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1. Updraft initialization

2. Flexible updraft entrainment

3. Mass-flux

in cloud, zero below

4.   K-profile (Holtslag 1998)

dry boundary layer:    specifications
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AMMA Niamey temperature profiles

s/cp – BL mean [K]
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Siebesma et al 2007
LES and SCM

K-diffusion appears too strong

AMMA, Niamey, pre-monsoon



AMMA Niamey moisture profiles

q – BL mean [K]
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• moisture convergence: Southerly advection from Atlantic
• mass-flux mixes near BL-top



Stratocumulus:    specifications

1.explicit cloud top entrainment

2.cloud top down diffusion

3.reduced K above BL (~MO-values)

4.stability criteria allowing strcu
- EIS estim. inv. strength)
- BIR tested

5.cloud:  
- diagnostic      equation

- interface to Tiedtke 93

6.solver numerics:

- upwind differencing

σqt



BIR: buoyancy flux integral ratio

Low cloud cover impact of BIR vs EIS to allow stratocumulus



Louis or Monin-Obukov in stable atmosphere

Low cloud cover impact of Louis vs M-O K coefficients



Cloud-top marine strcu versus CALIPSO

Maike Ahlgrimm



Low cloud cover: EDMF-strcu version old ECMWF



preVOCA: VOCALS at Oct 2006 – Low Cloud



VOCALS: GOES IR satellite images
satellite model

day

night



Winter Cloud Cover    36h forecast versus SYNOP observation
(high pressure days over central Europe)
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Shallow Cumulus:  specifications

(beyond Neggers et al 2009ab):

1. entrainment: convective pre-moistening

2. cloud overlap: LES based

3. microphysics:

- precipitation threshold   q = 1g/kg

- evaporation threshold  RH = 100%



DUALM concept: 
multiple updrafts with flexible area  partitioning
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Brian Mapes (~1995 GCSS meeting):
Postulate that convection selects favourable 
environments.

Peter Bechtold (2008):
Moist environments yield less entrainment.

Redelsperger et al (2002) and Burnet, Bregnier (2008):
Observaional evidence: TOGA-COARE and SCMS

DUALM at ECMWF:   
convective premoistening



BOMEX LES   cloud blobs
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Martin Köhler & Olaf Stiller & Thijs Heus



BOMEX LES   cloud blobs

blobs size 1000:   (250m)2 · 300s 2890g/mWVPσ =

Time, lagged around blob center, 
normalized by blob time scale

7383 blobs size 100-320
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BOMEX LES:   size

TWP cloud layer TWP sub-cloud layer

100 - 320 - 1000 - 3200 - 10000
-32000

Bubble Size [(25m)2 30s]

100 - 320 - 1000 - 3200 - 10000
-32000

Bubble Size [(25m)2 30s]

• all clouds live in top half moist environment (TWP>600m)
• smallest clouds consume TWP (>600m)
• big clouds add TWP (>600m)
• sub-cloud layer plays no role in cloud size selection



moist

 prognostic total water variance equation

 most moist environment favours shallow convection

DUALM convective pre-conditioning
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DUALM: impact of convective preconditioning

Z1000 U850

Tests in ECMWF model with DUALM shallow convection. 



DUALM cloud concept:  
a bimodal statistical cloud scheme

Assigned its independent PDF to diffusive and updraft modes. 

Their orientations in conserved variable space express their unique properties.



DUALM – Tiedtke unification 
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DUALM problem: summer land
Jul/Aug 2008   Z1000hPa T255 analysis

Jan/Feb 2008

fast diurnal cycle
driven by strong 
sens. heat flux



DUALM at ECMWF:
cloud overlap   Roel Neggers, Pier Siebesma, …
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Cloud overlap: impact over Cabauw

obs
cloud overlap
default DUALM



Depression Tuvo, 20080131
Meteosat9 composite

open cell
cumulus

surface
driven

thunderstorm

elevated
initiation

(advection!)

anvil 
advection

Norwegian model:



Extra-Tropical Cyclones

Depression Tuvo, 
2008013112

Meteosat9 composite

TCLW  CY33R1

2008012900+60h

TCLW  DUALM-CY33R1TCLW  DUALM

RH850bias  CY33R1 RH850bias  DUALM



Maike Ahlgrimm: CALIPSO trade cumulus

Tiedtke DUALM



ASTEX Lagrange-transition

IFS cy36r1 DualMIFS cy36r1 DualM

IFS cy36r1 EDMFIFS cy36r1 EDMF

ECEC--Earth Earth DualMDualM ECEC--Earth Earth DualMDualM newnew

MetOffice L63 LaRC (Anning Cheng)

LES ensemble mean



Unified Boundary Layer:
EDMF Stratocumulus and Shallow Cumulus DUALM

Köhler, 2005
Neggers, Köhler, Beljaars 2009
Neggers, 2009
Köhler, Beljaars, Ahlgrimm 2011Improvements in ECMWF model:

• stratocumulus and stratus occurrence

• cumulus vertical structure

• wind scores (mid-lat storms and tropics)

Remaining issues:

• stratus: too low cloud top

• summer land cumulus: too little cloud cover

Peak District, UK



End



SCM: IFS36r1
Slow

Reference

Fast

LES: composite



SCM: DUALMnew
Slow

Reference

Fast

LES: composite



SCM: LaRC
Slow

Reference

Fast

LES: composite



ASTEX - Cloud base height



Extra Slides



Integral approach to PBL transports: EDMF

M1M

K

M2

Shallow cumulus Deep cumulusStratocumulusdry BL

zcb

zi

zi

Kbot
M

Ktop

KbotKbot

operational



EDMF Concepts 1:  
updraft initialization

Dependence on i) surface fluxes and ii) updraft area fractions:

LESAssume a joint Gaussian PDF in
{qt, θl, w} at the lowest model level.

Obtain its width from the surface 
sensible and latent heat fluxes, 
using surface layer similarity.

Use the mean of the top segment 
as the updraft initial value:
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EDMF Concepts 2:  
flexible updraft entrainment

An inverse dependence on 
updraft vertical velocity:
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parcel initialization
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Δh - transition layer depth
h - mixed layer depth
p - Beta-PDF shape parameter
∆θv - transition layer inversion

Cloud base transition layer selects 
strongest parcel from PDF of updrafts.
(Neggers, Stevens, Neelin, 1997)
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DUALM Concepts 2: moist convective inhibition 
to parameterize the cumulus updraft area fraction



uv10bias  CY33R1 uv10  DUALM-CY33R1uv10bias  DUALM

Z500bias  CY33R1 Z500bias  DUALM Z500  DUALM-CY33R1

2008012900+60hExtra-Tropical Cyclones



Problem: lack of afternoon 
cloudiness over land. 

mid-level cloud cover    control-DualM

• Immediately evident in 3D run

• Signal in cloud cover, surf. SW, 
2m temperature

• around 3pm local time

15UTC

21UTC

03UTC

09UTC

June/July 2008MCC model difference

noon

18UTC

24UTC

06UTC

12UTC



VOCALS: Cloud top height:   Model vs CALIPSO 



BOMEX LES   cloud blobs

blobs size 1000:   (250m)2 · 300s

Time, lagged around blob center, 
normalized by blob time scale

2890g/mWVPσ =

2236 blobs size 1000-10000

sh
if
te

d
 b

lo
b
 m

ea
n

cl
o
u
d
 T

w
P
 [

g
/m

2
]

/ cloudt τ

50g/m2 70g/m2



Boundary layer framework:
ECMWF vs MetOffice



UKMO boundary layer approach
Lock et al 2001



Low Cloud Cover

ECMWF model

Louis K

no stratus



total cloud cover: JJA 1990-2005 climate

ISCCP

model bias



M closure: Tiedtke 1989
Tiedtke, 1989: 

“Trade wind cumuli seem to be effectively controlled by sub-cloud layer 
turbulence. 

The net upward moisture flux at cloud base level is nearly equal to the 
turbulent moisture flux at the surface.”

Siebesma et al. 2003: 

BOMEX LES
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pc w T Lw qρ ρ+
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radiation



Louise Nuijens: LES of cumulus, influence of wind speed



Derbyshire et al 2004
MetO CRM CNRM CRM

MetOffice SCMIFS SCM

Environment RH

RH (%)

mass flux mass flux

• small ε to get high cloud top

• large ε to get large RH sensitivity



Brown, Zhang 1997: RH during TOGA/COARE

Moist low levels (~800hPa) 
favour deep convection

PDF

RH (%)



BOMEX LES   convective moist selection?

LES:

no shear
dx=dy=25m, dt=30s
duration: 20h
12.8km x 12.8km

TWP’ [g/m2]

PD
F

TWP’ [g/m2]

LW
P 

[g
/m

2
]

buoyancy

v dzθ ρ



PDF
LWP above 600m TWP above 600m

TWP below 600m

liquid

Gaussian



clouds: highly skewed PDF near cloud base
BOMEX LES

ARM SGP LES

FIRE LES

ARM SGP

cloud base mid-cloud

Golaz et al 2002



Lindenberg Summer 2008 05 19: drizzling cumulus
Franz Berger (with Görsdorf and Reichardt)

2700m

2100m

1600m

1200m

21:00 22:00 23:00 00:00

radar reflectivity qv qv     21:00

sat

sat sat

sat

sat

sat sat

sat



Convective premoistening:
Some thoughts

 conclusions from LES analysis

 bigger clouds arise from more moist troposphere

 bigger clouds add moisture in previous cloud layers („pre-moistening“)

 application to convection parameterisation

 entrainment of moist patch

 „direct“ entrainment values based on Romps (2010) most appropriate

 land deep convective diurnal cycle delayed by period of shallow 
convection pre-moistening mid-levels

 convection parameterization based on PDFs will turn off at high resolution 
because variance goes to 0



Neggers, Heus, Siebesma



Jarecka, Grabowski, Pawlowska, 2009

cloud fraction (grid box)

box

env

RH
RH

environment

Entrained air is pre-moistened.

BOMEX LES run
entrainment

regime



BOMEX LES   cloud blobs

x

t

cloud blob time scale
cloudτ

dt

cloud blob identification 
from LWP boundaries



Concepts V:  
adaptive vertical structure of mass flux

Dependence on relative stability of cumulus inversion for rising updrafts (as 
expressed by the bulk cumulus Richardson number):

LES

Instead of modelling entrainment and detrainment 
separately, their difference is parameterized.
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Concepts VI:  
cumulus top-entrainment efficiency
Problem: advective transport model works poorly at strong vertical gradients

Idea: use the diffusive component of EDMF to represent *all* 
turbulent fluxes into the potentially strong inversion 
(avoiding mass flux transport in top layer):
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Make the efficiency of this entrainment 
process dependent on inversion stability 
(Wyant et al. 1997):



DualM evaluation: SCM cases

SCM
LES

ql

qsat

Cloud
fraction

Condensate

(additionally: ARM land cumulus case) 

overpredictio
n of cloud



ARM, SGP

Maike Ahlgrimm

CY32R3

DualM

ARSCL

Is the DualM really missing “anvils”? 
higher cloud fraction, 
keeps going strong

cloud fraction drops 
just after noon

neither one very good!



Lindenberg Summer 2008 08 13: fair weather cumulus
Franz Berger (with Görsdorf and Reichardt)

20:00 22:00 24:00 02:00

satsat

sat

3300m

2700m

2100m

1600m

radar reflectivity qv
qv     20:00



NCAR(U.Wash) boundary layer approach
Bretherton et al. 2004

Mass-flux:   
all parcels that make it through LFC

Convective inhibition calculation�



Unified treatment of the convective boundary layer, 
the EDMF dual mass-flux experience
Martin Köhler (with Roel Neggers)

 dry EDMF theory & SCM

 stratocumulus EDMF

 shallow cumulus DUALM EDMF

cloudappreciationsociety.orgPeak District, UK



Challenge: dry conective boundary layer
NW Africa

2K excess

1K excess

Theta [K]  profiles shifted



AMMA view of African Monsoon

Agadez

Messager et al, 2009



Challenge: stratocumulus

Ma, Mechoso, Robertson, Arakawa 1996

2-4K coolingenhanced 
stratus



Challenge: shallow cumulus
cumulus scheme active: 36.3%

DJF 1990-2005 climate



Derbyshire et al 2004
MetO CRM CNRM CRM

MetO SCMIFS SCM

Environment RH



Brown, Zhang 1997



Jarecka, Grabowski, Pawlowska, 2009

grid box cloud fraction

box

env

RH
RH

environment

Entrained air is premoistened.

BOMEX LES run
entrainment

regime



BOMEX LES   cloud blobs

166 blobs size 1000-10000 39 blobs size 10000-100000

blobs size 1000:  (250m)2 · 300s
blobs size 1000000: (2500m)2 · 3000s
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Cloud overlap: impact

MCC

LCC



Cloud overlap: impact

Z1000
DUAL error

Z1000
cloud overlap
impact



EDMF at ECMWF:
Shallow Cumulus DUALM

Some results



Z1000 scores 
(RMS against own AN)

NH summer (99) NH winter (80)

SH summer (80) SH winter (99)



Tropical Winds 
(AC against own AN, 179mem)

1000hPa

200hPa

100hPa 700hPa

850hPa

500hPa



TR  1000hPa

NH  1000hPa

SH  1000hPa

TR  200hPa

SH  200hPa

NH  200hPa
Temperature 
(AC against own AN, 179mem)



Analysis Increments
Mark RodwellU RMS V RMS

V MeanU Mean



Analysis Increments
Mark RodwellW RMS

W Mean



Analysis Increments
Mark RodwellZ RMS T RMS

T MeanZ Mean



Extra-Tropical Cyclones

RMS Z1000     DJF 2008/9



10m wind bias

bias 36r1

DUAL-36r1



Seasonal forecast: coupled climateU100 JJA U10 DJF



Seasonal forecast: coupled climate



Analysis against Scatterometer winds
Saleh

10m winds

wave heights



Conclusions
 EDMF approach development for dry/strcu/shallow cu

 stratocumulus
 ECMWF among the top two

 EDMF-DUAL shallow cumulus
 good cumulus vertical cloud structure
 good mid-latitude storm prediction (cold air part)
 good wind scores including tropics
 summer land: still too little cumulus cloud cover

 recommend implementation (speed)

 Future development (recommended)
 unification of cloud interactions by use of one more prognostic 

variable describing moisture variability
 further research into summer land cumulus cloud cover



DUALM in ECMWF: more work

 cloud coupling prognostic ql/cc Tiedtke with qt variance/DUALM??

 time-step dependence in total water variance

 marine low clouds increase for long time-steps

 Cloud scheme: overlap, anvil/wake, 

 Convective preconditioning

 Speed

 Sigma(qt) variable

 Overlap on vertical grid



DUALM upgrades beyond DUALM paper
TRANSPORT:

 Convective preconditioning

 Momentum transport with Gregory pressure term

CLOUD AND PRECIPITATION:

 Prognostic sigma(qt)

 Precip. evaporation through updraft environment

 Prolonged precip. onset over land (large CCN)

 Cloud wake/anvil

 Cloud overlap (sub-grid)

 Wood, Bretherton stratocumulus criterion

COUPLING WITH CONVECTION/DIFFUSION

 Multi-level triggering by Tiedtke

 No deep DUALM (3km limit)

 K in cumulus layer



CALIPSO stratocumulus cloud top: off Chile coast
Maike Ahlgrimm



Common challenges 1: Convection closure

 Surface buoyancy flux (w*)

 Moist inhibition (cloud base)

 CAPE equilibrium (cloud)

 Moist static energy equilibrium 
(sub-cloud)

inversion
cloud base

free convection

neutral buoyancy

Zero vertical velocity

θv,env

θv,up

Convective
Inhibition

Convective Available 
Potential Energy

′ w ′ θ v ′ w ′ h 



Entrainment   BOMEX   LES & obs
LES: Siebesma et al 2003

obs. analysis: Nitta 1975
0.002 m-1

Tiedtke 1989

DUALM: 1/ ( )wε τ=

period 1: typical trade wind cumulus period 3: organized cloud clusters



Tiedtke 1989: 
mass-flux scheme for cumulus parameterization

main ingredients:

 deep, shallow and mid-level convection

 cumulus updrafts and downdrafts

 crude cloud processes with freezing and melting

 later: multi-level triggering for frontal convection

 shallow cumulus closure:

 BL moisture equilibrium (later moist static energy)

 shallow cumulus entrainment:

 3 10-4 m-1 (for large trade wind cumuli, Nitta 1975)



EPIC model comparison
Hannay et al 2008

 



Louise Nuijens: LES of cumulus, influence of wind speed

5m/s
10m/s

15m/s



ARM, SGP

Maike Ahlgrimm

CY32R3

DualM

ARSCL

Is the DualM really missing “anvils”? 
higher cloud fraction, 
keeps going strong

cloud fraction drops 
just after noon

neither one very good!



dry boundary layer: EDMF in ECMWF

dry static energy/cp – BL mean [K]
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take out DUALM anvil



take out DUALM anvil



Maike Ahlgrimm: CALIPSO trade cumulus



T2m bias

diff

CY35R1

DUALM



VOCALS: Radiosondes and dropsondesRon Brown radiosonde 
19.6S 85.4W   20081127 11UTC 

Ron Brown radiosonde  
19.7S 82.4W   20081128 12UTC 

BAE dropsonde 
20.0S 78.0W   20081104 14UTC 

BAE dropsonde 
20.0S 75.0W   20081104 14UTC 


