry convective
situation under strong advection.

2 Convective closures

The convective available potential energy CAPE (3%ds defined as the buoyancy integral

upad -+ Zo upad _ —
op Ty TVdZ%g/ pGe (T,9) Besa(T)dL (1)

CAPE= /
J Znase TV Znase Besa(T )

where the integration in height coordinateis between cloud base and cloud tdpjs the virtual tem-
perature and gravity; the superscript 'upad’ denotes values of an aic@ldifted pseudo-adiabatically,
(i.e. without considering mixing with environmental aignd bars denote environmental or grid-mean
values. For diagnostic purposes CAPE can be reasonablgxapmated by using the saturated equiva-
lent potential temperatur@sainstead ofT,, and the equwalent potential temperat@é’@a depending
on temperaturd and specific humidityy, instead ofi'P As 6, is conserved during moist adiabatic
ascent, the rhs oflj shows that the updraft thermodynamic properties are mhtted by the temperature
and moisture in the departure layer of the rising air patw predominantly roots in the boundary-layer.

In the context of convection parametrization we use intignaover pressure and define PCAPE (33n
as the density weighted buoyancy integral of an entraingegrading air parcel

Pop TUP _ T,
PCAPE= — / "V =N 2)

Poase TV

The entrainment rates used to compU}& are given in the Appendix. The advantage of PCAPE over
an entraining CAPE is the density scaling that more reaéilgtes the time derivative of PCAPE to the
convective mass flux.
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Under the assumption of vanishing updraft temperaturessxatcloud top, and using® — T, < T, the
time derivative of PCAPE is obtained as

0PCAPE_ Pop 1 af/ Pop 1 0Tvupd n Tvup - -Fv 0 Pbase @3)
ot B Poase TV ot P Poase TV ot P TV base ot .
LS+CONV BL+CONV

The evolution of PCAPE includes production of PCAPE by radieand advective large-scale processes
(LS), and destruction of PCAPE by Cumulus convection (CONg}h affectingTy. Furthermore, there

is production of PCAPE by boundary-layer (BL) processe&iothan convection, and removal by con-
vective boundary-layer venting, and cooling by downdraftd subcloud rain evaporation, all affecting
T®. The prognostic equation for PCAPE can then be formally iteswr as

(4)

OPCAPE_ JPCAPE  JPCAPE  OPCAP
ot ot |5 ot gL

ot E‘CONV—shal-kdeep

Note that the CONV term contains both, the convective statibn of the free troposphere (LS) and the
boundary-layer (BL), it is the sum of the contributions frehallow and deep convection.

Similar prognostic equations for CAPE have also been delivhang(2002 andDonner and Philips
(2003.

The LS production term includes the tendencies due to meadicaleand horizontal advection and radi-
ation, it is given by

dp. (5)

advtrad

dPCAPE‘ Pop 1 AT,

ot LS N Pbase ?V W

The tendency due to convection can either be approximatsgimasg that cumulus convection acts
to remove PCAPE over a convective time scal@-ritsch and ChappellL98Q Betts and Miller 1986
Nordeng 1994

0PCAPE1 B PCAPE
CONV,1

ot = r— (6)

or by approximating the convective tendency by the heatingugh compensating environmental subsi-
dence, so that the convective mass Mixkg m~2 s1) becomes apparent

Zo T, Zyo T,
M‘ ~—["3m <ﬂ+g> dz— — base pEm*(ﬂ+E> dz  (7)
ot CONV,2 Zyase Tv 0z Cp Mbase Zhase Ty 0z Cp

with ¢, the specific heat at constant pressure. The ratio betweeactnal (final) cloud base mass
flux, and the unit (initial) cloud base mass flMgase/ M, IS the convective scaling or closure factor.
The initial mass flux profileM*, and initial cloud base mass flu;,..are known from the updraft

computation.

Different convective closures can then be formulated orbdsés of 4), keeping in mind that a mass flux
scheme requires a closed expression for the cloud base madé.flss therefore we need to retaii)(
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If we know the boundary-layer (BL) term, PCAPE can be detaediprognostically from4) using &)
and @). The convective mass flux is then obtained diagnosticadignf

0PCAPE1 B éPCAPE‘ @)
ot CONV,2 ot CONV,1

Alternatively, in a purely diagnostic scheme we can comREBAPE from ), and again use8j to
compute the convective mass flux. Note that in this diagadstimulation PCAPE implicitly contains
the production from BL and LS.

Another diagnostic closure is obtained frod) {f we use 6) and (7), neglect the lhs and assume a
boundary-layer in equilibrium

- 0PCAPE1 ©
ot CONV72.

This relation is another formulation of the quasi-equilibn between the large-scale destabilization and
the convection, but as defined by the integral bounds, ieigjtrasi-equilibrium for the free troposphere.
No time scaler has to be specified, as it is implicitly contained in the LSimcy. However, experimen-
tation shows that this closure is not general enough, aglgn@stimates convective activity in situations
where the LS forcing is weak, and where convective heatiegauies the dynamic adjustment.

JPCAP
ot s

Finally, even a suitable moisture convergence closure edorimulated that is consistent with)(using

™) )
*Pro
/ p@ dp— 0PCAPE1 7 (10)
Psurf ot CONV,2

ot
where the integration is from the surface to the top of theoaphere including LS and BL. This closure,
in spite of assuming moisture as a source of convectionadsdé instability, has properties of botf)(
and @). Itis still applied in NWP Bougeaulf 1985, but tests with the IFS did not lead to optimal model
performance.

adw-BL

2.1 Diagnostic CAPE closure

As outlined above, a convenient diagnostic CAPE closurebeadefined usingg) and substituting for
(7), (6) and computing PCAPE fron2). The cloud base mass flux is then obtained as

. PCAPE 1
Mpase= Mpase T, . g .
(% +&)dz

(11)
T "Ziop 9 N
ZbazeT—vM

Apart from using a density-weighted PCAPE instead of anagémittyg CAPE, this is the closure for
the deep convective mass fluxes that has been used in then&&Giegory et al(2000. With this
formulation the convective mass flux closely follows theg&ascale forcing and/or the surface fluxes
when the CIN is small and the adjustment time-scale is reddgrshort.

The closure 11) is complete with a definition of the convective adjustmemietscalet following
Bechtold et al(2008
Hc . B 264
T_Wf(n)_rcf(n), f(n)_1+T (12)
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Here, 1. is the convective turnover time-scale with the convective cloud depthyP is the vertically
averaged updraft velocity, anflis an empirical scaling function decreasing with incregsépectral
truncation (horizontal resolutiom). The minimum allowed value for is set to 12 minutes. Note that

depends itself on PCAPE througlt” which is consistent with the observationsZiynmer et al.(2011).

In the following the closure described bid) and (L2) is referred to as CTL.

2.2 Diagnostic CAPE closure with boundary-layer equilibrum

As the above closurel () does not reproduce the observed diurnal cycle (as shoei),latzen when em-
ploying large entrainment rates in the convection schelauesite consistent with CRM datB ¢l Genio and Wy
2010 de Rooy et al.2013, it is suggested that it does not reproduce the observegqoitibrium be-
tween the boundary-layer forcing and the deep convecbang(2002 andDonner and Philip$2003
have shown through an analysis of observational data ofleidtitude and tropical convection that the
assumption thaed PCAPE/dt is small compared to the individual terms on the rh4pig not valid if the
boundary-layer is not in equilibrium. Indeed the boundamer production term is the dominant term in
surface driven convection under weak large-scale forcirmggour knowledge, in most parametrizations
using a CAPE-type closure, the imbalance between the demjciion and the BL production is not
explicitly taken into account. However, some authors (Ragymond 1995 have taken an alternative
approach by proposing separate boundary-layer equitibalosures.

We define the total boundary-layer production4h ds proportional to the surface buoyancy flux

OPCAPE 1 [PusegT,
dt BL B T* Psurf 0t

dp, (13)
BL

wheredf,/at|5|_ includes the tendencies from mean advection, diffusive treasport and radiation.
In the model context these tendencies must be availableeéie convection is taken into account.
The temperaturd, scales ag, = cglgH with H a characteristic height. We have 3et= 1K and cast
the scaling into the coefficierd below. In a prognostic scheme one could in principle forneuthe
boundary-layer contribution to be formally consistenthatihe 29 term on the rhs of3), the 39 term
being generally small. However, the BL contribution 8) is the sum of the convective contribution and
the forcing. In a model, the non-convective BL forcing coblisolated, by calculating the BL tempera-
ture tendency due to non-convective terms. Furthermoeetgtfidency of the updraft virtual temperature
can be rather discontinuous in space and time, and even leevegative while there is surface heating.
Therefore, 13) is the preferred formulation of the boundary-layer cdmttion to PCAPE taking into
account all relevant forcings.

In order to account for the imbalance between boundary-lagating and deep convective overturning
we write the convective tendency as the relaxation of arcefie PCAPE

Th)
a=— 14
_[. ) ( )

JPCAPE| PCAPE+adPCAPE‘ .
BL

It |conv_deep T ot

with a the fraction of boundary-layer forcing consumed by shaltmmvection.a is given as the ratio
of the boundary-layer time-scalg, to the deep convective adjustment time-scaland can also be
interpreted as a convective coupling coefficient betweenfitbe troposphere and the boundary-layer,
with a = 0 corresponding to a perfect coupling regime anek 1 to decoupling. The boundary-layer
time-scalery, should satisfy the dimensional foritdU ] with U, a characteristic speed. Itis set equal to
the convective time-scalg over land, assuming that the boundary-layer adjusts to deeyective heat

6 Technical Memorandum No. 705



Equilibrium and non-equilibrium convection SCECMWF

transport through the updrafts and downdrafts. Over waigisiet to the horizontal advective time-scale,
assuming a quasi-homogeneous oceanic boundary-layeuilibegm

T =T land

To = 2 water (15)

whereHpaseis the cloud base height ang, the average horizontal wind speed in the subcloud layer.

SettingdPCAPE/dt = 0 in (4) enforces essentially a balance between the second addehin of the
rhs when the boundary-layer forcing dominates, and anibquiin between the first and third term,
when the boundary-layer is in equilibrium and the largdes¢arcing dominates. Usinglé) for the
PCAPE consumption by deep convection and following the sproeedure as used for derivingl),
the scaling for the deep convective cloud base mass flux camitten as

PCAPE—- PCAPE;

IVlbase— Mbase = ) MbaseZ 0. (16)
T Zo Ty g
fzba's)e% <W+C_p) dz
with
Pbase aT
PCAPR, = — rb| — = (17)
Psurf

for convection rooting in the boundary-layer. For convattiooting above the boundary-layeC APk,

is set to zero. The closure is equivalent to relaxing PCARELd a value PCAP[ instead of zero. It
considers only the part of PCAPE that is due to free tropasppeoduction as long as the boundary-layer
is not in equilibrium. The closure consists in substracfirgn the total mass flux a (time-dependent)
fraction of the shallow convective contribution (see bélavhich is supposed to approximately balance
the boundary-layer heat and moisture fluxes. The closurétraigo be interpreted as providing a cor-
rection to the prediction of convective ensemble propeitieass flux) by simple parcel theory (CAPE).
Importantly, the different factors inlg) mutually interact, and it will be shown that when integcate
over a diurnal cycleX6) roughly produces the same daily averaged mass flux andoiedicin as 11).
The scaling 17) is consistent with the free tropospheric and energy caimerscaling suggested in
Shutts and Gray1999, when using the surface buoyancy flux instead of the intedreendencies. In
the following the closure specified b$®) is referred to as NEW.

2.3 Closure for shallow convection

A distinction between deep and shallow convection is madéerbasis of the first-guess convective
cloud depth. If the cloud extends over more than 200 hPa thawection is classified as deep, and
shallow otherwise. This distinction is only necessary Far tlosure and the specification of the entrain-
ment rates that are a factor of two larger for shallow conwac{see Appendix). In the case of very
shallow convection both PCAPE and the denominatorl®) tend to zero, and a closure based solely
on boundary-layer equilibrium becomes appropriate. Auwledor shallow convection is obtained by
assuming a balance between the second and third term of shef Id), (i.e. a balance between the
convection and the mean advection and other physical pgesdn the boundary-layer), and replacing
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the tendency for PCAPE by the vertically integrated tengari¢he moist static energly

/pbase dﬁ
Psurf ot
whereF, is the convective moist static energy flux. Assuming zeroseotive mass flux at the surface,
the cloud base mass flux is then obtained as

— 1 [ Poase aﬁ
Mbase[hggse— hbase} = —é/psm E

dp, (18)
BL

Fh:_

dp=
P=9 Psurf ot

Ppase / Poase 9 H
CONV

Psurf

dp;  Mpase> 0. (29)
BL

The deep and shallow convective closured)((16) and (L9) together with the entrainment/detrainment
rates A.1)-(A.3) take into account the vertical stratification and/or thermtary-layer tendencies. To-
gether with the horizontally variable time-scalgsandty, the closures provide a flexible framework so
that the convective fluxes can adjust to varying synoptickamechdary conditions.

3 Diurnal cycle of precipitation

3.1 Climatology

The diurnal cycle of convection in the IFS is first evaluateahf an ensemble of one-year integra-
tions and compared against a 10-year precipitation clilmgyofrom TRMM (Nesbitt and Zipser2003
Takayabu and Kimot@®2008. The simulations are forced by analysed sea surface tatopes, and use
spectral truncatiom=159 (Ax=125 km) with 91 vertical levels, and a time step of 1 hour. cRiita-
tion data from both the simulations and the observationgangposited in hourly bins, and the diurnal
amplitude and phase are computed from the first harmonic oliaét series.

The diurnal amplitude (mm day) of the precipitation in the tropical belt from the TRMM radieter is
displayed in Fig.1a. Maximum amplitudes reach around 10 mm dagver tropical land. Amplitudes
from the model integrations using the CTL and NEW closuresdigplayed in Figslb-c. Overall, the
spatial distribution of the amplitudes is reasonably rdpoed in the simulations, but the simulated am-
plitudes reach higher values, particularly over northema&onia. However, the simulated total rainfall
over Amazonia appears realistic when compared to the GRG@RPaset (not shown).

The corresponding phase of the diurnal cycle (LST) is digadan Fig.2. As already discussed in earlier
studies, maximum precipitation in the TRMM radar data (FR) occurs over tropical land roughly
in the late afternoon to early evening, though strong regieariations are present. In particular, in
the TRMM climatology convective rainfall over Amazonia ocs during the early afternoon, but may
peak as early as local noon due to the high relative humiditylaw stability in the lower troposphere
(Betts and Jakagl2002. In contrast, maximum precipitation over the tropical axt® occurs during the
early morning. The CTL (Fig2b) provides a reasonable reproduction of the diurnal phaesewater,
but the convective precipitation over land generally peataind local noon, except over Amazonia
where it peaks during late morning. This systematic mod®lrdras not improved significantly in the
IFS over the last decadeSli{ngo et al, 1992 Bechtold et al.2004). However, a marked improvement
is obtained with the NEW closure that shifts the diurnal eyaVer land by 4-5 hours compared to CTL,
and also improves the diurnal cycle in coastal regions, @fghe Central American and West African
coasts, as well as off the Indian subcontinent, and over thdtishe Continent). Experimentation shows
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Figure 1: Diurnal amplitude (mm day) of the precipitation in the tropical band as obtained (a)rfr a 10-
year climatology of TRMM radiometer data (courtesy Yukakdyabu and colleagues), and from an ensemble of
annual IFS integrations at truncation n=158x =125 km) with (b) the CTL, and (c) NEW closure.

that the improvements over coastal regions are primarigytdia better representation of the convection
generated over land and advected over sea, along with theiatesl subsiding motions, but the modified
adjustment over sea vig, also contributes.

3.2 High-resolution integrations

In addition to seasonal integrations, higher resolutidly @aday forecasts have been performed for June,
July and August (JJA) 2011 and 2012 usimgp11 (Ax = 40 km) with 137 vertical levels and a time step
of 900 s. The forecasts were initialised from ECMWF's operatl analyses at=1279 (\x = 16 km)
with 91 levels. The forecasts are compared to the NCEP Stagerhposites I(in and Mitchell, 2005
obtained from the combination of radar and rain gauge daEXRAD, hereafter) over the continental
United States during summer 2011 and 2012, and German racigosites from the Deutsche Wetterdi-
enst for summer 2011. All forecast days have been used toutertipe diurnal composites that ix3®0
days for each JJA season.

The amplitude and phase of the diurnal cycle of precipitatieeraged over the summers 2011 and 2012
are depicted in Fig.3 and Fig. 4 for the continental United States. Numerous previous stutiave
already described the diurnal cycle over this region (@aj.et al, 1999 Tian et al, 2005. In summary,
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a Phase (LST) TRMM radiometer JJA climate
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Figure 2: Same as Figl, but for the diurnal phase (LST) of the precipitation. AIB&®&MM radar data has been
used instead of the radiometer data. White shading is agitie areas where the amplitude of precipitation is
below 0.2 mm day'.

as is also evident from the NEXRAD data (Figa and Fig.4a), the diurnal cycle over the continental
United States is characterized by three distinctive regitime Rocky Mountain area, where convective
activity peaks during the late afternoon, the Central Rlaiith predominantly nighttime convection from
propagating mesoscale convective systems triggered logdRocky Mountains, and finally the Eastern
United States and coastal regions with predominantly fégereoon convection and a particularly strong
diurnal amplitude over the Florida peninsula.

The CTL forecasts have quite a reasonable representatitie spatial variations in the amplitude (Fig.
3b), but underestimate the amplitude east of the mountajie dehd somewhat overestimate the amplitude
in the coastal regions. The results with the NEW forecassather similar though slightly improve on
the CTL. However, concerning the phase (Fjgthe NEW forecasts substantially delay the diurnal cycle
by 4-5 hours compared to CTL so that the results more closatgmthe observations, though over the
Eastern United States the diurnal cycle in NEW still presatie observed cycle by up to 2 hours.

To give an overview of the diurnal cycle in the high-resalatishort-range forecasts, the area-averaged
diurnal rainfall composites are depicted in Figfor the Eastern United States and Germany and also
for the central Sahel region, which has TRMM climatologidata for comparison. The area-averaged
representation shows that NEW has quite a good fit to therdayéind evening diurnal cycle of pre-
cipitation, shifting it by up to 6 hours compared to CTL. Tlagel night precipitation, however, remains
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Figure 3: Amplitude (mm day}) of the precipitation averaged over JJA 2011 and 2012 forcihetinental United
States from (a) NEXRAD, and from daily 72-hour forecastsuasidation n=511 fAx =40 km) with (b) CTL and (c)
NEW closure. The RMSE against observations does not diffieifisantly between CTL and NEW.

underestimated in both NEW and CTL in spite of having the ectien parametrization coupled to a
five-species prognostic cloud scheme via the detrainmecomiective condensate. The late-night pre-
cipitation deficit might be due to the missing representatib convective system dynamics including
spreading surface cold pools and predominantly uppet-teesoscale lifting during the night. Finally,
over the Sahel (Figbc), NEW realistically increases the precipitation withgest to CTL. As shown
by Marsham et al(2013), a correct phase representation of the diurnal cycle iscpgarly important

in this region where the convective heating is a key drivethef meridional pressure gradient and the
large-scale dynamics.
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@ Phase (LST) NEXRAD JJA2011-12

Figure 4: Same as for Fig3, but for the diurnal phase of the precipitation (LST).

4 Discussion

In the following we focus on the central Sahel region (as @efiim Fig.5c) for the analysis of the con-
vective closure, and also provide further evaluation ofdhyevective heating and its dynamical response
using CRM and complementary satellite data. All model itssarle based on the high-resolution short-
range forecasts discussed in the previous section. Iniaddd the forecasts, data assimilation cycles
have been run with the IFS, providing a more direct compargomodel and data in space and time.
The CRM data is from the Meso-NH limited area modedfpre et al, 1998 that has been run during
10-25 June 2012 at 2.5 km grid-spacing daily for 24-hours thecentral Sahel region defined in Fig.
5c (i.e. roughly a 2200 by 1700 km large domain). The CRM uses#ime ECMWH=1279 analyses
as initial conditions as are used for CTL and NEW. In addititne CRM open boundaries are updated
every 6 hours from the analyses.
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Figure 5: Diurnal composites of area averaged total pretfion (mm day?) from CTL (black solid lines), and
NEW (dashed lines) against observations for JJA 2011 (E)repd JJA 2011 and 2012 for the other areas:
(a) Germany [48-52N,7”—14E] using DWD radar, (b) eastern United States {3@5°N,100-80°W] using
NEXRAD, and (c) central Sahel region’[220°N,10°-30°E] using TRMM climatological radiometer data.

4.1 Diagnostics on closure

Diurnal composites of quantities related to the conveatlesure are illustrated in Fig for the period
10-25 June 2012; shown are the total-area averages (dasesddnd averages only over the convec-
tively active grid columns (solid lines) which are also laeby the suffix ¢ (convective). The quantities
considered in Fig6 include the surface convective precipitation rate, the EAB, and the various terms
involved in the closuresl(l) and (L6): (a) the cloud-base convective mass flux, (b) PCAfRRt takes
value PCAPE in CTL, and value PCAPE-PCARE NEW, (c) the convective adjustment time-scale
(12) and (d) the stabilization by compensating subsideeThe surface convective precipitation rate
is proportional to the convective mass flux at cloud basedgithe updraught rain/snow content, though
over land it is also strongly affected by evaporation in thieckboud layer. It is also approximately equal
to the total surface precipitation as most stratiform gi&iion evaporates before reaching the ground.

Concerning the total area averages, one notices that foy 63 and NEW the convective precipitation,
mass flux and PCAPHEre in phase. The forecasts barely differ during night, hette is a clear 5 hours
shift in the maxima in NEW with respect to CTL. CAPE (F&h) has been computed diagnostically for
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Figure 6: Diurnal composites of convective closure relatiéagnostics during 10-25 June 2012 over the central
Sahel region: (a) Convective precipitation, (b) CAPE, (§APE=PCAPE for CTL and PCAPE-PCAREfor
NEW, (d) the compensating mass flux tef) (e) the convective adjustment time scaland (f) the cloud base
mass flux. Dashed lines denote total area averages and soéd hnd legends with suffix ¢ denote averages
over the regions with convective precipitation. Precifida statistics from the CRM are included in (a), with the
precipitation rates per rain event scaled accounting fa thfference in resolution between the CRM and the IFS.

all grid columns from the mean thermodynamic profiles, WRE@APE is computed inside the convection
scheme and therefore is non-zero only in grid-columns wétiva convection. CAPE has much larger
values than PCAPE, reflecting the importance of entrainm&hé main conclusion here is that CAPE
shows an unphysical maximum at 10 LST in CTL, if taken as eighéomain average or averaged over
the convective regions, while its evolution in NEW roughblléws the evolution of the surface heat
fluxes.

The evolution of the convective area averages CTLc, NEWcGRNIc (solid lines) is more revealing.
Note that the cloud base mass flux (or convective precipitais proportional to PCAPEr divided by
the subsidence term. In CTLc most closure related quasiiteak around 10 LST, vary only weakly
during daytime, and precede the peak in domain mean massnitbgracipitation by about 2 hours. In
contrast, the daytime amplitudes are important in NEWc, thedotal domain and convective domain
averages are in phase. It will be shown later that the reamothif is that the convection in NEW is
strongest at the end of the lower tropospheric moistenimg@hwhile in CTL the convection is already
active during the strong moistening phase. Interestirigeyconvective precipitation rate per event (solid
lines in Fig.6a) is minimum during the day in CTLc, while NEWc produces [piation rates per event
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that peak at around 30 mm dayduring late afternoon which is more in line with the observaih
rates from mesoscale convective systems in the Saathpn et al. 2003. For comparison we have
also plotted in Fig.6a the total-area mean (dashed grey line), and resolutialedaainy area mean
precipitation (solid grey line) from the CRM, though datatbe diurnal cycle from CRM also has to
be interpreted with card_édnghans et al.2012. The evolution of the total-area mean precipitation in
the CRM during daytime is comparable to that of NEW, but pebk® hours later. Responsible for
this shift is the growth in number and size of convective eyst in the CRM during late afternoon
and their tendency to produce more surface precipitatiooutih reduced evaporation; these features
are more difficult to represent with a diagnostic convecfanmulation. The CRM also produces more
precipitation during the night which is consistent withaadbservations (Figh). Interestingly, the onset
of convection around 12 LST, average intensity and its eéi@iuduring the afternoon (as measured by
the rainy area mean precipitation) compares reasonablhbetéeen NEW and the CRM. The low early
morning rain rates in the CRM are related to boundary-lapér-ap processes (discussed later).

The low total-area mean precipitation rates in NEW in the labrning and early afternoon are the con-
sequence of low values of PCAPIE connection with long adjustment times and moderate debsie
stabilization (Figs6a,c-e). It will be illustrated in the next section that theuking convective heating
keeps the free troposphere in a marginal stability reginie. ilicrease in the convective adjustment time
during late morning is produced by an increase in the cloydhdevhile its decrease in the afternoon is
caused by an increase in the mean updraft velocities. Inesing, in non-stationary or non-equilibrium
convection the various contributors to the forcing andiizattion interactively adjust. A successful sim-
ulation of the diurnal cycle requires most importantly distig formulation of the evolution of PCAPE
which is dependent on the entrainment rates. The adjustinegvscale {2), which depends on PCAPE,
is also an important factor for the representation of theislpand temporal variability of convection.

4.2 Heating and moistening profiles

Composite diurnal cycles of the vertical distribution of tiotal heating rate (but excluding the radiative
heating), and the total moistening rate, are illustrateBign 7. Using units of K day?, these quantities
are usually referred to a1 — Qrag and —Qo, respectively. The heating and moistening rates due to
adiabatic motions have also been added as contours inFig.order to distinguish convective and
dynamical forcings.

One recognizes for both CTL and NEW (Figp,c) a distinctive phase with deep boundary-layer heating
from 6:30 to 12 LST, followed by boundary-layer cooling andrenelevated dry and shallow convective
heating lasting until 17 LST. Boundary-layer moisteningtdauntil roughly 9 LST, followed by strong
drying of the lower boundary-layer, and dry and shallow emtive moistening of the lower troposphere
extending to or exceeding the 600 hPa level at 15-16 LST.tim @3 L and NEW, during the afternoon,
there is also a strong drying by mean advection around 85@HaPhas also been noticed in observational
studies Zhang and Klein2013. During the strong growth phase of the boundary-layer fi@x17 LST,
corresponding to a continuous growth of PCARENEW (Fig. 6), the heating in the upper part of the
boundary-layer is in balance with the cooling due to adiababtions, but the upper-troposphere is not
in equilibrium. Indeed, the evolution of the upper-troplospc heating profiles differs strongly between
CTL and NEW. Whereas in CTL the mid- to upper-tropospheriating of 5-10 K day* from precipi-
tating deep convection occurs around 13 LST, and therefmiagithe growth of the boundary-layer, the
strong deep convective heating in NEW occurs when the loteemiddle-troposphere has reached its
maximum total heat content. Note that in NEW modest middaspieric heating and therefore stabiliza-
tion occurs from around 11 LST onwards, and is due to cumwuagestus reaching heights of 500-400
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Figure 7: Diurnal composites of heating and moistening sai¢ day 1) during 10-25 June 2012 over the central
Sabhel for (a) and (b) CTL, (c) and (d) NEW, and (e) and (f) frtvem €RM. Total heating rates minus radiation,
Q1 — Qrag, and total moistening ratesQ, are shaded. Solid contour lines denote cooling and dryiriggaue to
adiabatic motions, dashed contour lines (interval 1 K dgydenote adiabatic heating and moistening.

hPa.

The dynamic response to deep convective heating is a cooplgiper-tropospheric cooling (lifting)
and lower-tropospheric warming (subsidence) often calhed stratiform mode. Through the quasi-
geostrophic adjustment process it becomes effective a fawshafter the convective heating. This
dynamic cooling/heating couplet is particularly impottéor the formation of mesocale stratiform rain
during night. The upper-tropospheric response in NEW iartfedelayed, and is stronger than in CTL,
attaining values of -4 K day* . Nevertheless, NEW still underestimates the nighttimeipition with
respect to the observations (Fk).

A comparison of the heating and moistening profiles with CRafad(Fig. 7e,f) reveals that NEW
produces a realistic diurnal cycle in phase and amplitutguding the shallow and congestus heating
phase, though the latter is less pronounced in the CRM. Tatnigeprofiles Fig.7c,e are also in fair
agreement with the observed cloud evolution during dayk late afternoon convection as reported by
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Zhang and Klein(2010. Interestingly both in NEW and the CRM the maximum uppeptspheric
heating of up to 10 K day* occurs around 17 LST. However, the heating peaks at higtierdas in the
CRM (400 hPa compared to 500 hPa in NEW), extends over a ldagh, and maintains its amplitude
during the early night hours as does the surface precipitatiThe moistening rates -Q2 (Figid,f)
are also in good agreement during daytime. However, larfferehces in the heating profiles between
the CRM and the IFS exist in the early morning hours which capdrtly attributed to boundary-layer
spinup processes in the CRM.

The dynamic response to the convective heating is also a@fleain structure and intensity between
the CRM and NEW. The main difference is that the dynamicaliogas somewhat weaker in the CRM,
but occurs earlier; i.e. shortly after the maximum heatifidpe phase lag in the dynamical response
between NEW and CRM becomes even more evident for the moigtgmnofile (Fig. 7f). The reason
for this phase difference is a tight coupling between resbimicrophysics (condensation) and resolved
dynamics (lifting) in the CRM, whereas with parametrizeanaxtion (a) the heating rates Q1 and Q2
already contain a contribution from subgrid transport, @)dhe resolved flow has to adjust in response
to a subgrid heat source. Furthermore, the dynamical diyinge CRM extends down to the surface
between 15 and 18 LST when also strong dynamical coolingrec@ihis dynamical feature is a signature
of resolved downdrafts and cold pools in the CRM. Generallythink that the structure and evolution
of the convective heating and its dynamical response cagsgairly between the CRM and NEW, given
the limited domain size of the CRM and its sensitivity to tlaegmetrization of horizontal mixing.

4.3 Clouds and heating against satellite observations

To further assess the structure and temporal evolutioneottimvective heating, the IFS has also been
run in 4D-Var data assimilation mode, permitting a betterfieral and spatial evaluation against satellite
data from geostationary infrared imagers and sun-synclimicrowave profilers.

A composite diurnal cycle of infrared brightness tempeaegyBTSs) in the 10.§tm window has been
computed in FigB; it is representative for the Sahel for June to July 2012. ddraposites have been
derived from two-dimensional probability density functso(PDFs) of BTs of the observed 1-hourly
Meteosat 9 images, and the BTs from synthetic satellite @adigpm day-2 forecasts using the CTL and
NEW, all data has been interpolated to &@#d. The observed BTs vary between 325 and 180 K, while
the minima in the forecasts remain above 190 K. The foregaghstic BTs have been bias corrected
by -3K, but there is still an important bias during the nigltresponding to an underestimation of
optically thick high clouds and nighttime precipitation @seady seen in Figs. However, during the
day the mean BTs from NEW closely follow the observed diucyalle, though the variability is still
underestimated. In contrast, in the CTL, due to the occaaeri deep convection being too early, the
BTs are too cold during noon and early afternoon, and too warime evening, where the variability is
also strongly underestimated. The improved variabilitiNEEBW, and indeed better spatial representation
of convection compared to CTL (not shown), is a consequefickechigher CAPE values and more
realistic adjustment of the free troposphere. The intéaien of the improvement (cooler BTs) of NEW
compared to CTL during the early morning hours is less olszidturther investigation shows that this
is caused by a combination of lower skin temperatures duecteased precipitation and soil moisture
in the northern part of the domain, more residual elevatedds from nighttime convection, and a more
realistic convection in the tropical convergence zonereditey into the southern part of the domain. All
together, the results in Fi@.are consistent with the comparison against radar data giveig. 5.

Finally, a global picture of the improvement in the heatitrycture of NEW compared to CTL is given
in Fig. 9 using July 2012 as an illustration. This shows a reductioro@i-mean-square (rms) error of

Technical Memorandum No. 705 17



SCECMWF Equilibrium and non-equilibrium convection

S RE—C

m— NEW
310 |- === OBS

300

290 -
280 -

270

BT (K)

255

1 1 1
0 6 12 18 24
LST (h)

Figure 8: Diurnal composite of mean and standard deviatibimérared BTs (K) in the 10.8m window during
June to July 2012 over the central Sahel from Meteosat 9, eord the day-2 CTL, and NEW forecasts. The
composites have been computed from a two-dimensional RigFaa3K bias correction has been applied to the
forecasts. Thick lines correspond to median values, andlithés to+ one standard deviation.

the BTs when evaluating the short-range (first guess) feteauring the 12-hour assimilation window
against the clear-sky BTs from AMSU-A microwave sounderdoard sun-synchronous NOAA satel-
lites. The satellites have different twice-daily overp@ses, and the results are shown for two channels,
sensitive to temperature over broad atmospheric layertsdr600-1000 and 250—-600 hPa. Clearly,
NEW provides an improvement over CTL over most land regioitl persistent active convection, and
in particular in the middle to upper-troposphere where thavective heating is strongest. The improve-
ment of order 0.1 K is primarily a result of a reduction in thadofor the day-time overpasses. Itis small
in absolute values, but it is statistically significant, dras to be compared to the absolute rms error of
the 12-hour forecasts that does not exceed 0.3 K. The areadwgdtion in the short-range forecast errors
are consistent with the improvements in the diurnal cycénse the long integrations (Fi@).

5 Conclusions

An entraining CAPE-dependent diagnostic closure for tbhedlbase mass flux has been derived under
the assumption of free tropospheric quasi-equilibriunt thasubject to boundary-layer forcing. The
closure involves a convective adjustment time-saafer the free troposphere that is proportional to
the convective turnover time-scale, and a coupling coefficbetween the boundary-layer and the free
troposphere based on different time-scales over land atetrWaith this formulation, only at the end of
the lower tropospheric heating and moistening cycle is thieeeCAPE available to the convection.

The part of CAPE generation by boundary-layer heating thabt available for consumption by deep
convection motions is roughly proportional to the ratidimes the surface heat fluxes. Typical values
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Figure 9: Root mean square error differences in clear-skg B4) for July 2012 between NEW and CTL during the
12-hour window of the 4D-Var analysis, when evaluated agfahM SU-A microwave sounding channels on-board
NOAA sun-synchronous satellites. The channels are reptabee for different atmospheric layers: (a) and (b)
NOAA-18 and 19 channel 5 for the 500-1000 hPa layer, and (dYdhNOAA-18 and 19 channel 6 for the 250-600
hPa layer. The twice daily overpass times are 03 LST and 15&SVOAA-18, and 01:30 LST and 13:30 LST for
NOAA-19.

of 0 < a < 0.1 reproduce the current model version CTL, which producesraal cycle of convection
over land that peaks around local noon. The NEW closure uskeew ofa over land in the range
of 0.5 < a < 1. Itis a pragmatic approach based on simple scaling argismérhis closure might
numerically account for the gap between parcel theory (O/PH ensemble mean property (mass flux),
but equivalent numerical results might in principle alsmbéined with the aid of a (prognostic) plume
ensemble. We do not yet know if this closure and the paramateye fora indeed reflects the actual
physical coupling between the boundary-layer and the deeyection, e.g. by implicitly accounting for
the CIN/activation control where a shallow near-surfacating maximizes the effect on CIN, whereas
a deep tropospheric anomaly maximizes the effect on CAR&pés 200Q Parker 2002. It would

be interesting to perform, in the parametrization contexther analyses of the coupling between the
boundary-layer and the deep convection based on obsersaiimd data from CRM. But this clearly is
beyond our scope.

It has been shown through comparison with complementay stairces (e.g. radar data, and satellite
data from infrared imager and microwave sounders) that NE@Viges a fair representation of the
observed daytime evolution of convection over land, andeiases its variability and intensity due to
larger CAPE values in the afternoon. Furthermore, in NEWdhallow and congestus convection is
present during the morning and early afternoon, respdgtimile intense deep convection only sets in
near the end of the lower to mid-tropospheric heating andstaoing cycle. This is in agreement with
CRM data. The results are essentially independent of medelution and time step. However, the
current diagnostic formulation of convection with its di@gtic rain production is a limitation. We think
that a further shift of the maximum precipitation by 1-2 ouaright be obtained by (a) coupling the
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Figure 10: Infrared 10.8um satellite image over Europe on 5 June 2012 18 UTC from (apbtett 9 channel 9,
and from the 18-hour forecasts at n=1278(= 16 km) with (b) CTL, and (c) NEW. All images are at resolution
0.2°.

convection to the stratiform prognostic microphysics nayosia the condensate detrainment term, but
also via precipitating species, or (b) by using a more pretiadormulation of the convection.

A full verification and discussion of the impact of NEW on trengral model performance is beyond the
scope of the paper. As an illustrative example, Fif.shows at resolution.@° the observed 10/8m
infrared satellite image over Europe on 1 July 2012 and théhgyic forecast images from tme1279
(Ax=16 km) 18-hour forecasts. Indeed, NEW better represeatsithinly surface-driven convection over
the Balkans and the Atlas mountains, a situation that camdspiéntly observed during summer. But
compared to CTL it also improves for the strongly synopljcfdrced convection over central Europe,
where the timing of convection matters for the evolution luf mesoscale weather patterns. Further
verification (not shown) confirms that the overall model perfance, including the fit to wind data
from soundings and profilers is improved over the tropicatlleegions and the middle latitudes during
summer. Notably, at 18 LST near surface temperatures areaised by 0.2—0.5 K, and boundary-layer
wind turning is increased. NEW is planned to become the dipei version of the IFS in autumn 2013.

So far, there has been little discussion on the effect of NE&f the oceans. In these areas, the overall
synoptic impact can be described as largely neutral, imetuthe medium-range forecasts of tropical
cyclones and the representation of the Madden-Julianlaseil in seasonal integrations. However,
there is a positive impact on the representation of conrmeand the diurnal cycle in near-coastal areas.
Of particular concern in NWP is, for example, the inland adivoa of wintry showers forming over the
relatively warm sea. This is illustrated by Fifyl which shows the 24-hour precipitation accumulations
over the British Isles and the near European mainland on ®mber 2010 as observed from ground-
based radar along with the 24-hour forecasts for CTL and NEW m=1279. Nearly all precipitation
accumulated as snow on the ground, reached up to 20 cm andedmspnantly of the convective type.
Clearly, NEW reduces the unrealistically strong snowféding the coast by up to 50% compared to
CTL, and more realistically moves the convective snowfatimd, bringing up an extra of 10 cm snow
(Fig. 11d). This is possible even with a diagnostic formulation afieection as the moist unstable air is
advected inland, and the simulated convection is formdlatethat it is allowed to depart from elevated
layers. The main difference between NEW and CTL is the slawewrective adjustment, avoiding a
too strong large-scale response leading to coastal canveeg An improved version of CTL for this
particular case could also be obtained by increasing theective adjustment time. However, tests
showed that this would significantly degrade the generalahperformance, highlighting again the need
for a more flexible and dynamically-targeted formulatiorired convective adjustment in NWP.

Finally, concerning future higher-resolution upgradethefIFS, from the currem=1279 (16 km) oper-
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Figure 11: 24-hour precipitation accumulations (mm) for £é&@mber 2010 over the British Isles and near Euro-
pean mainland from (a) Radar observations on a 0.88d, and 24-hour n=12794x = 16 km) forecasts with (b)
CTL, (c) NEW, and (d) difference between NEW and CTL. Thectidués represented in (d) by the mean 500-850
hPa wind. NEW improves the RMSE against observations by 28paed to CTL.

ational resolution to the plannee3999 (5 km) resolution in 2020, we think that the convectiasure
described here will enable a smooth transition from parereet to resolved deep convection as there
is no longer a substantial discrepancy in the phase anddodag¢tween parametrized and resolved con-
vection. However, the intensity of the parametrized deepvection does not naturally diminish as
resolution increases. For reasons of forecast performdhee stronger stabilization with increasing
forcing), the current adjustment time scalén (12) converges to the convective turnover time-scale as
resolution increases. One possible way of achieving varggarametrized tendencies for deep convec-
tion at high resolution is to increase the resolution depanéactorf(n) in (12) to infinity from some
resolution onward, sag=2000 (10 km). By doing so, the so called 'small area appration’ in the
mass flux formulation is indirectly corrected for by a scgliand the shape of the convective profiles is
conserved. Instead, it might be necessary to recognizentiits bf the so called 'small area approxima-
tion” mare thoroughly, and replace the grid-mean valuesieéndomputation of CAPE or PCAPR)(by

the actual values in the environment.
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Entrainment and detrainment rates

A.1 Entrainment rates

Observations and CRMs show that mid-tropospheric reldtivmidity strongly controls the cloud top
heights (e.gDerbyshire et a).2004 Zhang and Klein 2010. A relative humidity (RH) dependent
entrainment parametrization is used that has been showeatmmably fit CRM datadé Rooy et al.
2013, and allows a realistic reproduction of the large-scaleveotively coupled waves in the tropics
(Bechtold et al.2008 Hirons et al, 2013h. The fractional updraft entrainment ra&P (m~1) for deep
convection is parametrized as

" Gsat(T) °
e e I G o) RS

wheregsa is the saturation specific humidity.

Entrainment above cloud base is applied to positively bonbganvection only. For shallow convection
the entrainment rates are increased by a factor of Efl, = 2E ., as also supported by CRM data.
The vertical scaling functiorfs in (A.1) is supposed to mimic the effects of a cloud ensemble and the
effect of the cloud diameter increasing with height. As theliag function strongly decreases with
height, the updraft detrainment rate (see below) will ewalty become larger than the entrainment rate,

and the mass flux starts to decrease with height.

Turbulent entrainment rates for the downdrafts are set tonatant value of % 10-*m~—1. Downdraft
organized entrainment is a function of buoyancy.

A.2 Detrainment rates

de Rooy et al(2013 showed that detrainment rates can exhibit even largeabidity than entrainment
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rates. A careful specification of detrainment rates is reagsto correctly simulate the moisture and
momentum budget near detraining regions such as the tragiesion and the tropopause.

Turbulent detrainment ratée—1) for deep convection are also assumed to be RH dependent

deep™ 5“'0(1.6— RH>: 5P =0.75x 104 m, (A-2)

whereas turbulent detrainment rates for shallow convecie set proportional to the entrainment rates

shal —

D.h Egﬁa(l.e— RH>. (A.3)

In addition, when the updraft becomes negatively buoyagarized detrainment is applied. It is esti-
mated by equating the decrease in updraft vertical kinet@rgy at the top of the cloud to the decrease
in mass flux with height.

Downdraft turbulent detrainments are set equal to the doafhdntrainment rates, while organized de-
trainment is enforced over the lowest 50 hPa.
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