
Parameterizations in CMC NWP Models

(from Physical Parameterizations in Canadian Operational Models, S. Bélair)



“The Regional Atmospheric Modeling System (RAMS) is used to investigate
model sensitivity and the summer climate of North America… The surface 
boundary forcing is the dominant factor in generating atmospheric 
variability and exerts greater control on the model as the influence of lateral 
boundary conditions diminish. The sensitivity to surface forcing is also 
influenced by the model parameterizations.”

“INVESTIGATION OF THE SUMMER CLIMATE OF NORTH AMERICA:
A REGIONAL ATMOSPHERIC MODELING STUDY”. Ph.D. dissertation, 
C. L. Castro, Department of Atmospheric Science
Colorado State University, Fort Collins, CO 80523, Fall 2005

(however, here we shall focus on convective parameterization rather than 
parameterization of surface forcing, which is covered --- without much detail --- in 
course notes)



Parameterizations in CMC NWP Models

(from Physical Parameterizations in 
Canadian Operational Models, S. 
Bélair)

Molinari [1] defines mesoscale
models as hydrostatic models with 
10 ≤ ∆x ≤ 50  km

Thus both the global (33 km) and 
Regional (15 km) runs of CMC’s 
Global Multiscale Environmental 
NWP model are mesoscale models

"At a grid spacing of 10 km, the grid 
scale approaches the preferred scale 
for instability of convection in 
nature." (Molinari, [1])



Most individual clouds are sub-grid scale: must formulate the statistical 
behaviour and collective effects of subgrid-scale clouds in terms of prognostic 
variables of grid scale (paraphrased from Arakawa, [1])

Large-scale
processes

Moist-convective
processes

Control

Feedback

From Arakawa; formulation of the path 
connected by heavy curves is the purpose of 
“cumulus parameterization”

Wish for : universal formulation (impossible), valid over some well-
defined range of grid lengths ∆x. But in practice there are “schemes for 
large scale models”, and “schemes for mesoscale models” [1]

Use of Primitive Equation 
models in NWP has made 
parametrization of the role of 
convection essential: for 
otherwise the lapse rate may 
become unstable during a 
numerical forecast, and intense 
(and false) synoptic scale 
vertical velocities can develop 
and ruin the large-scale forecast 
(Simard and Girard, CMC)…



Feedback
• Subsidence (compensates cloud updraft)
• Detrainment (mixing) of cloud air with environment
• Evaporation of falling precip

Control
• stratification
• convergent flow
• vertical motion
• humidity

Convective parameterization is an important challenge. 
The subject does not lend itself to tidy mathematical or 
numerical formulations – the schemes and the papers 
describing them tend to be bitsy, and barely recognizable 
as fluid mechanics. Problem for mesoscale models has 
been called “muddy” and “not well posed” [1]

“The premise underlying all physical parameterization is that 
some aspect of the microscale chaotic process is in statistical 
equilibrium with the macroscale system” (Emanuel, [1])

Convective parameterization “requires in principle a spectral gap 
between scales being parameterized and scales being resolved on 
the grid” [1]… Challenge to uphold a meaningful distinction 
between (and avoid double counting of) parameterized and 
resolved condensation.



Resolvable versus unresolvable cloud & precip

… but while correcting 
unstable model lapse rates is a 
compelling reason in and of 
itself, obviously sub-grid cloud 
needs to be accounted for - and 
is essential if we wish to have 
quantitative NWP guidance on 
precip & severe weather



Arakawa’s Classiification of schemes

• large scale condensation – condensation assumed to occur when air is 
supersaturated on the grid scale

• moist-convective adjustment (eg. Manabe et al., [3]) – moist convection assumed 
to occur where air is conditionally (or absolutely) unstable and supersaturated, at 
grid scale. Temperature and humidity are adjusted (non-locally) to saturated, moist 
adiabatic state, subject to  energy being conserved in sum across the cloud layer…
criticism: requires grid scale saturation before invokes subgrid moist convection. 
Many refinements (eg. Betts and Miller, [6])

• cloud-model schemes (prototype, Kuo, [4]). Kuo scheme was extensively used in 
large scale models (ie. not mesoscale) and is considered covered in some detail in 
notes. States Emanuel [1]: “one of the earliest and most enduringly popular 
schemes… convection is assumed to consume water at the rate it is supplied by the 
macrofluid system… violates causality… convection is not caused by the 
macroscale water supply.”

“What we eventually need... is a unified cloud parameterization, covering deep, 
shallow, high, low, cumuliform, and stratiform clouds with and without 
mesoscale organizations” (Arakawa, p15, [1])

(Many models include >1 scheme)



“Over the past three decades, significant effort has been devoted to improving our 
understanding of the interaction between cumulus convection and larger-scale 
circulations and to modeling such interaction in various approaches of cumulus 
parameterization. Despite these efforts, a general theory of cumulus 
parameterization does not exist, and no one single scheme is found to
outperform other schemes consistently in a wide range of weather situations.”
(Kuo et al., [5]) 









KuoKuo cloud model scheme (deep convection scheme)cloud model scheme (deep convection scheme)

• classic scheme universally employed for models with gridlength order 100 km or 
more; problematic at modern resolution (has been replaced in GEM by “Kain-
Fritsch scheme”)

• cumulus convection exists only in the presence of deep, conditionally unstable 
layer in which there is net moisture convergence

• moisture supply = large-scale convergent advection of vapour + surface evap’n

• scheme vertically redistributes water and releases latent heat due to condensation

• simplistic computation of cloud location and state: lift a surface parcel along dry 
adiabat to LCL; above the LCL, ascent continues along a moist-adiabat slightly 
modified by entrainment. The top of the cloud layer is the level of non-buoyancy

• scheme computes cloud fraction (“µ”) in the column over the grid square; remixes 
model layers; produces precipitation 



Kuo cloud model scheme 



Thus need to diagnose µ and Tc(z) for each grid column over which deep 
convection is inferred to be occurring

Kuo cloud model scheme 



Kuo cloud model scheme 



Dewpoint lapse rate line(s)

LCL and LFC

(schematic) pre-correction
model sounding

Moist
adiabat defines

Tc(z)

(more typically, LFC is 
above LCL)

Kuo cloud model scheme 



Kuo cloud model scheme 



Kuo cloud model scheme 



Kuo cloud model scheme 



Fritsch and ChappellFritsch and Chappell* ([8]) mesoscale cloud model scheme (∆x ≤ 20 km)

What “causes” deep convection?

- moisture accession (a la Kuo) ?

- low level frictional convergence?

- CAPE?...

Fritsch & Chappell note:

• “studies by (others) indicate that frictional pumping is neither a necessary** nor a 
sufficient cause for the occurrence of cumulus convection”

• thermals are stronger and larger when low-level convergence is present

* precursor to Kain & Fritsch scheme

**since friction always occurs in the real world, how can one know it isn’t 
necessary? Maybe by virtue of modelling studies… in which one could turn off 
friction. But anyway, its totally obvious that one could have intense buoyancy 
driven convection with no mean motion near the lower boundary



Fritsch and Chappell (ctd…)

• “moist convection only occurs when air is forced to its LFC by low-level 
convergence, air mass overrunning, or when low-level heating and mixing remove 
any stable layers suppressing moist convection (ie. when potential buoyant energy 
becomes available)”



Fritsch and Chappell scheme (ctd.)

• each grid column isolated from all others

• assumes deep convection the dominant cloud form

• recognizes convection responds not only to the rate at which the large scale is 
generating buoyant energy, but also to the buoyant energy generated and stored 
prior to the onset of deep convection

• designed to simulate a vertical rearrangement of mass that allows the (model) 
atmosphere to eliminate CAPE, through three vertical transport mechanisms: moist 
convective updraft, moist convective downdraft, and a dry branch (ascent or 
descent) all occurring locally (within the grid cell)

• precip efficiency is (empirically) related to wind shear across the cloud depth

• parameterization “capable of generating convectively driven mesoscale pressure 
systems”



• “convective parameterization problem is to determine          and τc

• timescale τc for removal of CAPE is computed as ∆x / U (U the mean 
environmental horiz speed over cloud depth), but limited to the range 30-60 min
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KainKain & Fritsch& Fritsch ([9]); see also Kain ([10]), Bechtold et al.([2])

• “magnitude of convective heating and drying effects (ie. condensation releasing 
latent heat plus precipitation removing moisture to elsewhere) on scales less than 50 
km is much more strongly correlated with local convective available potential energy 
(CAPE) than with the large-scale rate of destabilization or moisture convergence”
(whereas eg. Kuo scheme predicates existence of deep convection on moisture 
convergence)

• as model resolution is increased more of the stratiform component of precipitation 
associated with convective systems is explicitly resolved

• as the horizontal resolution in larger scale models approaches the scale of individual 
convective clouds, greater flexibility in these models’ parameterization of subgrid
scale convection will be necessary to represent disparate convective environments 
faithfully

Scheme entails:Scheme entails:
• trigger
• mass flux formulation
• closure
Used now for both shallow and deep convection in some models



Trigger functionTrigger function

• identify “updraft source layers” (USL’s), ie. potential source layers for clouds

• model layers from surface to depth 60 hPa are mixed** to define T, Td

• undilute ascent to LCL. Implied parcel TLCL is augmented by an empirical 
correction

where wg is resolved vertical velocity, c(z) a threshold value of order 2 cm s-1

depending on the height of the LCL. Rationale: “convective development is 
favoured by background vertical motion”

• if                                                             this parcel eliminated… whereas

[ ] 3/1)(zcwkT g −=δ

( )LCLENVLCL zTTT <+δ

(formulation differs in Bechtold et al.)

** note deviation from later-described updraft formulation



Trigger function (Trigger function (ctdctd……))

• if

parcel is “candidate for deep convection” and is lifted (including effects of 
entrainment, detrainment and water loading cloud model). 

• if parcel vertical velocity remains positive over depth that exceeds a “specified 
minimum cloud depth (typically 3-4 km) deep convection is activated** using 
this USL”… otherwise

• “base of the potential USL is moved up one level and process repeated” and 
continues until 1st suitable USL is found or search has moved above lowest 300 hPa
of atmosphere

( )LCLENVLCL zTTT ≥+δ

** where used for shallow convection, this restriction revised



The needed properties supplied by a “one dimensional entraining/detraining plume 
model” (ODEDP)

Mass flux equationsMass flux equations

( ){ } ( ) ⎥⎦
⎤

⎢⎣
⎡ ++−−+
∂
∂

=

∂
∂

−=
∂
∂

dduududu

r

conv

MM
zA

w
zt

ψδψδψεεψ
ρ

ψψ

1

''

• A grid cell area,             resolved (mean) value over the grid cell
• ρr reference density

AwM du
r

du ,, ρ=•

• ε entrainment rate [kg m-1 s-1] 
• δ detrainment rate

mass flux [kg s-1],  w vertical velocity

ψ



A few definitions:

• Virtual temperature: temperature of a dry parcel having same pressure and density 
as the given sample whose temperature and specific humidity are T,q :

( )qTTv 61.01+=

• Virtual potential temperature θv : virtual temperature of a parcel subjected to 
unsaturated adiabatic compression from its actual pressure p to a reference pressure

• Virtual potential temperature Virtual potential temperature θθvv is conserved (invariant) along a dry is conserved (invariant) along a dry adiabatadiabat

• Equivalent temperature: temperature a moist parcel would attain if all latent heat 
were converted to sensible heat (not same as virtual temp.)

γ
eTTe += (e the vapour pressure, γ the psychrometric constant)

• Equivalent potential temperature: θe … resultant temperature if parcel having temp 
Te and pressure p is compressed adiabatically to reference pressure



Fig. 1 of Bechtold et al. [2].

Departure levelDeparture level

Unvarying Unvarying 
θθvv on on 
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EquilibEquilib. temp. level. temp. level

Cloud top levelCloud top level

Level of free convectionLevel of free convection

Lifting condensation levelLifting condensation level

CAPE

Level of free sink, Level of free sink, 
““defined by level of defined by level of 
minimum saturated minimum saturated 
equivalent potential equivalent potential 
temperaturetemperature””

Downdraft baseDowndraft base
levellevel

Downdraft deDowndraft de--
trainmenttrainment levellevel



Cloud model: the updraftCloud model: the updraft

Once a suitable departure level DPL (or updraft source level USL) defined:

• updraft originates at DPL, entrains environmental air while within the ABL, then 
undergoes “undilute ascent” to the LCL… then

• 2
0)( RwLCLM LCLr

u πρ= wLCL= 1 m s-1

R0 = 1500 m (deep convection)
=     50 m (shallow convection)

uukuku MM δε −=−+ ,1,• (change in updraft mass flux: r.h.s. values 
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Cloud model: the downdraftCloud model: the downdraft

• downdraft originates at level of free sink (LFS), identified as level of minimum 
environmental saturated equivalent potential temperature

• ( ) )(Pr1)( LCLMLFSM u
eff

d −−=

01,, >=− + dkdkd MM ε• (change in downdraft mass flux: 
detrainment set to zero, except in 60 mb
layer DDL-DBL)

• a vast number of other details of the model and its implementation are involved

Preff the precipitation efficiency, an empirical function of wind shear 
across the cloud layer and of cloud base height
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