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Unified Parameterizations of Boundary Layer 
Turbulence and Convection in Global 

Atmospheric Models
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Turbulence, Convection and Cloud 
Parameterizations

In current models 
parameterizations 

are modular

stratocumulus

cloud microphysics

shallow convection

cloud macrophysics
deep convection

dry PBL

stable PBL

Goal: Unified parameterization for turbulence, clouds and convection 

IPCC AR5

The atmosphere is a turbulent fluid where mixed-phase 
physics and radiative transfer play an essential role
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Global Atmospheric Models 

3D Atmospheric Models:

3D Large-scale dynamics +                         
One-dimensional physics
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Key turbulence and convection parameterization problem
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Reynolds decomposition and averaging:
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• LES models solve filtered version of Navier-Stokes equations
• High-resolutions (~ 10 m) in all 3 dimensions
• LES models resolve most of the essential turbulence/convection
• Closures still needed for scales < 10m (but simpler than GCMs)

Matheou et al., MWR, 2011

Large-Eddy Simulation (LES) models

Km

Km
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Merging ED and MF:
Eddy-Diffusivity/Mass-Flux (EDMF) 

( )' ' ' ' 1 ' ' (1 )( )( )u u u u u e u eu ew a w a w a a w wj j j j j= + - + - - -

Dividing a grid square in two regions (updraft and environment) and 
using Reynolds decomposition and averaging leads to
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where au is the updraft area. Assuming au<<1 and we~0 leads to

ED closure: assuming ED for 1st 
term and neglecting 2nd term

MF closure: neglecting 1st term and 
assuming M=auwu

EDMF: 

Siebesma & Teixeira, 2000

Bimodal joint pdf of w and qt

ED mixing 
MF mixing

Unified parameterization of different turbulence and convection scales
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Mass-Flux Model for Plumes/Updrafts

capping inversion

LCL

mixed 
subcloud layer

cloud layer

free 
atmosphere 
inversion
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σu is updraft/plume area fraction

1) Integrating over plume area

2) Assuming steady-state

3) Neglecting some sources/sinks

w 'θ ' =M (θu −θ )
Mass-Flux (MF) approximation leads to 
(in simplified form):
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Moist convection: EDMF multiple 
plumes and stochastic entrainment

• Different types of convection coexist in the same model grid-box
• Total updraft area is just the sum of individual updraft areas

3) Stochastic 
lateral entrainment

Suselj et al., JAS, 2013, 2019

Partly inspired by 
Romps & Kuang, 
JAS, 2010Multiple Plumes

1) Parameterization of surface layer PDF of thermodynamics
2) Monte Carlo sampling of PDF to produce multiple plumes
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EDMF Multiple plumes:
Shallow Convection
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BOMEX Shallow Convection case: EDMF versus LES results

EDMF colors

LES 
Suselj et al., JAS, 2013, 2019

EDMF produces realistic thermodynamics and updraft properties  
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BOMEX shallow convection:
LES PDF vs EDMF plumes

slightly overestimated. The skewness of vertical velocity
is less well represented, as is most obvious in the upper
part of the cloudy layer. The negative skewness of ver-
tical velocity cannot be represented by this model. To
represent it, convective downdrafts would need to be
included in the boundary layer model.
These results show that the EDMF approach used

here is capable of representing complex aspects of the
distributions of thermodynamic properties without the
need to impose the form of these distributions as in other
approaches (e.g., Golaz et al. 2002a) in a fairly eco-
nomical view.
For the BOMEX case, similar results were obtained

by Su!selj et al. (2012). In the model reported here

significant improvements in the simulation of the up-
draft area and turbulent fluxes in the upper part of the
cloudy layer are achieved. In the previous work the
deterministic entrainment prevented updrafts from
reaching a height of more than around 1700 m, which is
not in accord with LES results. The new entrainment
parameterization allows for a small proportion of the
updrafts to reach heights of up to 2000 m and thus im-
proves the representation of turbulent fluxes in the up-
per part of the cloudy layer. The computational demand
of the new updraft scheme is significantly reduced be-
cause of the fact that only 10 updrafts (instead of around
25 in the previous work) have to be integrated from
cloud base. Compared to Su!selj et al. (2012), the vertical

FIG. 3. BOMEX case. (top),(bottom left) Joint two-dimensional pdf of the moist conserved variables from LES at
580, 700, and 1000 m, respectively. The integral of the pdf within the area delineated by the isolines is shown in
percent by the colorbar. All SCM updraft values within the last simulation hour are plotted as a scatterplot. (bottom
right) The profile of skewness of uL, qt and w from LES results (solid line) and SCM (dashed line).
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EDMF multiple plumes represent skewed part of PDF of 
thermodynamic properties leading to more efficient vertical mixing 
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Diurnal Cycle of Convection over Land: 
Transition from Shallow to Deep Convection

Climate and weather models are unrealistic

Guichard et al., 
QJRMS, 2004
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Diurnal cycle of precipitating tropical 
convection over land: LBA case

Realistic transition from PBL to shallow to deep convection

A single scheme able to represent all these types of convection

Cumulative surface precipitation

Multi-plumes with simplified parameterizations of microphysics, 
downdrafts and cold pool effects

Cloud base and top
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red line can be described with a diffusion approach. This
combined mass-flux/diffusion methodology allows for a
more accurate description of the fluxes than either approach
by itself.Additionally, these two traditional transport approx-
imations can be combined as desired for specific cloud
regimes.Therefore, this combined approach is ideally suited
to unifying PBL parametrization, which often uses pure
diffusion techniques, with convection parametrization, typi-
cally based on mass-flux techniques.

Cloud cover and cloud water are treated in the new
parametrization scheme by predicting the variance of total
water, that is cloud water plus water vapour. If the shape of
the probability density function of total water is assumed,
the conversion between the prognostic variables water
vapour and cloud water on the one hand and total water and
total water variance on the other hand can be represented.
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a!Low Cloud Cover: impact of new PBL scheme

b!Low Cloud Cover: old PBL scheme

c!Low Cloud Cover: new PBL scheme

Figure 4 (a) Difference in low-cloud cover between analysis/forecast experiments using
the new PBL parametrization scheme and the old scheme. The other panels give the low-
cloud cover from the analysis/forecast experiments using (b) the old PBL scheme and (c)
the new PBL scheme. The results represent 9.5 and 10 day forecasts from six test periods
covering 7–27 July 2001, 9–22 October 2001, 1 February–1 March 2004, 1–31 July 2004,
1–31 October 2004 and 3-15 December 2004 amounting to 140 days.

The last key requirement of the new PBL parametriza-
tion is to determine the PBL cloud regime. In nature there
are two typical low-cloud regimes: stratocumulus clouds,
which occur in well-mixed PBLs with a large cloud frac-
tions, and trade cumulus clouds with small cloud fractions
and cloud layers that are weakly stable stratified. Various
algorithms are available to distinguish between these regimes.
In the end we used a criterion based on lower tropospheric
stability after the work by Klein and Hartmann at the
University of Washington in 1993.This criterion reflects the
observation that stratocumulus clouds mostly live in atmos-
pheres with strong inversions.

Peruvian stratocumulus

The main impact of the new moist PBL scheme was
expected to be an increase in low-level cloud cover which

would be more realistic in situations of
cloud-topped mixed layers below inver-
sions. Most stratus and stratocumulus
live over relatively cold ocean regions
favouring condensation.The ocean also
supplies a near infinite heat source
offsetting the cloud top cooling minus
top entrainment, which together ther-
mally force the well mixed PBLs.
Therefore, the subtropical oceans west
of continents associated with up-
welling and the high latitude oceans are
typical regions of large low-level cloud
cover. In addition stratus forms over
the continents during winter in anti-
cyclonic regimes.

Testing of the new PBL included
more than a thousand forecast days
with the full resolution T511 model
during six periods in the years 2001 and
2004.Figure 4 shows the corresponding
realistic increases in cloud cover of up
to 40% locally in all the typical stratocu-
mulus and stratus regions and of around
2% to 4% globally.This improvement
is rather significant for the Earth energy
balance.Two of the full-resolution re-
analysis periods were specifically chosen
to coincide with marine stratocumu-
lus field experiments: DYCOMS II in
July 2001 in the California stratus
region and EPIC in October 2001 in
the Peru stratus region.

The field experiment EPIC (Eastern
Pacific Investigation of Climate Process-
es) focused on a comprehensive study
of turbulence, drizzle and aerosols in
stratocumulus in the southeast Pacific
Ocean.The research ship Ron Brown
was located for a full week in the centre
of this low-cloud region.Typically this
region has thick stratocumulus clouds,

Global atmospheric models and unified 
parameterization approaches

Koehler et al,, 2011

Significant PBL cloud improvements in 
ECMWF model with EDMF

EDMF has been implemented 
operationally in a variety of 
global atmospheric models: 
ECMWF, NCEP, US Navy 

Over the last 20 years different 
groups have been developing 
unified parameterizations, 
including:
• Lappen & Randall (2001)
• Golaz et al. (2002)
• Bogenschutz & Krueger 

(2013)
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• CLUBB represents double-gaussian mixing while MF plumes 
represent additional discrete skewness of the sub-grid PDF

• Multi-plume MF: 1) Sampling from surface layer thermodynamic 
PDFs; 2) Stochastic lateral entrainment based on TKE

• MF plumes are coupled to CLUBB via 5-diagonal prognostic solver 
for mean fields and turbulent fluxes (solved simultaneously):

Merging Higher-Order Closure with Multi-
plume Mass-Flux: CLUBB + MF
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Merging higher-order closure with MF multiple 
plumes: PBL+ Shallow+ Deep Convection 

Annual mean low-cloud 
cover ( % ) for 1998-2017

OBS.

CLUBB L32

CLUBB L58

CLUBB+MF

CLUBB+MF simulations without deep convection parameterization: 
Realistic climatology of clouds, precipitation, TOA radiation

OBS.

CLUBB L32

CLUBB L58

CLUBB+MF

Annual mean precipitation 
(mm day-1) for 1998-2017

First fully unified turbulence/convection parameterization in 3D global model
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SHOC+MF produces realistic thermodynamic structure of the 
atmosphere in shallow moist convection regimes 

Unifying turbulence and convection by merging the Simplified 
Higher-Order Closure (SHOC) with multi-plume MF (SHOC+MF)

SHOC+MF in the SCREAM Model

BOMEX shallow convection case (hour 4-6)

Chinita et al., GMD, 2023
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Diurnal cycle of tropical convection 
over land: SHOC+MF 

SHOC+MF realistic transition 
from PBL to moist convection

A single scheme able to 
represent different types of 
convection

Merging SHOC and multi-
plume MF in DP-SCREAM: 
SHOC+MF

SHOC+MF produces realistic 
shallow convection
(Chinita et al., 2023)

Cloud Fraction (CF)
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Summary
§ EDMF is a unified parameterization that blends ED approach 

(small-scale turbulence) with MF approach (larger eddies)

§ EDMF represents well turbulence and convection in the global 
atmosphere and was implemented in global NWP models

§ Fully unified parameterization of turbulence and convection 
(from PBL to deep convection) implemented for the first time in 
3D global model: CLUBB+MF in CAM

§ SHOC+MF is being tested in DOE DP-SCREAM and showing 
positive results for shallow and transition to deep convection


