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​Abstract.​ ​Tropical​ ​anvil​ ​cloud​ ​life​ ​cycle​ ​remains​ ​a​ ​strong​ ​source​ ​of​ ​uncertainty​ ​in​ ​our​
​understanding​ ​of​ ​the​ ​ice​ ​cloud​ ​climate​ ​feedback.​ ​From​ ​an​ ​object-oriented​ ​perspective,​ ​the​
​anvil​ ​cloud​ ​shield​ ​of​ ​convective​ ​systems​ ​exhibits​ ​a​ ​well​ ​documented​ ​growth​ ​and​ ​a​ ​decay​
​phase.​ ​This​ ​study​ ​focuses​ ​on​ ​the​ ​less​ ​understood​ ​processes​ ​at​ ​play​ ​in​ ​the​ ​growing​ ​phase.​
​Radiative​​convective​​equilibrium​​(RCE)​​numerical​​experiments​​from​​km-scale​​models​​and​​a​
​cloud​​tracking​​algorithm​​are​​used​​together​​with​​an​​analytical​​budget​​equation​​to​​decipher​​the​
​various​​contributions​​to​​the​​anvil​​area​​growth​​rate.​​It​​is​​first​​shown​​that​​anvil​​growth​​rates​​in​
​the​ ​RCE​ ​simulations​ ​are​ ​consistent​ ​with​ ​satellite​ ​observations-derived​ ​anvil​ ​properties,​
​confirming​ ​the​ ​fitness​ ​for​ ​purpose​ ​of​ ​these​ ​simulations.​ ​Then,​ ​the​ ​Minimal​ ​ANvil​ ​growTh​
​Analytic​​(MANTA)​​model​​for​​anvil​​growth​​rate​​is​​introduced.​​It​​links​​the​​growth​​rate​​to​​the​
​detrainment​ ​of​ ​cloudy​​air​​and​​a​​simple​​cloud​​sink.​​The​​minimal​​model​​is​​shown​​to​​perform​
​very​​well​​in​​explaining​​the​​simulated​​growth​​rates.​​Following​​a​​mechanism​​denial​​approach,​
​the​ ​minimal​ ​model​ ​shows​ ​that​ ​both​ ​the​ ​convective​ ​and​ ​non​ ​convective,​ ​i.e.​ ​mesoscale,​
​vertical​​motions,​​have​​to​​be​​considered​​to​​predict​​the​​correct​​growth​​rate.​​The​​growth​​rate​​is​
​balanced​​by​​a​​source​​term​​due​​to​​overall​​detrainment,​​which​​is​​three​​to​​four​​times​​larger​​than​
​the​ ​sink​ ​term,​ ​depending​ ​on​ ​the​ ​km-scale​ ​model​ ​used.​ ​These​ ​relative​ ​contributions​ ​are​
​furthermore​ ​shown​ ​to​ ​be​ ​constant​ ​across​ ​the​ ​whole​ ​range​ ​of​ ​growth​ ​rates​ ​for​ ​all​ ​of​ ​the​
​simulations.​
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​Introduction​

​Cirrus​ ​clouds​ ​over​​the​​tropical​​belt​​are​​important​​to​​the​​Earth​​radiation​​budget​​by​​reflecting​
​part​ ​of​ ​the​ ​incoming​ ​shortwave​​radiation​​and​​by​​absorbing​​longwave​​radiation​​(Stephens​​et​
​al.,​​2024)​​.​​The​​thicker​​cirrus​​are​​thought​​to​​have​​a​​cooling​​to​​neutral​​effect​​on​​the​​top​​of​​the​
​atmosphere​​radiative​​budget​​while​​thinner​​cirrus​​have​​a​​net​​warming​​effect​​(Gasparini​​et​​al.,​
​2025)​​.​ ​These​ ​ice​ ​clouds​ ​can​ ​be​ ​related​ ​to​​in-situ​​formation​​processes​​or​​to​​deep​​convective​
​origin​ ​(Mu​ ​et​ ​al.,​ ​2025)​​.​ ​The​ ​latter​ ​are​ ​often​ ​termed​ ​anvil​ ​cirrus.​ ​The​ ​climatology​ ​of​​anvil​
​cirrus​ ​exhibits​ ​a​ ​top-heavy​ ​vertical​ ​profile​ ​with​ ​a​ ​peak​ ​in​ ​the​ ​upper​ ​troposphere​ ​where​ ​the​
​maximum​ ​convective​ ​detrainment​ ​occurs​ ​(Stephens​ ​et​ ​al.,​ ​2008)​​.​ ​Anvil​ ​cirrus​ ​results​ ​from​
​deep​ ​convection​ ​that​ ​first​ ​detrains​ ​cloudy​ ​air​ ​in​ ​the​ ​upper​ ​troposphere​ ​where​ ​the​ ​cloud​
​material​ ​then​ ​spreads​ ​and​ ​eventually​ ​dissipates.​ ​This​ ​anvil​ ​life​ ​cycle​ ​is​ ​accompanied​ ​by​
​changes​ ​of​​the​​cloud​​radiative​​properties​​and​​has​​been​​identified​​as​​an​​important​​element​​of​
​the​ ​overall​ ​tropical​ ​high​ ​cloud​ ​effect​ ​on​ ​the​ ​radiative​ ​budget​ ​of​ ​the​ ​tropics​ ​(Hartmann​ ​and​
​Berry, 2017; Lutsko et al., 2026)​​.​

​Anvil​ ​cloud​ ​life​ ​cycle​ ​can​ ​be​ ​apprehended​ ​following​ ​an​ ​object-oriented​ ​approach​ ​by​
​considering​ ​individual​ ​cloud​​systems.​​In​​such​​cloud​​systems,​​anvil​​cloud​​corresponds​​to​​the​
​cumulonimbus​ ​incus​ ​directly​ ​attached​ ​to​ ​deep​ ​convection​ ​(Hartmann​ ​et​ ​al.,​ ​2018;​ ​Houze,​
​1993)​​.​ ​Using​ ​a​ ​view-from-above​ ​geometry,​​readily​​available​​from​​a​​meteorological​​satellite​
​perspective,​​the​​cloud​​systems​​appear​​as​​individual​​cloud​​clusters.​​We​​refer​​to​​these​​clusters​
​as​​the​​cloud​​shield​​of​​deep​​convective​​systems​​(DCS)​​(Houze,​​2004)​​.​​The​​DCS​​cloud​​shield​
​is​ ​usually​​delineated​​using​​thermal​​infrared​​imagery.​​In​​terms​​of​​brightness​​temperature,​​the​
​cluster​​appears​​as​​a​​cold​​structure​​with​​a​​very​​cold​​core​​surrounded​​by​​a​​slightly​​warmer​​area​
​(Maddox,​​1980)​​.​​In​​the​​coldest​​part,​​deep​​convection​​is​​active​​and​​ice​​loading​​is​​high,​​and​​the​
​column​​acts​​as​​a​​black​​body​​from​​which​​upwelling​​infrared​​radiation​​emanates​​near​​cloud​​top​
​at​ ​upper​ ​tropospheric​ ​temperatures.​ ​The​ ​warmer​ ​part​ ​corresponds​ ​to​ ​the​ ​anvil​​and​​it​​is​​less​
​optically​ ​thick​ ​than​ ​the​ ​convective​ ​part​ ​and​ ​slightly​ ​departs​ ​from​ ​the​ ​black​ ​body.​ ​The​
​upwelling​ ​radiation​ ​hence​ ​combines​ ​emission​ ​from​ ​the​ ​cloud​ ​top​ ​temperature​ ​and​
​contribution​ ​from​ ​lower​ ​level​ ​in​ ​the​ ​troposphere,​ ​resulting​ ​in​ ​a​ ​warmer​ ​brightness​
​temperature​ ​(Roca​ ​and​ ​Ramanathan,​ ​2000)​​.​ ​The​ ​detection​​of​​the​​thinner​​part​​of​​the​​anvil​​is​
​hence​​difficult​​due​​to​​the​​possible​​influence​​of​​underlying​​low​​level​​cloud​​features​​(Bouniol​
​et​ ​al.,​ ​2016)​​.​ ​To​ ​prevent​ ​misassociation,​ ​the​ ​DCS​ ​cloud​​shields​​are​​usually​​restricted​​to​​the​
​thicker​​part​​of​​the​​anvil​​(IWP​​>​​200-300​​g​​m-2),​​where​​the​​attribution​​is​​unambiguous,​​using​
​cold​​thresholds​​in​​the​​infrared​​imagery​​(Fiolleau​​and​​Roca,​​2013)​​.​​These​​cloud​​shields​​span​​a​
​large​ ​spectrum​ ​of​ ​spatial​ ​extension,​ ​duration​ ​and​ ​morphology​ ​(Fiolleau​ ​and​ ​Roca,​ ​2024)​​.​
​Despite​ ​complex​ ​internal​ ​dynamical​ ​and​ ​microphysical​​processes​​coupling​​deep​​convection​
​to​​the​​system’s​​cloud​​shield,​​the​​life​​cycle​​of​​the​​resulting​​cloud​​shield​​is​​characterized​​by​​a​
​simple​ ​pattern,​ ​consisting​ ​of​ ​a​ ​growing​ ​and​ ​a​ ​decaying​ ​phase,​ ​where​ ​the​ ​area​​of​​the​​shield​
​first grows and then shrinks linearly​​(Roca et al., 2017)​​.​

​The​​decaying​​phase​​of​​the​​cloud​​shield​​starts​​when​​the​​dissipation​​term​​dominates​​the​​cloud​
​production​​budget.​​Using​​a​​satellite​​observation​​informed​​source-sink​​model,​​Elsaesser​​et​​al.,​
​(2022)​​estimated​​that​​the​​individual​​thick​​anvil​​cloud​​shield​​starts​​shrinking​​when​​the​​fraction​
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​of​​active​​convection​​is​​less​​than​​15%​​of​​the​​anvil​​cluster.​​The​​processes​​controlling​​the​​cloud​
​sink​ ​and​ ​its​ ​lifetime​ ​parameter​ ​that​ ​dominates​ ​the​ ​decaying​ ​phase​ ​have​ ​been​ ​extensively​
​investigated.​ ​Lilly​ ​(1988)​ ​introduced​ ​a​ ​two​ ​stage​ ​model​ ​of​ ​anvil​ ​cirrus​ ​extension​ ​and​
​dissipation.​ ​The​ ​first​ ​stage​ ​is​ ​short​ ​and​ ​concerns​ ​the​ ​spreading​ ​and​ ​thinning​ ​of​​buoyant​​air​
​from​ ​convection​ ​into​​a​​stable​​upper​​tropospheric​​layer.​​The​​following​​stage​​lasts​​longer​​and​
​relates​ ​the​​anvil​​cirrus​​layer​​to​​a​​radiative​​convective​​mixed​​layer​​driven​​by​​vertical​​heating​
​gradients.​​Precipitation​​(or​​sedimentation)​​and​​microphysical​​processes​​are​​also​​important​​to​
​the​ ​decay​ ​time​ ​of​ ​the​ ​anvil​​(Gasparini​​et​​al.,​​2023a)​​.​​Microphysics​​can​​act​​both​​as​​a​​source​
​(growth/deposition,​ ​nucleation​ ​by​ ​turbulent​ ​mixing​ ​)​ ​or​ ​a​ ​sink​ ​(sublimation)​ ​of​ ​anvil​ ​ice​
​(Seeley​ ​et​ ​al.,​ ​2019)​​.​ ​The​ ​vertical​ ​heating​ ​gradient​ ​in​ ​the​ ​anvil​ ​layer​ ​not​ ​only​ ​favors​
​convective​ ​instability​ ​(Ackerman​ ​et​ ​al.,​ ​1988)​ ​but​​also​​gives​​rise​​to​​a​​mesoscale​​lifting​​that​
​contributes to sustain the anvil life cycle​​(Hartmann​​et al., 2018; Wall et al., 2020)​​.​

​While​​the​​suite​​of​​processes​​involved​​in​​the​​dissipation​​phase​​of​​anvil​​cloud​​is​​well​​identified,​
​comparatively,​​much​​less​​is​​known​​about​​the​​processes​​involved​​in​​the​​growing​​phase​​of​​the​
​cloud​ ​shield​ ​despite​ ​its​ ​importance​ ​in​ ​actually​ ​setting​ ​the​ ​initial​ ​condition​ ​for​​the​​decaying​
​phase​​and​​consequently​​for​​the​​thick​​anvil​​cloudiness​​as​​a​​whole.​​In​​the​​growing​​phase,​​cloud​
​production​​is​​larger​​than​​the​​dissipation​​term.​​In​​this​​phase,​​the​​role​​of​​the​​latent​​heating​​due​
​to​ ​convective​ ​precipitation​ ​to​ ​the​ ​heat​ ​budget​ ​of​ ​the​ ​anvil​ ​is​ ​overwhelming​ ​and​ ​radiative​
​heating​ ​is​ ​often​ ​neglected​ ​(Houze​ ​1982;​ ​Houze​ ​2004)​​.​ ​Similarly,​ ​transport​ ​by​ ​narrow​
​convective​ ​updrafts​ ​or​ ​convective​ ​cores​ ​is​ ​expected​ ​to​ ​be​​the​​dominant​​source​​of​​detrained​
​cloud​ ​materials​ ​(Beydoun​ ​et​ ​al.,​ ​2021;​ ​Elsaesser​​et​​al.,​​2022;​​Gasparini​​et​​al.,​​2019,​​2023b;​
​Lilly, 1988; Lutsko et al., 2026; Seeley et al., 2019; Takahashi et al., 2017)​​.​

​In​ ​this​ ​paper,​ ​we​ ​show​ ​that​ ​this​ ​convective-centric​ ​view​ ​is​ ​too​ ​restrictive​ ​and​ ​that​ ​the​
​detrainment​ ​from​ ​the​ ​full​ ​spectrum​ ​of​ ​vertical​ ​motions,​ ​including​ ​the​ ​non-convective,​
​mesoscale​ ​circulation,​ ​internal​ ​to​ ​the​ ​anvil,​ ​needs​ ​to​ ​be​ ​accounted​ ​for​ ​to​ ​fully​ ​describe​​the​
​growth​​rate​​during​​the​​growing​​phase​​of​​the​​anvil​​cloud​​shield.​​This​​result​​is​​achieved​​using​​a​
​simple​​analytical​​model,​​the​​Minimal​​ANvil​​growTh​​Analytic​​(MANTA)​​model,​​to​​provide​​a​
​physically​​transparent​​interpretation​​of​​the​​results​​of​​radiative–convective​​equilibrium​​(RCE)​
​numerical​​simulations​​which​​are​​used​​in​​combination​​with​​a​​cloud-tracking​​algorithm.​​First,​
​the​ ​MANTA​ ​model​ ​is​ ​used​ ​to​ ​quantify​ ​the​ ​relative​ ​contribution​ ​of​ ​convective​ ​scale​ ​and​
​mesoscale​ ​to​ ​the​ ​anvil​ ​growth​ ​rate.​ ​Second,​ ​it​ ​is​ ​used​ ​to​ ​perform​ ​mechanism-denial​
​experiments​ ​that​ ​reveal​ ​the​ ​role​ ​of​ ​the​ ​non-convective​ ​detrainment​ ​to​ ​the​ ​anvil​ ​cloud​
​production.​

​Our​ ​study​ ​uses​ ​numerical​ ​simulations​ ​that​ ​follow​ ​the​ ​protocol​​of​​the​​Radiative–Convective​
​Equilibrium​​Model​​Intercomparison​​Project​​(Wing​​et​​al.,​​2018)​​.​​Such​​an​​idealized​​framework​
​is​ ​an​ ​important​ ​component​ ​of​ ​the​ ​hierarchical​ ​modeling​ ​approach,​ ​which​ ​has​ ​proven​
​particularly​ ​valuable​ ​for​ ​understanding​ ​climate​ ​processes​ ​and​ ​their​ ​underlying​ ​mechanisms​
​(Maher​​et​​al.,​​2019)​​.​​In​​addition​​to​​previous​​bulk​​analyses​​of​​convection–climate​​interactions​
​in​ ​these​ ​simulations​ ​(Wing​ ​et​ ​al.,​ ​2020)​​,​ ​we​ ​here​ ​perform​ ​statistical​ ​analysis​ ​of​​the​​growth​
​phase​ ​from​ ​a​ ​large​ ​number​ ​of​ ​individual​ ​convective​ ​systems​ ​obtained​ ​by​ ​a​ ​cloud-tracking​
​algorithm​ ​applied​ ​to​ ​25​ ​days​ ​of​ ​simulations.​ ​Process-oriented​ ​analysis​ ​of​ ​thousands​ ​of​
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​individual​ ​systems​ ​is​ ​complementing​ ​previous​ ​studies​ ​that​ ​have​ ​primarily​ ​relied​ ​on​ ​more​
​classical​ ​single​ ​convective​ ​system​ ​case-study​ ​approaches.​ ​Furthermore,​ ​three​ ​different​
​kilometer​ ​scale​ ​models​ ​are​ ​used​ ​to​ ​account​ ​for​ ​uncertainties​ ​and​ ​diversity​ ​in​ ​the​
​representation​ ​of​​microphysical​​processes,​​which​​have​​been​​shown​​to​​strongly​​influence​​the​
​life cycle and properties of anvil clouds​​(Fan et​​al., 2017; Hartmann et al., 2018)​​.​

​The​ ​paper​ ​is​ ​structured​ ​as​ ​follows.​ ​Section​ ​2​ ​provides​ ​a​ ​detailed​ ​description​ ​of​ ​the​
​simulations​ ​and​ ​their​ ​processing​ ​using​ ​the​ ​cloud-tracking​ ​algorithm.​ ​The​ ​simulated​ ​growth​
​rates​ ​are​ ​then​ ​compared​ ​against​ ​satellite​ ​observations.​ ​Section​ ​3​ ​introduces​ ​the​ ​MANTA​
​model​ ​and​ ​its​ ​application​ ​to​ ​the​ ​analysis​ ​of​ ​simulated​ ​cloud​ ​growth​ ​rates.​ ​The​ ​sensitivity​
​experiments​ ​are​ ​also​ ​presented​ ​in​ ​this​ ​section.​​Finally,​​Section​​4​​discusses​​the​​results​​and​​a​
​conclusion and outlook section ends the paper.​

​Data​

​The RCEMIP setup and the simulations​

​The​​simulations​​used​​here​​are​​following​​the​​RCEMIP​​protocol​​for​​a​​Cloud​​Resolving​​Model​
​with​ ​a​ ​300K​ ​SST​ ​(Wing​ ​et​ ​al.,​ ​2018)​​.​ ​All​ ​integrations​ ​are​ ​performed​ ​as​ ​per​ ​the​ ​original​
​protocol​ ​but​ ​with​ ​a​ ​specific​ ​output​ ​frequency​ ​of​ ​30​ ​min​ ​instead​ ​of​ ​1-3h​ ​and​ ​the​ ​use​ ​of​
​instantaneous​ ​fields​ ​to​​accommodate​​the​​cloud​​tracking​​algorithm.​​The​​integration​​lasts​​100​
​days​​and​​the​​last​​25​​days​​only​​are​​used​​and​​analyzed​​here​​to​​remove​​spin-up​​effects​​(Wing​​et​
​al., 2020)​​.​

​The​ ​cloud-resolving​ ​model​ ​System​ ​for​ ​Atmospheric​ ​Modeling​ ​(SAM)​ ​is​ ​used​
​(Khairoutdinov​ ​and​ ​Randall,​ ​2003)​​,​ ​using​ ​the​ ​same​ ​version​​(6.11.2)​​and​​settings​​as​​the​​one​
​that​​participated​​in​​the​​original​​RCEMIP​​exercise.​​In​​particular,​​we​​used​​the​​Rapid​​Radiative​
​Transfer​ ​Model​ ​(Mlawer​ ​et​ ​al.,​ ​1997)​ ​for​ ​radiation,​ ​the​ ​MPDATA​ ​advection​ ​scheme,​ ​the​
​default​ ​SAM1MOM​​one​​moment​​microphysical​​scheme,​​and​​the​​TKE​​subgrid-scale​​closure​
​(stationary​ ​Smagorinsky​ ​scheme).​ ​The​ ​model​ ​SAM​ ​solves​ ​the​ ​anelastic​ ​conservation​
​equations​ ​for​ ​momentum,​ ​mass,​ ​energy,​ ​and​ ​water,​ ​which​ ​is​ ​present​ ​in​ ​the​ ​model​ ​in​ ​six​
​species​​(water​​vapor,​​cloud​​liquid,​​cloud​​ice,​​rain,​​snow​​and​​graupel).​​The​​upper​​third​​of​​the​
​domain​ ​(18-27​ ​km)​ ​has​ ​a​ ​sponge​ ​layer​ ​to​ ​absorb​ ​gravity​ ​waves,​ ​which​ ​would​ ​otherwise​
​unrealistically​ ​fill​ ​our​ ​doubly-periodic​ ​domain.​ ​The​ ​grid​ ​spacing​​is​​3​​km​​in​​both​​horizontal​
​directions,​ ​and​ ​increases​ ​with​ ​height,​ ​starting​ ​at​ ​a​ ​few​ ​tens​ ​of​ ​meters​ ​in​ ​the​ ​planetary​
​boundary layer, and increasing to 500 m in the mid and upper troposphere.​

​Meso-NH​ ​(MNH​ ​thereafter)​ ​version​ ​5.4.2​ ​(Lac​ ​et​​al.,​​2018)​​employs​​the​​anelastic​​equation​
​set​ ​on​ ​a​ ​fully​ ​staggered​ ​Cartesian​ ​Arakawa-C​ ​grid.​ ​The​ ​dynamics​ ​packages​ ​include​ ​a​
​4th-order​ ​centered​ ​advection​ ​scheme​ ​for​ ​momentum​ ​variables​ ​and​ ​a​ ​piecewise​ ​parabolic​
​method​​scheme​​for​​other​​variables.​​The​​physics​​packages​​include​​the​​two-stream​​scheme​​for​
​shortwave​​radiation​​(Fouquart,​​Y.​​and​​Bonnel,​​B.,​​1980)​​,​​the​​Rapid​​Radiative​​Transfer​​Model​
​(Mlawer​ ​et​ ​al.,​ ​1997)​ ​for​ ​longwave​ ​radiation,​ ​the​​1.5​​order​​closure​​turbulent​​kinetic​​energy​
​scheme​​(Cuxart​​et​​al.,​​2000)​​with​​a​​mixing​​length​​parameterisation​​(Bougeault​​and​​Lacarrere,​
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​1989)​​,​ ​the​ ​single-moment​ ​mixed​ ​microphysics​ ​scheme​ ​(Pinty,​ ​J.-P.​ ​and​ ​P.​ ​Jabouille,​​1998)​​,​
​and​​an​​eddy​​diffusivity​​mass​​flux​​scheme​​for​​shallow​​convection​​(Pergaud​​et​​al.,​​2009)​​.​​The​
​horizontal​​grid​​spacing​​is​​3​​km.​​The​​model​​top​​is​​at​​33​​km​​with​​76​​vertical​​levels​​spaced​​500​
​m​​apart​​above​​3​​km.​​This​​is​​the​​same​​version​​of​​the​​model​​as​​the​​one​​that​​participated​​in​​the​
​original RCEMIP exercise.​

​The​ ​third​ ​model​ ​is​ ​the​ ​new​ ​ICOsahedral​ ​Nonhydrostatic​ ​(ICON)​ ​model​ ​in​ ​its​ ​Sapphire​
​configuration​​(Hohenegger​​et​​al.,​​2023)​​,​​based​​on​​the​​ICON​​model​​version​​2.6.5.​​The​​model​
​solves​ ​the​ ​nonhydrostatic​ ​version​ ​of​ ​the​ ​Navier-Stokes​ ​equations​ ​together​ ​with​ ​the​
​conservation​ ​laws​ ​for​ ​mass​ ​and​ ​energy.​ ​The​ ​equations​ ​are​ ​discretized​ ​on​ ​an​
​icosahedral-triangular​​C-grid.​​The​​Sapphire​​configuration​​only​​retains​​a​​parameterization​​for​
​radiation,​ ​using​ ​the​ ​Radiative​ ​Transfer​ ​for​ ​Energetics​ ​RRTM​ ​for​​General​​circulation​​model​
​applications-Parallel​​(RTE-RRTMGP)​​scheme​​(Pincus​​et​​al.,​​2019)​​,​​and​​for​​turbulence,​​using​
​the​​Smagorinsky​​scheme​​(Lilly,​​1962;​​Smagorinsky,​​1963)​​,​​and​​for​​microphysics​​(Baldauf​​et​
​al.,​ ​2011)​ ​a​ ​one-moment​ ​scheme​ ​predicting​ ​water​ ​vapor,​ ​cloud​​water,​​rain,​​cloud​​ice,​​snow​
​and​​graupel.​​A​​Rayleigh​​damping​​layer​​is​​used​​above​​22.5​​km​​with​​a​​Rayleigh​​coefficient​​of​
​0.1​​s-1.​​The​​horizontal​​grid​​spacing​​is​​3​​km.​​We​​use​​75​​stretched​​vertical​​levels​​with​​a​​model​
​top at 33 km.​

​Identification of individual convective system cloud shield​

​The TOOCAN algorithm​
​The​ ​TOOCAN​ ​algorithm​ ​identifies​ ​and​ ​tracks​ ​DCSs​ ​from​ ​thermal​ ​infrared​ ​brightness​
​temperature​ ​(BT)​ ​fields​ ​using​ ​a​ ​three-dimensional​ ​spatio-temporal​ ​segmentation​ ​(Fiolleau​
​and​ ​Roca,​​2013)​​.​​This​​framework​​enables​​a​​consistent​​characterization​​of​​the​​full​​life​​cycle,​
​spatial​​extent,​​and​​cloud-top​​properties​​of​​individual​​convective​​systems.​​It​​is​​free​​of​​split​​and​
​merge​ ​artefacts​ ​and​ ​was​ ​shown​ ​to​ ​provide​ ​a​ ​physically​ ​consistent​ ​life​ ​cycle​ ​of​ ​the​ ​cloud​
​shield​ ​of​ ​DCS​ ​(Elsaesser​ ​et​​al.,​​2022;​​Roca​​et​​al.,​​2017)​​.​​Although​​originally​​developed​​for​
​satellite​ ​observations,​ ​TOOCAN​ ​was​​here​​adapted​​for​​use​​with​​simulated​​convection​​fields.​
​DCS​​identification​​proceeds​​iteratively​​from​​190​​K​​to​​235​​K​​in​​2​​K​​steps.​​At​​each​​step,​​seeds​
​detected​ ​at​ ​the​ ​current​ ​threshold,​ ​if​ ​any,​​are​​spread​​to​​neighboring​​pixels​​up​​to​​2​​K​​warmer​
​using​ ​a​ ​10-connected​ ​spatio-temporal​ ​operator.​​This​​detect-and-spread​​operation​​is​​repeated​
​at​​each​​successive​​threshold​​until​​235​​K​​is​​reached,​​which​​defines​​the​​outer​​edge​​of​​the​​DCS​
​cloud​​shield.​​Convective​​pixels​​that​​do​​not​​satisfy​​the​​minimum​​tracking​​criteria,​​in​​terms​​of​
​spatial​ ​contiguity​ ​or​ ​temporal​ ​persistence,​ ​remain​ ​unclassified​ ​and​ ​are​ ​excluded​ ​from​ ​the​
​DCS​​population.​​Following​​Roca​​et​​al.,​​(2017)​​,​​the​​systems​​are​​partitioned​​into​​two​​classes:​
​short-lived​ ​systems,​ ​under​ ​2.5​ ​hours​ ​for​ ​which​ ​no​ ​life​ ​cycle​ ​can​ ​be​ ​extracted​ ​at​ ​the​ ​30​
​minutes​ ​resolution,​​and​​longer-lived​​systems.​​In​​this​​work​​only​​the​​longer-lived​​systems​​are​
​considered.​
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​Satellite observations​

​The​ ​TOOCAN​ ​database​ ​(Fiolleau​ ​and​ ​Roca,​ ​2024)​ ​is​​used​​to​​evaluate​​the​​simulations.​​The​
​database​ ​relies​ ​on​ ​geostationary​ ​satellite​ ​thermal​ ​infrared​ ​observations​ ​over​ ​the​ ​2012-2020​
​period.​ ​Satellite​ ​BTs​ ​are​ ​intercalibrated​ ​and​ ​corrected​ ​for​ ​zenith​ ​angle–dependent​ ​limb​
​cooling,​ ​which​ ​artificially​ ​reduces​​brightness​​temperatures​​at​​large​​viewing​​angles​​(Fiolleau​
​et​​al.,​​2020)​​.​​This​​correction​​removes​​geometry-induced​​biases​​in​​cloud-top​​temperatures​​and​
​ensures​ ​consistency​ ​with​ ​model-based​​diagnostics.​​A​​30​​minute​​time​​step​​is​​used​​to​​run​​the​
​TOOCAN algorithm and to compute the DCS’s duration and maximum extension.​

​Simulation outputs​

​OLR​ ​from​ ​the​ ​simulations​ ​is​ ​first​ ​converted​ ​into​ ​BT​ ​in​ ​the​ ​geostationary​ ​window​ ​channel​
​using​ ​the​ ​Meteosat-5​ ​spectral​ ​response​ ​to​ ​mimic​ ​the​ ​observations.​ ​For​ ​realistic​​simulations​
​such​​conversion​​relies​​on​​an​​observed​​relationship​​(Feng​​et​​al.,​​2025)​​but​​for​​the​​current​​RCE​
​set​​ups​​the​​relationship​​has​​to​​be​​reevaluated.​​The​​procedure​​consists​​of​​using​​a​​subset​​of​​the​
​simulations​ ​and​ ​the​ ​RTTOV-13​ ​radiative​ ​transfer​ ​model​ ​(Geer​ ​et​ ​al.,​​2021;​​Saunders​​et​​al.,​
​2018)​ ​and​ ​regressing​ ​the​ ​OLR​ ​onto​ ​the​ ​Meteosat-5​ ​simulated​ ​brightness​ ​temperature​ ​as​
​detailed​ ​in​ ​Bolot​ ​et​ ​al.​ ​(2025)​ ​for​ ​the​ ​SAM​​simulations.​​Here​​the​​same​​procedure​​has​​been​
​performed​ ​independently​ ​for​ ​MNH​ ​and​ ​ICON​ ​simulations.​ ​The​ ​TOOCAN​ ​algorithm​ ​is​
​applied​ ​to​ ​simulation​ ​outputs​ ​at​ ​30-minute​ ​temporal​ ​resolution​ ​consistent​ ​with​ ​the​ ​satellite​
​observed​​database.​​The​​doubly​​periodic​​domain,​​and​​cyclic​​boundary​​conditions​​are​​carefully​
​handled​​by​​replicating​​the​​simulations​​and​​building​​a​​larger​​field​​ensuring​​continuity​​of​​DCS​
​cloud​ ​shields​ ​across​​domain​​edges​​and​​avoiding​​artificial​​fragmentation​​or​​double​​counting.​
​As​ ​for​ ​the​ ​observational​ ​analysis,​ ​the​ ​threshold​ ​of​​235K​​is​​used​​to​​delineate​​the​​thick​​anvil​
​cloudiness and the edges of the cloud shield.​

​Model​

​Total thick anvil​
​(BT<235K)​ ​Unclassified​ ​Short lived​ ​DCS​

​Coverage​
​(% of total # of pixels)​ ​Contribution to  coverage​ ​Contribution to  coverage​ ​Contribution to  coverage​

​SAM​ ​3.2 %​ ​14.3 %​ ​0.1 %​ ​85.6 %​

​MNH​ ​4.8 %​ ​4.0 %​ ​< 0.1 %​ ​96.0 %​

​ICON​ ​4.4 %​ ​18.4 %​ ​0​ ​81.6 %​

​Table​​1:​​Statistics​​of​​thick​​anvil​​coverage​​and​​its​​repartition​​across​​the​​three​​classes​​for​
​the three simulations.​

​The​​total​​thick​​anvil​​area​​covers​​around​​4%​​of​​the​​simulated​​domain​​during​​the​​analyzed​​25​
​days.​ ​Analyzing​ ​the​​idealized​​simulations​​using​​the​​cloud​​tracking​​algorithm​​further​​reveals​
​that​​most​​of​​the​​thick​​anvil​​cloudiness​​(>80%)​​is​​indeed​​associated​​with​​DCSs​​(Table​​1).​​This​
​indicates​ ​that​ ​a​ ​large​ ​fraction​ ​of​ ​the​ ​thick​ ​anvil​ ​in​ ​the​ ​idealized​ ​simulations​ ​results​ ​from​
​convective​ ​systems​ ​and​ ​not​ ​“pop​ ​corn”​ ​or​ ​unorganized​ ​convection.​ ​The​ ​statistics​ ​of​ ​the​
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​morphology​ ​of​ ​the​ ​DCS​ ​cloud​ ​shields​ ​are​ ​illustrated​ ​in​ ​Figure​​1.​​The​​three​​simulations​​are​
​populated​​with​​systems​​with​​similarly​​distributed​​growth​​phase​​durations​​with​​a​​mode​​around​
​2h​ ​and​ ​a​ ​tail​ ​up​ ​to​ ​8h.​ ​MNH​ ​exhibits​ ​more​ ​frequently​ ​longer​ ​lasting​ ​systems​ ​than​​the​​two​
​other​ ​models.​ ​The​ ​most​ ​frequent​ ​systems​ ​are​ ​rather​ ​small​ ​between​ ​800​ ​and​​1500km​​2​ ​up​​to​
​10​​4​​km​​2​​and​​ICON​​slightly​​under-represents​​the​​largest​​systems​​(A​​max​​>​​4000km​​2​​)​​compared​​to​
​the​ ​other​ ​models​ ​and​ ​over-estimates​ ​the​ ​frequency​ ​of​ ​mid-sized​ ​systems​ ​with​ ​A​​max​ ​around​
​1500km2.​

​Figure​ ​1:​ ​The​ ​left​ ​panel​ ​shows​ ​the​ ​probability​ ​density​ ​function​ ​of​ ​the​ ​duration​ ​of​ ​the​
​growing​​phase​​of​​systems,​​the​​middle​​panel​​the​​maximum​​extension​​of​​the​​DCS​​during​
​its life cycle and the right panel the growth rate in the growth phase.​

​In​ ​particular,​ ​large​ ​growth​ ​rates​ ​are​ ​much​ ​less​ ​frequent​ ​in​ ​ICON​ ​compared​ ​to​ ​the​ ​other​
​models,​​consistent​​with​​a​​limited​​ability​​to​​reach​​large​​shield​​extensions​​possibly​​because​​of​
​limited​​convective​​organization.​​Possible​​reasons​​for​​this​​feature​​relate​​to​​deficiencies​​in​​the​
​simulated​ ​relationship​ ​between​ ​convective​ ​organization​ ​and​ ​the​ ​environment​ ​(Wang​ ​et​ ​al.,​
​2026)​​.​ ​More​ ​specifically​ ​it​​could​​also​​relate​​to​​a​​deficient​​coupling​​between​​convection​​and​
​humidity​ ​shown​ ​to​​control​​convective​​organization​​in​​some​​km​​scale​​simulations​​(Takasuka​
​et​ ​al.,​ ​2024,​ ​2026)​​.​ ​More​ ​advanced​ ​microphysics​ ​has​ ​also​ ​been​ ​shown​ ​to​ ​improve​ ​the​
​convective​ ​organization​ ​compared​ ​to​ ​the​ ​simple​​scheme​​used​​in​​this​​version​​(Waman​​et​​al.,​
​2026)​​.​

​Evaluation​ ​of​ ​the​ ​simulated​ ​instantaneous​ ​growth​ ​rate​ ​against​ ​satellite​
​observations​

​Current​ ​km-scale​ ​climate​​models,​​when​​run​​in​​realistic​​configurations​​(Stevens​​et​​al.​​2019),​
​reproduce​ ​distributions​ ​of​ ​the​ ​duration​ ​and​ ​maximum​ ​extent​ ​of​ ​DCS​ ​cloud​ ​shields​ ​that​
​compare​​well​​with​​concurrent​​satellite​​observations​​in​​the​​tropics​​(Prein​​et​​al.​​2024;​​Feng​​et​
​al.​​2025).​​The​​life​​cycle​​of​​the​​DCS​​cloud​​shield​​is​​also​​reasonably​​well​​represented​​in​​these​
​simulations​ ​(Abramian​ ​et​ ​al.​ ​2025).​​The​​RCE​​experiments​​used​​here​​are,​​however,​​strongly​
​idealized,​ ​with​ ​a​ ​homogeneous​ ​surface​ ​temperature,​ ​channel​ ​geometry,​ ​no​ ​rotation,​ ​and​ ​no​
​diurnal​ ​cycle,​ ​and​ ​differ​ ​substantially​ ​from​ ​these​ ​realistic​ ​simulations.​ ​This​ ​idealized​ ​setup​
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​precludes​ ​a​ ​direct​ ​comparison​ ​between​ ​our​ ​simulations​ ​and​ ​observations,​ ​since​ ​the​ ​spatial​
​extent​ ​of​ ​the​ ​simulated​ ​storms​ ​is​ ​not​ ​directly​ ​comparable​ ​to​ ​that​ ​of​ ​real​ ​DCSs.​ ​Instead​ ​we​
​focus​​on​​the​​key​​features​​of​​the​​system’s​​cloud​​shield​​growth​​rate.​​In​​particular​​the​​linearity​
​of​ ​the​ ​growth​ ​over​ ​the​ ​whole​ ​growth​ ​phase​ ​can​ ​be​ ​estimated​ ​by​ ​computing​ ​the​ ​standard​
​deviation of the growth rate over the growing phase of the system defined as​

σ
​𝐷𝐶𝑆​

= ​1​
​𝑁​

​𝑖​=​1​

​𝑁​

∑ ​𝑑𝐴​
​𝑑𝑡​( )

​𝑖​
− µ

​𝐷𝐶𝑆​
⎡
⎢
⎣

⎤
⎥
⎦

​2​

​where​​N​​is​​the​​number​​of​​steps​​of​​the​​active​​phase​​of​​the​​DCS,​​and​ ​is​​the​​average​​of​​the​µ
​𝐷𝐶𝑆​

​growth rate during the growth phase and reads as​

µ
​𝐷𝐶𝑆​

=
​1​
​𝑁​

​𝑖​=​1​

​𝑁​

∑ ​𝑑𝐴​
​𝑑𝑡​( )

​𝑖​

⎡
⎢
⎣

⎤
⎥
⎦

​The​​distribution​​of​ ​estimated​​from​​the​​satellite​​record​​includes​​ocean-only​​systems​​from​σ
​𝐷𝐶𝑆​

​the​ ​TOOCAN​ ​database​ ​during​ ​the​ ​2012​ ​to​ ​2020​ ​period​ ​and​ ​over​ ​the​ ​40°S​ ​-​ ​40°N​ ​region.​
​Because​ ​there​ ​is​ ​no​ ​readily​ ​available​ ​estimation​ ​of​ ​the​ ​source​ ​term​ ​from​ ​the​ ​satellite​
​observation,​​the​​active​​phase​​is​​instead​​approximately​​delineated​​by​​considering​​the​​time​​step​
​of​​the​​growth​​phase​​where​​0.1A​​max​ ​<​​A​​<​​0.9A​​max​ ​which​​avoids​​the​​inclusion​​of​​most​​of​​the​
​initiation​ ​and​ ​terminating​ ​phases​ ​in​ ​the​ ​computations.​ ​We​ ​return​ ​to​ ​these​ ​definitions​ ​in​​the​
​next section.​
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​Figure​​2:​​Normalized​​standard​​deviation​​of​​the​​growth​​rate​​over​​the​​growth​​phase​​(%)​
​for the three simulations and the observational record. See text for details.​

​The​ ​observation-derived​ ​statistics​ ​show​ ​a​ ​distribution​ ​peaking​ ​at​ ​around​ ​20%​ ​(Figure​ ​2)​
​indicative​​of​​a​​relatively​​steady​​instantaneous​​growth​​rate​​during​​the​​entire​​growth​​phase,​​or​
​alternatively​​a​​rather​​linear​​growth​​phase​​(Roca​​et​​al.,​​2017)​​.​​The​​three​​models​​compare​​very​
​well​ ​to​ ​this​ ​reference.​ ​The​ ​simulations​ ​tend​ ​to​ ​have​ ​somewhat​ ​more​ ​frequent​ ​smaller​
​normalized​ ​standard​ ​deviations​ ​and​ ​less​ ​of​ ​the​ ​largest,​ ​compared​ ​to​ ​the​ ​observations,​
​indicating​ ​slightly​ ​more​ ​linear​​growth​​in​​these​​models​​than​​observed.​​The​​three​​simulations​
​exhibit​ ​a​ ​large​ ​diversity​ ​of​ ​morphological​ ​characteristics​ ​for​ ​their​ ​DCS​ ​population​ ​like​
​duration,​ ​maximal​ ​extension​ ​and​ ​growth​ ​rate​ ​spanning​ ​a​ ​large​ ​phase​ ​space​ ​(Figure​​1).​​The​
​simulated​​anvil​​cloud​​shield​​growth​​rate​​variability​​closely​​resembles​​the​​observed​​one​​giving​
​us​ ​confidence​ ​in​ ​the​ ​ability​ ​of​ ​these​ ​idealized​​simulations​​to​​highlight​​the​​relevant​​physical​
​processes at play.​

​Identification of deep convective and mesoscale columns​
​The​ ​deep​ ​convective​ ​columns​ ​are​​identified​​within​​the​​anvil​​cloud​​shield​​using​​a​​simplified​
​version​ ​of​ ​the​ ​physical​ ​threshold​ ​algorithm​ ​of​ ​Marinescu​ ​et​ ​al.,​ ​(2016)​​.​ ​The​ ​convective​
​columns​​are​​first​​identified​​by​​following​​a​​suite​​of​​tests,​​based​​on​​vertical​​velocity,​​above​​and​
​below​​the​​freezing​​level,​​the​​intensity​​of​​surface​​precipitation​​and​​cloud​​top​​altitude.​​Only​​the​
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​columns​​within​​cloud​​shields​​are​​analyzed​​(BT<​​235K).​​A​​column​​is​​labeled​​as​​convective​​if​
​the​ ​surface​ ​precipitation​ ​exceeds​ ​a​ ​threshold​ ​of​ ​10​ ​mm/h​ ​or​ ​if​ ​the​ ​absolute​ ​magnitude​ ​of​
​vertical​ ​velocity,​ ​in​ ​the​ ​updrafts​​or​​in​​the​​downdrafts,​​above​​(resp.​​below)​​the​​0°C​​isotherm​
​exceeds​ ​5m​ ​s​​−1​ ​(resp.​ ​3m​ ​s​​−1​​).​ ​As​ ​such​ ​the​ ​convective​ ​column​ ​identification​ ​relates​ ​to​
​vigorous,​ ​likely​ ​young​ ​convection.​ ​These​ ​thresholds​ ​have​ ​been​​shown​​to​​yield​​a​​physically​
​sound​ ​description​ ​of​ ​convective​ ​organization​ ​in​ ​km-scale​ ​RCE​ ​simulations​ ​(Netz​ ​et​ ​al.,​
​2025)​​.​​Second,​​the​​part​​of​​the​​anvil​​cloud​​shield​​that​​is​​not​​identified​​as​​convective​​is​​labelled​
​as non-convective, termed “mesoscale” later in the manuscript.​

​A minimal model of the anvil shield growth rate​

​Formulation​

​Here​​we​​introduce​​the​​Minimal​​ANvil​​growTh​​Analytic​​(MANTA)​​model​​of​​the​​anvil​​shield​
​growth​ ​rate.​ ​Building​ ​on​ ​previous​ ​works,​​we​​model​​the​​anvil​​cloud​​shield​​as​​a​​single​​cloud​
​layer​​fed​​by​​detrained​​cloudy​​air​​(Elsaesser​​et​​al.,​​2022;​​Tiedtke,​​1993)​​.​​The​​shield​​extension​
​is​ ​estimated​ ​by​ ​considering​ ​an​ ​infinitesimally​ ​thin​ ​cloud​ ​layer​ ​located​ ​at​​the​​altitude​​of​​the​
​maximum​ ​detrainment.​ ​The​ ​minimal​ ​model​ ​is​ ​simply​ ​laid​​as​​a​​source-sink​​equation,​​where​
​the​ ​source​ ​term​ ​is​ ​the​ ​net​ ​detrainment​ ​and​ ​the​ ​sink​ ​term​ ​is​ ​approximated​ ​by​ ​a​ ​simple​
​relaxation term, and reads​

​(1)​
​𝑑𝐴​
​𝑑𝑡​ =−

​1​
ρ

∂​𝑀​
∂​𝑧​ −

​𝐴​
τ

​where​ ​A​ ​is​ ​the​ ​anvil​ ​cloud​ ​shield​ ​extension​​(in​​m​​2​​)​​and​​is​​obtained​​by​​using​​the​​TOOCAN​
​cloud​​tracking​​algorithm,​​⍴​​the​​density​​of​​air​​in​​g/m​​3​​,​​𝜏​​the​​decay​​coefficient​​in​​second,​​and​
​M​​is the mass flux​ ​in g/s with w the vertical velocity in m/s.​​ ​​𝑀​ = ρ​𝐴𝑤​

​The​ ​operator​​corresponds​​to​​horizontal​​spatial​​averaging​​over​​the​​anvil​​cloud​​shield.​ ​is​​𝑀​
​the​ ​mass​ ​flux​ ​average​ ​over​ ​the​ ​whole​ ​anvil​ ​cloud​ ​shield​ ​and​ ​includes​ ​the​ ​mass​ ​flux​
​originating from convective cells and any non-convective motion :​

​(2)​​𝑀​= ​ ​​𝑀​
​𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒​

+ ​ ​​ ​​𝑀​
​𝑛𝑜𝑛​−​𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒​

​The​​formulation​​of​​the​​source​​term​​relies​​on​​the​​net​​detrainment​ ​,​​and​​not​​the​​fractional​∂​𝑀​
∂​𝑧​

​detrainment,​ ​as​ ​used​ ​in​ ​other​ ​modelling​ ​efforts,​ ​based​ ​on​ ​the​ ​fact​ ​that​ ​entrainment​ ​is​ ​not​
​strong​​in​​the​​upper​​level​​of​​the​​troposphere​​especially​​where​​the​​net​​detrainment​​is​​maximum​
​(Elsaesser et al., 2022)​​.​
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​The​​sink​​term​​follows​​a​​simple​​formulation​​using​​a​​relaxation​​term​​proportional​​to​​the​​cloud​
​shield​ ​area​ ​and​ ​a​ ​characteristic​ ​decay​ ​time​ ​scale.​ ​Various​ ​processes​ ​(e.g.,​ ​spreading​ ​and​
​thinning,​ ​microphysics,​ ​sedimentation,​ ​mixing,​ ​radiative​ ​lifting)​ ​are​ ​encapsulated​ ​in​ ​the​
​single​​removal​​time​​scale​​𝜏​​(e.g.,​​Lutsko​​et​​al.​​2026;​​Seeley​​et​​al.​​2019;​​Beydoun​​et​​al.​​2021)​​.​
​With​​this​​formulation​​of​​the​​anvil​​growth​​rate,​​MANTA​​allows​​to​​study​​the​​coupling​​between​
​dynamics​​(the​​detrainment​​considered​​in​​the​​source​​term)​​and​​the​​microphysics​​(through​​the​
​sink term and the parameter 𝜏).​

​Implementation​

​The source term​

​The​ ​altitude​ ​of​ ​the​ ​cloud​ ​layer​ ​is​ ​defined​ ​as​ ​the​ ​level​ ​of​ ​maximum​ ​detrainment​ ​(LMD),​

​identified​​using​​the​​profile​​of​ ​.​​The​​LMD​​is​​searched​​for​​in​​each​​profile​​within​​the​− ​1​
ρ

​ ​ ​ ​∂​𝑀​
​ ​​ ​∂​𝑧​

​9-16km​ ​layer​ ​to​ ​focus​ ​on​ ​the​ ​anvil​ ​feeding​ ​detrainment​ ​and​​to​​avoid​​selecting​​a​​warm​​rain​
​physics​ ​induced​ ​extremum​ ​in​ ​the​ ​lower​ ​part​ ​of​ ​the​ ​troposphere​ ​or​ ​a​ ​feature​ ​above​ ​the​
​tropopause.​​Figure​​3​​shows​​that,​​in​​the​​simulations,​​detrainment​​is​​positive​​over​​a​​large​​layer​
​in​​the​​upper​​troposphere​​corresponding​​to​​the​​anvil​​cloud​​top​​to​​the​​anvil​​base.​​The​​profile​​is​
​characterized​​by​​a​​well​​marked​​narrow​​peak​​which​​permits​​identification​​of​​the​​LMD​​without​
​ambiguity and enabling consistency with our single layer approximation.​

​Figure​ ​3:​​The​​vertical​​distribution​​of​​detrainment​​at​​various​​steps​​during​​the​​life​​cycle​
​of​​a​​selected​​system​​in​​the​​SAM​​simulation​​(it​​is​​the​​same​​system​​as​​in​​Figure​​4,​​and​​we​
​only​​show​​the​​source​​profile​​for​​the​​time​​steps​​of​​the​​active​​phase).​​The​​horizontal​​dotted​
​lines correspond to the lower and upper limits of the layer in which the LMD is searched for.​
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​Data point selection​

​The​ ​entire​ ​growth​ ​phase​ ​of​ ​the​ ​system's​ ​cloud​ ​shield​ ​can​​be​​decomposed​​into​​an​​initial,​​an​
​active​​and​​a​​terminating​​phase​​(Figure​​4a).​​The​​first​​one​​concerns​​the​​first​​few​​time​​steps​​of​
​the​ ​system’s​ ​life​ ​cycle​ ​for​ ​which​ ​usually​ ​the​​growth​​rate​​is​​rather​​small​​but​​still​​larger​​than​
​the​​detrainment​​source​​term,​​preventing​​the​​minimal​​model​​from​​working.​​It​​is​​likely​​that​​the​
​addition​ ​of​ ​an​ ​extra​ ​source​ ​term​ ​would​ ​be​ ​required​ ​to​ ​better​ ​describe​ ​this​ ​initial​ ​phase​
​(Elsaesser​ ​et​ ​al.,​ ​2022)​​.​ ​The​ ​active​ ​phase​ ​subsequently​ ​follows​ ​and​ ​is​ ​characterized​ ​by​ ​a​
​steady​​growth​​(Figure​​4b).​​The​​terminating​​phase​​concerns​​the​​time​​steps​​following​​the​​peak​
​in​​anvil​​extension​​when​​deep​​convection​​vanishes​​and​​the​​shield​​is​​about​​to​​shrink.​​While​​this​
​transition​​can​​be​​more​​or​​less​​abrupt​​(Roca​​et​​al.,​​2017)​​,​​it​​is​​associated​​with​​a​​change​​in​​the​
​cloud​ ​shield​ ​dynamics​ ​(Elsaesser​ ​et​ ​al.,​ ​2022)​​.​ ​Trial​ ​and​ ​error​ ​confirmed​ ​that​ ​the​ ​minimal​
​model​ ​does​ ​not​ ​reproduce​ ​well​ ​the​ ​terminating​ ​phase​ ​of​ ​the​ ​growth.​ ​In​ ​the​ ​following,​ ​we​
​hence​ ​restrict​ ​our​ ​analysis​ ​to​ ​the​ ​growth​ ​rates​ ​from​ ​the​​active​​phase.​​Specifically,​​the​​valid​
​points​​should​​satisfy:​​dA/dt​​>​​0​​;​​dA/dt​​<​​Source​​and​​0.1A​​max​​<A<0.9A​​max​​.​​All​​the​​points​​from​
​the​ ​active​ ​phase​ ​of​ ​each​ ​DCS​ ​are​ ​pooled​ ​together​ ​into​ ​a​ ​single​ ​datapool​ ​in​ ​the​ ​following​
​analyses and are termed the valid points.​

​Figure​ ​4:​ ​(a)​ ​The​ ​time​ ​evolution​ ​of​ ​the​ ​cloud​ ​shield​ ​for​ ​an​ ​individual​​deep​​convective​
​system​ ​from​ ​the​ ​SAM​ ​simulations;​ ​(b)​ ​the​ ​time​ ​evolution​ ​of​ ​the​ ​growth​ ​rate​ ​and​ ​the​
​source​ ​term.​ ​The​ ​light​ ​grey,​ ​green​ ​and​ ​grey​ ​zone​ ​corresponds​ ​to​ ​the​ ​initiation,​ ​active​
​and terminating stage of the growth phase.​
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​With​​such​​a​​definition,​​the​​points​​in​​the​​data​​pool​​correspond​​to​​the​​valid​​cloud​​fraction​​of​​the​
​upper​​level​​cloudiness​​of​​the​​growth​​phase.​​The​​valid​​cloud​​fraction​​is​​large,​​respectively​​75,​
​63,​​49%​​for​​SAM,​​MNH​​and​​ICON​​simulations.​​The​​strong​​cut​​off​​for​​ICON​​is​​linked​​to​​the​
​propension​ ​of​​this​​model​​to​​build​​small​​DCSs​​and​​by​​consequence​​small​​growth​​rate​​values​
​that​ ​are​ ​more​ ​frequently​ ​filtered​ ​out​ ​by​ ​the​ ​criteria​ ​dA/dt​ ​<​ ​Source​ ​than​ ​for​ ​the​ ​other​ ​two​
​simulations.​ ​These​ ​filtered​ ​points​ ​are​ ​more​ ​frequent​ ​at​ ​the​ ​earliest​ ​part​ ​of​ ​the​ ​system’s​​life​
​cycle.​ ​Moreover,​ ​thanks​ ​to​ ​the​ ​cloud​ ​shield​ ​life​ ​cycle​ ​consistency​ ​(Roca​ ​et​ ​al.,​ ​2017)​​,​ ​the​
​active​​phase​​cloudiness​​is​​strongly​​correlated​​to​​the​​total​​thick​​anvil​​cloudiness​​of​​the​​system​
​(R​​2​​~0.8​ ​in​ ​each​ ​simulation),​ ​making​ ​the​ ​active​ ​phase​ ​a​ ​very​ ​good​ ​proxy​ ​of​ ​thick​ ​anvil​
​cloudiness as a whole.​

​When​ ​averaged​​over​​all​​the​​valid​​points,​​the​​mean​​LMD​​corresponds​​to​​temperature​​around​
​211-219K,​ ​depending​ ​on​ ​the​ ​simulations​ ​(Figure​ ​5),​ ​close​ ​to​ ​the​ ​often​ ​quoted​ ​220K​ ​level​
​where​ ​the​ ​water​ ​vapor​ ​emission​ ​starts​ ​to​ ​dominate​ ​the​ ​radiative​ ​cooling​ ​(Hartmann​ ​and​
​Larson, 2002)​​.​

​Figure​ ​5:​ ​Probability​ ​density​ ​function​ ​of​ ​the​ ​temperature​ ​at​ ​the​ ​LMD​ ​for​ ​the​ ​three​
​simulations​​for​​all​​the​​points​​in​​the​​data​​pool.​​The​​horizontal​​lines​​mark​​the​​maximum​
​of each probability density function.​

​The sink term​

​A​​bulk​​time​​decay​​𝜏​​is​​estimated​​for​​each​​simulation​​separately​​by​​minimizing​​equation​​(1).​
​The​​data​​are​​first​​pooled​​together​​by​​considering,​​independently,​​every​​single​​value​​of​​dA/dt,​
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​at​ ​any​ ​moment​ ​of​ ​the​ ​active​ ​phase​​for​​all​​of​​the​​systems.​​We​​use​​a​​simple​​L2​​cost​​function​
​that reads​

​(3)​​𝐶​ =
​𝑖​=​1​

​𝑁​

∑ ​𝑑𝐴​
​𝑑𝑡​( )

​𝑖​

​𝑒𝑠𝑡​
− ​𝑑𝐴​

​𝑑𝑡​( )
​𝑖​

​𝑚𝑒𝑠​⎡⎢⎢⎣

⎤⎥⎥⎦

​2​

​/​
​𝑖​=​1​

​𝑁​

∑ ​𝑑𝐴​
​𝑑𝑡​( )

​𝑖​

​𝑚𝑒𝑠​⎡
⎢
⎣

⎤
⎥
⎦

​2​

​where​ ​N​ ​is​ ​the​ ​number​ ​of​ ​points​ ​in​ ​the​ ​data​ ​pool.​ ​The​ ​superscript​ ​est​ ​stands​ ​for​​estimated​
​using​ ​equation​ ​(1)​ ​while​ ​mes​ ​stands​ ​for​ ​measured​ ​directly​ ​using​ ​the​ ​time​ ​derivative​ ​of​ ​the​
​TOOCAN​ ​outputs.​ ​The​ ​data​ ​pooling​ ​yields​ ​7605,​ ​9044​ ​and​ ​13080​ ​points​ ​left​ ​for​ ​the​
​minimization, for SAM, MNH and ICON respectively.​

​Figure 6 : The cost function and the identified minimum in tau for the three​
​simulations.​

​Across​ ​the​ ​simulations,​ ​the​ ​estimates​ ​of​ ​𝜏​ ​is​ ​ranging​ ​from​​3​​to​​5h​​(Figure​​6).​​This​​range​​is​
​rather​ ​shorter​ ​than​ ​the​ ​5-10h​ ​estimate​ ​of​ ​bulk​ ​decay​​time​​scale​​from​​simulations​​(Seeley​​et​
​al.,​ ​2019)​​.​ ​It​ ​is​ ​slightly​ ​larger​ ​than​ ​reported​ ​in​ ​a​ ​satellite​ ​observations​ ​study,​ ​although​ ​in​ ​a​
​different​​framework,​​and​​in​​a​​drier​​environmental​​upper​​troposphere​​(Elsaesser​​et​​al.,​​2022)​​.​
​ICON​ ​and​ ​MNH​ ​show​ ​a​ ​relatively​ ​smaller​ ​sink​ ​term;​ ​nevertheless​ ​closer​ ​to​ ​large-scale​
​circulation-derived​ ​equivalent​ ​(Beydoun​ ​et​ ​al.,​ ​2021)​​.​ ​The​ ​time​ ​decay​ ​is​ ​influenced​ ​by​ ​the​
​microphysical​​scheme​​used​​in​​the​​simulations​​(Fan​​et​​al.,​​2017)​​which​​likely​​partly​​explains​
​the different estimates of the removal characteristic time scale among our three simulations.​

​The​​valid​​points​​in​​the​​data​​pooling​​result​​from​​the​​number​​of​​systems​​in​​the​​simulations​​as​
​well​ ​as​ ​the​ ​duration​ ​of​ ​their​ ​growing​ ​phases.​ ​Longer-lived​ ​systems​ ​are​ ​characterized​ ​by​ ​a​
​longer​​growing​​phase​​and​​could​​hence​​contribute​​more​​to​​the​​statistics​​than​​shorter​​systems.​
​Recomputing​ ​the​ ​decay​ ​time​ ​parameter​ ​with​ ​a​ ​distribution​ ​truncated​ ​as​ ​a​ ​function​ ​of​ ​the​
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​duration​ ​of​ ​the​​growing​​phase​​nevertheless​​shows​​a​​weak​​sensitivity​​to​​the​​duration​​(Figure​
​7).​ ​When​ ​only​​50%​​of​​the​​data​​pool​​points​​coming​​from​​the​​shorter-lived​​systems​​are​​used,​
​the​​difference​​between​​the​​decay​​parameter​​and​​the​​original​​one​​is​​20​​min,​​40​​min,​​and​​9​​min​
​for SAM, MNH, and ICON respectively.​

​Figure​ ​7:​ ​(left)​ ​the​ ​time​ ​decay​ ​parameter​ ​and​​(right)​​the​​number​​of​​points​​in​​the​​data​
​pool,​ ​as​ ​a​ ​function​ ​of​ ​the​ ​growing​​phase​​duration​​for​​the​​three​​simulations.​​The​​dotted​
​lines​ ​point​ ​to​ ​the​ ​50%​ ​of​ ​the​ ​data​ ​pool​ ​coming​ ​from​ ​the​ ​shorter-lived​ ​systems.​ ​On​​the​​left​
​panel,​​the​​horizontal​​dashed​​lines​​are​​the​​results​​of​​the​​optimization​​of​​the​​decay​​time​​on​​the​
​full data pools.​

​This​​results​​indicates​​that​​the​​contribution​​to​​the​​data​​pool​​of​​less​​frequent​​long-lived​​systems​
​are​ ​compensated​ ​for​ ​by​ ​the​ ​more​ ​frequent​ ​short-lived​ ​systems​ ​(Figure​ ​1)​ ​and​ ​that​ ​the​
​estimation of the decay parameter is not biased towards a given system’s duration class.​

​Performances​

​The​ ​optimized​ ​parameter​ ​is​ ​then​ ​used​ ​in​ ​Equation​ ​(1)​​and​​the​​performance​​of​​the​​MANTA​
​model​ ​in​ ​explaining​ ​the​ ​simulated​​growth​​rates​​is​​quantified​​by​​comparing​​the​​growth​​rates​
​deduced​​from​​Equation​​(1)​​to​​the​​one​​directly​​obtained​​from​​TOOCAN​​(Figure​​8).​​For​​each​
​of​ ​the​ ​three​ ​simulations,​ ​the​ ​comparison​ ​shows​ ​good​ ​agreement​​between​​the​​estimated​​and​
​measured​ ​growth​ ​rates​ ​with​ ​correlation​ ​coefficient​ ​(R​​2​​)​ ​in​ ​the​ ​range​ ​0.64-0.77,​ ​a​ ​small​
​relative​​mean​​absolute​​error​​(<30%)​​and​​a​​slope​​close​​to​​one.​​The​​robustness​​of​​the​​minimal​
​model​ ​performance​ ​to​ ​the​ ​selection​ ​of​ ​the​ ​cloud​ ​resolving​ ​model​ ​further​ ​enhances​ ​its​
​relevance to describing the underlying physics despite its simplicity.​
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​Figure​ ​8:​ ​Scatter​ ​diagram​ ​(for​ ​the​ ​all​ ​data​ ​pool)​ ​of​ ​measured​ ​and​ ​estimated​ ​(with​
​equation​​(1))​​dA/dt​​for​​the​​three​​simulations.​​For​​SAM​​left,​​MNH​​center​​and​​ICON​​right.​
​R​​2​ ​is​ ​the​​Pearson​​correlation​​coefficient​​between​​measured​​and​​estimated​​dA/dt​​for​​the​​data​
​pool.​ ​NME​ ​stands​ ​for​ ​Normalized​ ​Mean​ ​Error​ ​(in​ ​%),​ ​NME=(mean((dA/dt_est​ ​-​
​dA/dt))/mean(dA/dt)),​​each​​mean​​value​​is​​computed​​over​​the​​datapool.​​The​​number​​of​​points​
​in each data pool is indicated on the corresponding panel.​

​The​ ​simple​ ​model​ ​is​ ​shown​ ​to​ ​perform​ ​well​ ​with​ ​TOOCAN​ ​derived​ ​growth​ ​rate,​ ​here​
​extracted​ ​from​ ​numerical​ ​simulations​ ​which​ ​confirm​ ​that​ ​TOOCAN​ ​anvil​ ​cloud​ ​shield​
​evolutions​​are​​physically​​sound​​(Elsaesser​​et​​al.,​​2022)​​.​​These​​results​​also​​support​​the​​use​​of​
​the MANTA model to further analyse the processes contributing to the growth rate.​

​The importance of the mesoscale dynamics​

​What is the contribution of the mesoscale to the detrainment?​

​The​​contribution​​of​​the​​mesoscale​​dynamics​​to​​the​​detrainment​​is​​evaluated​​by​​computing​​the​
​ratio​​of​​the​​detrainment​​due​​only​​to​​the​​columns​​identified​​as​​mesoscale​​over​​the​​anvil​​cloud​
​shield and the total detrainment (estimated over the whole anvil cloud shield).​

​The​ ​mean​ ​relative​ ​contribution​ ​of​ ​the​ ​mesoscale​ ​to​ ​the​ ​total​ ​detrainment​​is​​45%,​​68%,​​and​
​87%​​for​​SAM,​​MNH,​​and​​ICON​​respectively.​​The​​points​​for​​which​​the​​mesoscale​​contributes​
​more​​than​​the​​convective​​region​​to​​the​​detrainment​​represent​​39%,​​75%​​and​​91%​​of​​the​​data​
​pool​​points​​in​​SAM,​​MNH,​​and​​ICON​​respectively​​(Figure​​9​​left).​​An​​even​​larger​​fraction​​of​
​the​ ​points​ ​have​ ​a​ ​mesoscale​ ​contribution​ ​above​ ​25%:​ ​79%,​ ​95%​ ​and​ ​98%.​ ​Thus,​ ​the​
​mesoscale​ ​part​ ​cannot​ ​be​ ​neglected,​ ​and​ ​the​ ​mean​ ​detrainment​ ​must​ ​be​ ​computed​ ​over​​the​
​entire​​anvil​​cloud​​shield​​rather​​than​​over​​its​​convective​​part​​only.​​The​​mesoscale​​contribution​
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​is​ ​the​ ​largest​ ​in​ ​ICON,​ ​where​ ​77%​ ​of​ ​the​ ​data​ ​pool​ ​points​ ​have​ ​a​ ​mesoscale​ ​contribution​
​above 75% of the total detrainment at the LMD.​

​Figure​ ​9:​ ​Complementary​ ​cumulative​​distribution​​of​​the​​mesoscale​​contribution​​to​​the​
​detrainment​​(left)​​and​​to​​the​​mass​​flux​​(right)​​at​​the​​LMD,​​for​​SAM,​​MNH,​​and​​ICON.​
​Contributions​​are​​expressed​​as​​a​​percentage​​of​​the​​total​​source​​term​​(left)​​and​​total​​mass​​flux​
​(right).​​Mass​​fluxes​​are​​evaluated​​at​​the​​LMD.​​Each​​curve​​gives​​the​​percentage​​of​​data​​pool​
​points whose mesoscale contribution is above the value on the x-axis.​

​The​ ​same​ ​computation​ ​is​ ​also​​performed​​for​​the​​mass​​flux​​(Figure​​9​​right).​​The​​differences​
​and​ ​resemblances​ ​between​ ​the​ ​two​​distributions​​(mass​​flux​​and​​detrainment)​​are​​similar​​for​
​each​​of​​the​​three​​simulations.​​For​​the​​range​​of​​mesoscale​​contributions​​above​​~60%,​​the​​two​
​distributions​ ​are​ ​very​ ​similar.​ ​At​ ​50%​ ​contribution​ ​and​ ​above,​ ​the​ ​values​ ​are​ ​diminished​
​compared​ ​to​ ​the​ ​detrainment​ ​distribution​ ​and​ ​reads​ ​29%,​ ​59%​ ​and​ ​86%​ ​of​ ​the​ ​data​ ​pool​
​points​ ​compared​ ​to​ ​39%,​ ​75%​​and​​91%​​for​​SAM,​​MNH,​​and​​ICON,​​respectively.​​At​​lower​
​levels​​of​​mesoscale​​contribution​​the​​decrease​​is​​relatively​​stronger.​​The​​mean​​contribution​​of​
​the​​mesoscale​​to​​the​​mass​​flux​​is​​also​​diminished​​for​​mass​​flux​​compared​​to​​detrainment​​and​
​reaches​ ​20%,​ ​60%,​ ​and​ ​84%​ ​for​ ​SAM,​ ​MNH,​ ​and​ ​ICON,​ ​respectively.​ ​The​ ​enhanced​
​mesoscale​ ​contribution​ ​to​ ​the​ ​detrainment​ ​compared​ ​to​ ​the​ ​mass​ ​flux​ ​at​ ​the​ ​LMD​ ​arises​
​because​ ​of​ ​the​ ​shape​ ​of​ ​the​ ​vertical​ ​mass​ ​flux​ ​profile.​ ​It​​recalls​​the​​fundamental​​difference​
​between the mass flux and the detrainment and its importance to the anvil growth physics.​
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​Do we need the mesoscale?​

​The​ ​importance​ ​of​ ​the​ ​mesoscale​ ​dynamics​ ​is​ ​further​ ​assessed​ ​by​ ​comparing​ ​alternative​
​implementations​​of​​the​​MANTA​​model​​with​​the​​original.​​Mechanism-denial​​experiments​​are​
​performed​ ​to​ ​build​ ​three​ ​alternatives​ ​to​ ​the​ ​original​ ​implementation​ ​of​ ​MANTA.​ ​The​ ​first​
​experiment​​consists​​in​​restricting​​the​​computation​​of​​the​​detrainment​​to​​the​​convective​​part​​of​
​the​ ​DCS,​ ​i.e.​ ​setting​ ​.​ ​The​ ​LMD​ ​is​ ​recomputed​ ​for​ ​these​ ​new​ ​detrainment​​𝑀​= ​𝑀​

​𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒​

​profiles​​in​​order​​to​​obtain​​the​​source​​term​​of​​the​​equation​​and​​does​​not​​change​​much​​from​​the​
​original​​experiment​​(not​​shown).​​The​​selection​​of​​points​​follows​​the​​same​​logic​​as​​described​
​above.​ ​Because​ ​the​ ​source​ ​term​ ​now​ ​differs,​ ​the​ ​condition​ ​dA/dt​ ​>​ ​Source​ ​selects​ ​a​ ​new​
​subset​​of​​data​​points​​for​​which​​MANTA​​is​​valid.​​The​​optimization​​is​​performed​​again​​on​​this​
​new​ ​data​ ​pool​ ​to​ ​obtain​ ​.​ ​In​ ​the​ ​following,​ ​this​ ​version​ ​of​ ​MANTA,​ ​restricted​ ​to​ ​the​τ
​convective​ ​detrainment,​ ​is​ ​identified​ ​as​ ​CONVONLY.​ ​In​ ​the​ ​second​ ​experiment,​ ​the​ ​sink​
​term​ ​is​ ​removed​ ​(​ ​)​ ​and​ ​the​ ​source​ ​is​ ​kept​ ​as​ ​in​ ​the​​original​​(experiment​​NOSINK).​τ = ∞
​Finally,​ ​in​ ​the​ ​third​ ​experiment,​ ​we​ ​use​ ​the​ ​source​ ​term​ ​computed​ ​from​ ​the​ ​convective​
​detrainment and remove the sink term (experiment CONVONLY_NOSINK).​

​Figure​ ​10:​ ​Cumulated​ ​distributions​ ​of​ ​the​ ​absolute​ ​magnitude​ ​of​ ​relative​ ​errors​ ​for​
​various​ ​configurations​ ​of​ ​the​ ​model​ ​for​ ​the​​simulations​​for​​SAM​​(left),​​MNH​​(middle)​
​and ICON (right).The gray lines point to the 80% population level.​
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​Table​ ​2:​ ​Pearson​ ​linear​ ​correlation​ ​coefficient​ ​(R​​2​​)​ ​,​ ​normalized​ ​mean​ ​error​ ​(NME)​
​defined​ ​as​ ​NME=(mean((dA/dt_est​ ​-​ ​dA/dt))/mean(dA/dt))​ ​and​ ​slope​ ​of​ ​the​ ​regression​
​between​ ​estimated​ ​and​ ​TOOCAN​ ​growth​ ​rates.​ ​The​ ​valid​ ​cloud​ ​fraction​ ​is​​defined​​as​
​the​​cumulated​​area​​of​​the​​active​​phase​​normalized​​by​​the​​cumulated​​area​​of​​the​​growth​
​phase between 0.1Amax and 0.9Amax.​

​In​ ​addition​​to​​the​​previously​​used​​performance​​metrics​​(R​​2​ ​and​​NME),​​we​​also​​compute​​the​
​valid​​cloud​​fraction​​for​​each​​of​​the​​experiments.​​It​​is​​defined​​as​​the​​fraction​​of​​the​​cloudiness​
​associated​ ​with​ ​all​ ​the​ ​growing​ ​phases​ ​of​ ​all​ ​the​ ​systems​ ​that​ ​corresponds​ ​to​ ​the​​data​​pool​
​(see​ ​Section​ ​Data​ ​point​ ​selection).​ ​Because​ ​the​ ​CONVONLY​ ​experiments​ ​alter​ ​the​​source,​
​the​​test​​dA/dt​​<​​Source​​in​​the​​data​​selection​​procedure​​impacts​​the​​number​​of​​points​​that​​are​
​valid.​

​The​​results​​of​​the​​analysis​​are​​shown​​in​​Table​​2​​and​​summarized​​in​​Figure​​10.​​The​​results​​are​
​robust​ ​over​ ​the​ ​three​ ​simulations.​ ​For​ ​the​ ​CONVONLY,​ ​NOSINK​ ​and​
​CONVONLY_NOSINK​ ​experiments,​ ​correlation​ ​coefficient​ ​(R​​2​​)​ ​between​ ​estimated​ ​and​
​measured​ ​growth​ ​rate​​are​​similar​​to​​the​​original​​model​​performances.​​The​​normalized​​mean​
​error​​(NME)​​is​​also​​very​​similar​​between​​the​​alternative​​implementation​​(NOSINK​​excepted)​
​and the original one.​

​When​​applied​​to​​SAM​​and​​MNH,​​the​​CONVONLY​​experiment​​yields​​larger​​values​​of​​τ​​than​
​the​ ​original​ ​implementation,​ ​respectively​ ​6.5​ ​and​ ​12.9​ ​hours.​ ​This​ ​is​ ​consistent​ ​with​ ​the​
​suppression​ ​of​ ​the​ ​mesoscale​ ​contribution​ ​to​ ​the​ ​detrainment​ ​which​ ​decreases​ ​the​ ​source​
​term,​​that​​is​​balanced​​by​​a​​smaller​​sink​​(larger​​tau),​​everything​​else​​being​​equal.​​For​​ICON,​
​although​ ​a​ ​large​ ​fraction​ ​of​ ​the​ ​detrainment​ ​is​ ​due​ ​to​ ​mesoscale​ ​(Figure​ ​9),​ ​altering​ ​the​
​source,​ ​has​ ​limited​ ​impact​ ​to​ ​the​ ​estimation​ ​of​ ​tau​ ​which​ ​now​ ​reads​ ​4.8h​ ​compared​ ​to​ ​the​
​original​ ​5.1h.​ ​This​ ​is​ ​linked​ ​to​ ​a​ ​compensating​ ​effect​ ​of​ ​the​ ​anvil​ ​area​ ​of​ ​the​ ​valid​ ​points​
​which​ ​only​ ​encompasses​ ​~2%​ ​of​ ​the​ ​original​ ​cases​ ​in​ ​this​ ​experiment​ ​compared​ ​to​ ​the​
​original​ ​one.​ ​This​​simple​​link​​between​​source​​and​​tau​​revealed​​by​​the​​minimal​​model​​could​
​explain​ ​the​​difference​​between​​the​​removal​​time​​scale​​reported​​here​​and​​in​​the​​literature,​​by​
​pointing to a missing detrainment source.​

​Beyond​ ​correlation​ ​and​ ​normalized​ ​mean​ ​error,​ ​the​ ​valid​ ​cloud​ ​fraction​ ​of​ ​CONVONLY​
​experiment​​strongly​​changes​​when​​compared​​to​​the​​original​​implementation.​​As​​the​​condition​
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​300K​ ​Original implementation​ ​CONVONLY​ ​NOSINK​ ​CONVONLY_NOSINK​

​R​​2​ ​NME​ ​slope​ ​Valid​
​cloud​
​fraction​

​R​​2​ ​NME​ ​slope​ ​valid​
​cloud​
​fraction​

​R​​2​ ​NME​ ​slope​ ​Valid​
​cloud​
​fracti​
​on​

​R​​2​ ​NME​ ​slope​ ​Valid​
​cloud​
​fracti​
​on​

​SAM​ ​0.78​ ​26 %​ ​0.95​ ​75.4 %​ ​0.84​ ​21%​ ​1.0​ ​33.9 %​ ​0.79​ ​53%​ ​1.5​ ​75.4​
​%​

​0.87​ ​32%​ ​1.3​ ​33.9​
​%​

​MNH​ ​0.75​ ​31%​ ​0.93​ ​63.3 %​ ​0.79​ ​27%​ ​0.99​ ​11.8 %​ ​0.76​ ​56%​ ​1.41​ ​63.3​
​%​

​0.81​ ​38%​ ​1.2​ ​11.8​
​%​

​ICON​ ​0.63​ ​30%​ ​1.04​ ​48.6 %​ ​0.69​ ​36%​ ​1.13​ ​1.8 %​ ​0.72​ ​43%​ ​1.31​ ​48.6​
​%​

​0.73​ ​44%​ ​1.3​ ​1.8 %​
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​dA/dt​​<​​Source,​​under​​which​​MANTA​​is​​valid,​​is​​less​​readily​​satisfied​​when​​the​​source​​term​
​is​ ​computed​ ​only​ ​over​ ​the​ ​convective​ ​part​ ​of​ ​the​ ​DCS,​ ​the​ ​active​ ​phase​ ​of​ ​each​ ​DCS​ ​is​
​diminished,​ ​leading​ ​to​ ​a​ ​smaller​ ​data​ ​pool.​ ​For​ ​SAM,​ ​the​ ​cloud​ ​fraction​ ​of​ ​the​ ​data​ ​pool​
​shrinks​​by​​a​​factor​​~2,​​for​​MNH,​​it​​falls​​by​​a​​factor​​~6,​​while​​for​​ICON,​​the​​remaining​​points​
​in​ ​the​ ​data​ ​pool​ ​only​ ​contribute​ ​to​ ​~2%​ ​of​ ​the​ ​global​ ​cloud​ ​fraction.​ ​Thus,​ ​a​ ​simple​
​source-sink​​model​​for​​which​​the​​source​​is​​restricted​​to​​the​​convective​​detrainment​​would​​be​
​relevant​​to​​describe​​only​​a​​very​​limited​​fraction​​of​​the​​thick​​anvil​​cloudiness,​​much​​less​​that​
​the​​same​​model​​would​​yield​​by​​incorporating​​the​​contribution​​of​​mesoscale​​dynamics​​to​​the​
​source term.​

​The​ ​NOSINK​ ​experiment​ ​for​ ​which​ ​the​ ​sink​ ​is​ ​removed​ ​exhibits​ ​significantly​ ​degraded​
​statistical​ ​performances​ ​for​ ​all​ ​three​ ​simulations.​ ​It​ ​is​ ​characterized​ ​by​ ​an​ ​increase​ ​in​ ​the​
​NME​ ​and​ ​an​ ​increase​ ​in​ ​the​ ​regression​ ​slope​ ​expressing​ ​the​ ​strong​ ​overestimation​ ​of​ ​the​
​growth​ ​rate​ ​in​ ​such​ ​a​ ​configuration​ ​and​ ​revealing​ ​the​ ​importance​ ​of​ ​the​ ​missing​ ​sink.​ ​The​
​NME​ ​of​​the​​CONVONLY_NOSINK​​experiment​​is​​in​​between​​the​​NOCONV​​and​​NOSINK​
​values.​ ​The​ ​CONVONLY_NOSINK​ ​experiment​ ​has​ ​degraded​ ​slopes​ ​and​ ​the​ ​same​ ​limited​
​applicability than in the CONVONLY case.​

​Discussion​

​The​​results​​of​​this​​study​​highlight​​that​​the​​expression​​of​​the​​coupling​​between​​dynamics​​and​
​microphysics​​cannot​​be​​limited​​to​​convection​​only​​to​​properly​​describe​​the​​anvil​​growth​​rate.​
​The​​source​​term​​should​​include​​dynamical​​contributions​​that​​we​​term​​“mesoscale​​dynamics”​
​which​ ​refers​ ​to​ ​the​ ​non-convective​ ​motions​ ​inside​ ​the​ ​anvil.​ ​These​ ​motions​ ​initiate​ ​from​
​older,​​weaker​​convection,​​forming​​an​​intermediate​​region​​between​​new​​deep​​convection​​and​
​the​ ​stratiform​ ​region.​ ​It​ ​also​ ​encompasses​ ​the​ ​stratiform​ ​upper​ ​level​ ​lifting​ ​area​ ​and​
​significantly​ ​contributes​ ​to​ ​the​ ​net​ ​upward​ ​mass​ ​flux​ ​(Houze,​ ​1997)​​.​ ​The​ ​significant​
​contribution​ ​of​​non-convective​​motions​​to​​the​​net​​detrainment​​arises​​from​​their​​large​​spatial​
​extension​ ​within​ ​the​ ​cloud​ ​shield.​ ​Despite​ ​weaker​ ​velocities​ ​than​ ​their​ ​convective​
​counterparts,​ ​these​ ​buoyant​ ​air​ ​masses​ ​have​ ​a​ ​significant​ ​contribution​ ​to​ ​the​ ​detrainment​
​when​ ​encountering​ ​the​ ​upper​ ​level​ ​stable​ ​layer.​ ​It​ ​is​ ​consistent​ ​with​ ​early​ ​numerical​
​experiments​​showing​​that​​the​​suppression​​of​​mesoscale​​updrafts​​leads​​to​​the​​production​​of​​an​
​incipient​ ​cirrus​ ​layer​ ​(​​cirrostratus​ ​cumulonimbogenitus​​)​ ​and​ ​not​ ​an​ ​anvil​ ​(Churchill​ ​and​
​Houze, 1991)​​.​

​The​ ​MANTA​ ​model​ ​establishes​ ​that​ ​the​ ​instantaneous​ ​growth​ ​rate​ ​results​ ​from​ ​a​ ​balance​
​between​ ​the​ ​source,​ ​including​ ​both​ ​convective​ ​and​ ​mesoscale​ ​contributions,​ ​and​ ​the​ ​sink.​
​This​ ​balance​ ​is​ ​detailed​ ​in​ ​Figure​ ​11.​ ​For​ ​a​ ​given​ ​growth​ ​rate,​ ​SAM​ ​needs​​a​​stronger​​sink​
​compared​​to​​the​​other​​models​​as​​its​​source​​term​​is​​also​​relatively​​larger.​​On​​average​​over​​the​
​whole​​data​​pool,​​the​​source​​(resp.​​sink)​​term​​represents​​166%​​(resp.​​66%)​​of​​the​​growth​​rate.​
​MNH​​exhibits​​a​​scenario​​close​​to​​that​​of​​SAM,​​with​​a​​mean​​source​​(resp.​​sink)​​to​​growth​​rate​
​ratio​ ​of​ ​155%​ ​(resp.​ ​55%).​ ​Conversely,​ ​ICON​ ​produces​ ​less,​ ​and​​removes​​less​​ice​​to​​reach​
​the​ ​same​ ​growth​ ​rate:​ ​on​ ​average,​ ​the​ ​source​ ​(resp.​ ​sink)​ ​term​​represents​​only​​138%​​(resp.​
​38%)​ ​of​ ​the​ ​growth​ ​rate.​ ​These​ ​relative​ ​contributions​ ​remain​ ​roughly​ ​constant​ ​across​ ​the​
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​whole​ ​range​ ​of​​growth​​rates​​in​​the​​data​​pool​​for​​each​​model,​​as​​shown​​in​​Figure​​11.​​For​​all​
​three​​models,​​a​​weaker​​source​​is​​consistent​​with​​a​​longer​​removal​​time​​scale:​​𝜏​​increase​​from​
​SAM​​to​​MNH​​to​​ICON.​​However,​​the​​way​​the​​sink​​balances​​the​​source​​is​​also​​influenced​​by​
​the underlying area distributions.​

​The​ ​relative​ ​changes​ ​of​ ​the​ ​mean​ ​sink​ ​when​ ​comparing​ ​one​ ​simulation​ ​to​ ​another​ ​can​​𝑆​
​indeed be written as as function of​ ​and​​𝐴​ τ

​(4)​∆​𝑆​
​𝑆​

= ∆​𝐴​
​𝐴​

− ∆τ​ ​
τ

​where​​the​ ​stands​​for​​the​​difference​​between​​two​​simulations​​and​​are​​summarized​​in​​Table​∆
​3.​ ​The​ ​strong​ ​decrease​ ​of​ ​the​ ​sink​ ​between​ ​SAM​ ​and​ ​ICON​ ​results​ ​from​ ​the​ ​addition​​of​​a​
​decrease​​in​​the​​mean​​anvil​​cloud​​shield​​area​​(due​​to​​an​​underlying​​area​​distribution​​in​​ICON​
​that​ ​is​ ​narrower,​ ​with​ ​a​ ​less​ ​extended​ ​tail​ ​of​ ​large​ ​anvils,​ ​and​ ​more​ ​numerous​ ​small​ ​anvil​
​clouds)​ ​and​ ​an​ ​increase​ ​of​ ​the​ ​time​ ​decay​ ​parameter.​ ​Similarly​ ​for​ ​the​ ​difference​ ​between​
​MNH​​and​​ICON,​​the​​decrease​​in​​the​​sink​​results​​from​​the​​addition​​of​​both​​terms​​of​​Eq.​​(4).​
​On​​the​​other​​hand,​​the​​comparison​​between​​SAM​​and​​MNH​​shows​​that​​the​​small​​decrease​​in​
​the​ ​mean​ ​sink​ ​results​ ​from​ ​a​ ​balance​ ​between​ ​the​​increase​​in​​both​​the​​mean​​anvil​​area​​(the​
​two​​underlying​​area​​distributions​​scale​​to​​each​​other)​​and​​the​​decay​​parameter​​among​​the​​two​
​simulations.​​Hence,​​the​​resemblance​​between​​SAM​​and​​MNH​​and​​the​​difference​​with​​ICON​
​concerning​​the​​role​​of​​the​​sink​​(A/​ ​)​​for​​a​​given​​growth​​rate​​cannot​​be​​explained​​solely​​with​τ
​the​ ​difference​ ​in​ ​the​ ​time​ ​decay​ ​parameter​ ​that​ ​incorporates​ ​the​ ​cloud​ ​microphysics.​ ​The​
​coupling​​between​​dynamics,​​diabatic​​heating​​and​​cloudiness​​(e.g.,​​Tao​​et​​al.​​2022)​​eventually​
​also needs to be invoked to yield to the estimated balance.​

∆​𝑆​​/​​𝑆​ ∆​𝐴​​/​​𝐴​ − ∆τ​/​τ

​ICON-SAM​ ​-133%​ ​-79%​ ​-54%​

​SAM-MNH​ ​-25%​ ​+17%​ ​-42%​

​ICON-MNH​ ​-108%​ ​-96%​ ​-12%​

​Table 3: Relative changes of the mean sink from one simulation to another.​
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​Figure​ ​11:​​Evolution​​of​​the​​contribution​​of​​the​​source​​and​​the​​sink​​as​​a​​function​​of​​the​
​growth​ ​rate.​ ​Plain​ ​and​ ​dashed​ ​lines​ ​(resp.​ ​dotted)​​are​​the​​mean​​(resp.​​median).​​The​​darker​
​(resp.​ ​lighter)​ ​shading​ ​corresponds​ ​to​ ​the​ ​25-75th​​(resp.​​10-90th)​​percentiles.​​Bins​​of​​dA/dt​
​have​ ​a​ ​width​ ​of​ ​20km2/min,​ ​bins​ ​populated​ ​with​ ​less​ ​than​ ​10​ ​points​ ​were​ ​excluded.​ ​The​
​written values correspond to the mean in each bin.​

​Conclusion and outlook​

​RCE​​simulations​​at​​km​​scale​​are​​used​​together​​with​​a​​cloud​​tracking​​algorithm​​to​​analyse​​the​
​growth​ ​rate​ ​of​ ​the​ ​anvil​ ​cloud​ ​shield.​ ​Despite​ ​the​ ​highly​ ​idealized​ ​numerical​ ​setup,​ ​the​
​simulated​​growth​​rates​​are​​shown​​to​​reproduce​​the​​variability​​over​​the​​growing​​phase,​​a​​key​
​feature​ ​of​ ​the​ ​satellite​ ​observed​ ​deep​ ​convective​ ​systems​ ​cloud​ ​shield.​ ​The​ ​25​ ​days​ ​of​
​simulations​ ​from​ ​three​ ​different​ ​cloud​ ​resolving​ ​models​ ​with​ ​different​ ​dynamical​ ​cores,​
​turbulence​ ​closures​ ​and​ ​microphysical​ ​assumptions​ ​provide​ ​a​ ​large​ ​diversity​ ​of​ ​simulated​
​growth​ ​rates​ ​allowing​ ​a​ ​detailed​ ​investigation​ ​of​ ​the​ ​processes​ ​at​ ​play​ ​during​ ​the​ ​growing​
​phase of the deep convective systems.​

​The​ ​Minimal​ ​ANvil​ ​growTh​ ​Analytic​ ​(MANTA)​ ​model​ ​of​ ​the​​anvil​​shield​​is​​introduced​​to​
​help​ ​analyze​ ​the​ ​simulations​ ​in​ ​a​ ​physically​ ​transparent​ ​way.​ ​The​ ​functional​ ​form​ ​of​ ​this​
​simple​ ​model​​is​​a​​simplification​​of​​the​​Elsaesser​​et​​al.​​(2022)​​work​​and​​resumes​​the​​growth​
​rate​ ​as​ ​the​ ​balance​ ​between​ ​a​ ​detrainment​ ​source​ ​estimated​ ​at​ ​the​ ​level​ ​of​ ​maximum​
​detrainment​ ​and​ ​a​ ​simple​ ​sink.​ ​The​ ​sink​ ​is​ ​characterized​ ​by​ ​a​ ​decay​ ​parameter,​ ​the​ ​single​
​parameter​ ​of​ ​the​ ​model.​ ​The​​MANTA​​model​​is​​shown​​to​​fit​​well​​the​​numerical​​simulations​
​from​ ​the​ ​three​​cloud​​resolving​​models.​​Mechanisms​​denial​​experiments​​further​​indicate​​that​
​truncated​​implementations​​of​​the​​MANTA​​model​​are​​not​​performing​​as​​well​​as​​the​​currently​
​original​ ​one.​ ​In​ ​this​ ​sense,​ ​MANTA​​is​​indeed​​a​​minimal​​model​​and​​no​​simpler​​formulation​
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​(nor​ ​implementation)​ ​performs​ ​as​ ​well.​ ​The​ ​usefulness​ ​of​ ​this​ ​class​ ​of​ ​simple​ ​source-sink​
​model,​​originally​​implemented​​in​​a​​satellite​​observations​​perspective​​(Elsaesser​​et​​al.,​​2022),​
​is​ ​shown​ ​to​ ​extend​ ​to​ ​km-scale​ ​simulations.​ ​It​ ​confirms​ ​the​ ​fitness​ ​between​ ​the​ ​TOOCAN​
​derived growth rate of anvil cloud shield and this class of model.​

​The​​study​​shows​​that​​across​​the​​three​​simulations,​​the​​time​​decay​​parameter​​of​​the​​MANTA​
​model​ ​varies​ ​from​ ​3​ ​to​ ​5h​ ​which​ ​is​ ​related​ ​to​ ​the​ ​need​ ​for​ ​a​ ​more​​or​​less​​effective​​sink​​to​
​produce​​a​​given​​growth​​rate.​​SAM​​needs​​a​​stronger​​sink​​compared​​to​​the​​other​​models​​as​​its​
​source​ ​term​ ​is​ ​also​ ​relatively​ ​larger.​ ​MNH​ ​exhibits​ ​a​ ​scenario​ ​close​ ​to​ ​that​ ​of​ ​SAM.​
​Conversely,​ ​ICON​ ​produces​ ​less,​ ​and​ ​removes​ ​less​ ​ice​​to​​reach​​the​​same​​growth​​rate.​​The​
​fact​ ​that​ ​the​ ​sampling​ ​of​ ​the​ ​growing​​phase​​could​​be​​influenced​​by​​the​​longer-lived​​ones​​is​
​ruled​​out​​thanks​​to​​a​​sensitivity​​analysis​​that​​indicates​​a​​weak​​dependence​​of​​the​​estimation​​to​
​the​ ​duration​ ​of​ ​the​ ​growing​ ​phase.​ ​All​ ​the​ ​three​ ​models​​do​​indicate​​that​​this​​partitioning​​is​
​near constant across the whole range of growth rates.​

​The​ ​source​ ​term​ ​is​ ​decomposed​ ​using​ ​a​ ​convective/mesoscale​ ​mask​ ​and​ ​the​ ​quantitative​
​analysis​​reveals​​the​​importance​​of​​the​​mesoscale​​dynamics,​​in​​complement​​to​​the​​convective​
​motions,​ ​to​ ​the​ ​detrainment​ ​that​ ​builds​ ​the​ ​anvil.​ ​It​ ​is​ ​shown​ ​that​ ​the​ ​contribution​ ​of​ ​the​
​mesoscale​​is​​significant​​compared​​to​​that​​of​​convection​​and​​cannot​​be​​neglected​​in​​the​​anvil​
​cloud​​shield​​budget.​​The​​behavior​​of​​the​​detrainment​​vs.​​the​​mass​​flux​​is​​clarified.​​It​​is​​shown​
​that​​the​​mesoscale​​contribution​​to​​the​​detrainment​​is​​enhanced​​compared​​to​​that​​of​​the​​mass​
​flux at the LMD.​

​While​ ​previous​​investigations​​focused​​on​​the​​sink​​term,​​promoting​​for​​instance,​​sublimation​
​(or​ ​lack​ ​thereof)​ ​(Seeley​ ​et​ ​al.,​ ​2019)​ ​or​ ​sedimentation​ ​(Beydoun​​et​​al.,​​2021)​​as​​important​
​controlling​ ​factors​ ​of​ ​the​ ​time​ ​decay​​parameter,​​we​​here​​explored​​the​​source​​term.​​It​​would​
​nevertheless​​be​​of​​interest​​to​​assess​​the​​various​​microphysical​​pathways​​to​​the​​estimation​​of​
​the​ ​time​ ​decay​ ​parameter​ ​in​ ​the​ ​present​ ​framework.​ ​Numerical​ ​sensitivity​ ​experiments​ ​by​
​modifying the microphysical scheme are left out for future work.​

​Whether​ ​the​​invariance​​of​​the​​partitioning​​between​​the​​source​​and​​sink​​with​​the​​growth​​rate​
​is​ ​a​ ​RCE​ ​feature​ ​or​​a​​more​​fundamental​​characteristic​​of​​tropical​​convection​​deserves​​more​
​investigation.​ ​Realistic​ ​configurations​ ​of​ ​emerging​ ​km​ ​scale​ ​climate​ ​models​ ​are​ ​showing​
​encouraging​​results​​as​​far​​as​​the​​simulation​​of​​the​​life​​cycle​​deep​​convective​​systems’​​cloud​
​shield​ ​is​ ​concerned​ ​(Abramian​ ​et​ ​al.,​ ​2025;​ ​Feng​ ​et​ ​al.,​​2025;​​Prein​​et​​al.,​​2024)​​.​​Applying​
​our diagnostic approach to such realistic simulations could clarify this question.​

​Finally,​ ​the​ ​success​ ​of​ ​the​ ​MANTA​ ​model​​combined​​with​​TOOCAN​​is​​a​​strong​​impetus​​to​
​build​ ​on​ ​this​ ​minimal​​formulation.​​Efforts​​towards​​characterizing​​more​​anvil​​properties​​like​
​the​ ​ice​ ​water​ ​path​ ​time​ ​evolution​ ​and​ ​the​ ​radiative​ ​properties​ ​of​ ​the​ ​anvil​ ​cloud​ ​shield,​ ​in​
​complement​ ​to​ ​the​ ​area​ ​growth​ ​rate,​ ​keeping​ ​the​ ​present​ ​low​ ​order​ ​modelling​ ​perspective​
​(e.g., Deutloff et al. 2025)​​, will be undertaken in​​the future.​
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​Data availability​
​We will make the data available by the publication time.​

​Code availability​
​The​ ​TOOCAN​ ​algorithm​​is​​open​​source​​and​​is​​available.​​We​​will​​make​​the​​data​​link​​by​​the​
​publication time.  The data analysis codes are available upon request to the authors.​
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