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The “forcing and response” paradigm

“These prognostic equations involve terms of two types: ‘Cloud terms,’ which depend on the mass flux 
distribution function…; and ‘large-scale terms,’ such as large-scale advection, surface eddy fluxes, and 
radiational heating terms, which do not depend on the mass flux distribution function….We call the large-scale 
terms the large-scale forcing.” 

—AS74
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—AS74

“The large-scale forcing can be divided into two parts: … the ‘cloud layer forcing’ and the ‘mixed layer forcing.’” 

—AS74

R +F ≅ 0
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The mixed-layer forcing exerts a powerful influence on the CAPE,  
because what happens in the mixed layer affects an updraft’s buoyancy at all levels.
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Entrainment into the mixed layerA key missing ingredient: 
Downdrafts

The mixed-layer forcing exerts a powerful influence on the CAPE,  
because what happens in the mixed layer affects an updraft’s buoyancy at all levels.
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“So, Wayne,” I said…

“Why is the mixed-layer 
forcing so small?”



AS74 did not include downdrafts, so the moistening by 
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entrainment of dry air across the top of the mixed layer.
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AS74 did not include downdrafts, so the moistening by 
surface evaporation has to be balanced by some 
combination of horizontal advection and the 
entrainment of dry air across the top of the mixed layer.

The vertical resolution of the Marshall Islands data is 
completely inadequate to reveal the (presumably small) 
water vapor mixing ratio of the entrained air.

An assumption had to be made.  Wayne’s thesis doesn’t 
say what was assumed, and Wayne doesn’t remember.

“Well,” said Wayne…

He may have assumed that the entrained air was dry enough to balance the surface evaporation.



According to one school of thought, 
the mixed-layer forcing is dominant. 
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“…convection is regulated by a balance between the respective tendencies of surface fluxes and 
convective downdrafts to increase and decrease boundary-layer equivalent potential temperature.”



Boundary-Layer Quasi-Equilibrium  
(BLQE)

The BLQE hypothesis asserts that the mixed-layer forcing is the primary driver for deep convection.  
The physical argument is that the powerful mixed-layer forcing leads to cumulus downdrafts that efficiently cancel it out.  

This is a hypothetical but explicit and plausible negative feedback of deep convection that regulates the mixed-layer’s properties.

“…convection is regulated by a balance between the respective tendencies of surface fluxes and 
convective downdrafts to increase and decrease boundary-layer equivalent potential temperature.”



The plot thickens…



Free Tropospheric Quasi-Equilibrium  
(FTQE)

Guang Zhang argues that the convective response is whatever is needed to cancel destabilization by the cloud-layer forcing.

He says that the mixed-layer forcing should be ignored.

FTQE is the antithesis of BLQE.

It is, however, consistent with Wayne’s thesis. 
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[1] The quasi-equilibrium assumption proposed by Arakawa and Schubert assumes that
convection is controlled by the large-scale forcing in a statistical sense, in such a way that
the stabilization of the atmosphere by convection is in quasi-equilibrium with the
destabilization by the large-scale forcing. The assumption was developed largely based on
observations in the tropical maritime environment and has not been evaluated in
midlatitudes. This study examines the quasi-equilibrium assumption in midlatitude
continental convection environment using summertime observations from the Southern
Great Plains of the United States. Two complementary approaches are taken for this
purpose. The first one compares the net time rate of change of convective available
potential energy to that due to the large-scale forcing. The second one examines the
contributions to the net change of CAPE from the boundary layer air and the free
tropospheric air above. Results from both the approaches indicate that the quasi-
equilibrium assumption is not well suited for midlatitude continental convection. It is
shown that the net change of CAPE is comparable to and largely comes from that due to
thermodynamic changes of the boundary layer air, while the contribution from the free
troposphere above the boundary layer is negligible. The analysis also shows that the role
of convective inhibition to suppress convection is the most pronounced when the large-
scale forcing in the free troposphere is weak. On the basis of these and other observations,
a modification to the quasi-equilibrium assumption is proposed. It assumes that convective
and large-scale processes in the free troposphere above the boundary layer are in balance,
so that contribution from the free troposphere to changes in CAPE is negligible. This
assumption is then tested using the single column model of the NCAR CCM3 by
modifying the closure in the CCM3 convection scheme. Such a modification significantly
improves the single column model simulation. The applicability of this new quasi-
equilibrium assumption to tropical convection environment is also discussed. INDEX
TERMS: 3314 Meteorology and Atmospheric Dynamics: Convective processes; 3319 Meteorology and
Atmospheric Dynamics: General circulation; 3337 Meteorology and Atmospheric Dynamics: Numerical
modeling and data assimilation; 3354 Meteorology and Atmospheric Dynamics: Precipitation (1854);
KEYWORDS: quasi-equilibrium, convective parameterization

1. Introduction

[2] Convective parameterization is one of the most chal-
lenging issues in global climate models (GCM). Convection
as represented by convective parameterization schemes in
GCMs is controlled by the large-scale dynamic and ther-
modynamic fields through a closure condition. Such a
closure condition is typically determined empirically by
the observed relationships between convective activity and
the large-scale atmospheric states or processes. Arakawa
and Schubert [1974] introduced the concept of quasi-equi-
librium between convection and the large-scale forcing. The
essence of the quasi-equilibrium assumption is that con-
vection is controlled by the large-scale forcing in a statis-
tical sense, in such a way that the stabilization of the

atmosphere by convection is in quasi-equilibrium with the
destabilization by the large-scale forcing. This assumption
has become the cornerstone in modern convective parame-
terization development. Most of the convective parameter-
ization schemes nowadays use it one way or another [e.g.,
Moorthi and Suarez, 1992; Randall and Pan, 1993; Zhang
and McFarlane, 1995; Sud and Walker, 2000; Gregory et
al., 2000].
[3] In theoretical studies, the quasi-equilibrium assump-

tion has also been used extensively [Emanuel et al., 1994;
Neelin, 1997; Yu and Neelin, 1997; Neelin and Zeng, 2000;
Zeng et al., 2000] to understand the tropical dynamics and
thermodynamics. For example, Neelin and Zeng [2000]
constructed a tropical circulation model of intermediate
complexity based on the quasi-equilibrium assumption.
[4] The quasi-equilibrium assumption has been examined

in a number of observational and numerical studies for
tropical convective environment [Arakawa and Schubert,
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But there is now a body of work…
Zhang, G. J., 2002: Convective quasi-equilibrium in midlatitude continental environment and its effect on convective parameterization. J. Geophys. Res.: 

Atmospheres, 107, 4220. 

Zhang, G. J., 2003a: Convective quasi-equilibrium in the tropical western Pacific: Comparison with midlatitude continental environment. J. Geophys. Res.: 
Atmospheres, 108, 4592. 

Zhang, G.J., 2003b: Roles of tropospheric and boundary layer forcing in the diurnal cycle of convection in the US southern Great Plains. Geophys. Res. Lett., 30.

Zhang, G. J. and M. Mu., 2005a: Effects of modifications to the Zhang-McFarlane convection parameterization on the simulation of the tropical precipitation in 
the National Center for Atmospheric Research Community Climate Model, version 3. J. Geophys. Res: Atmospheres, 110.

Zhang, G.J. and Mu, M., 2005b: Simulation of the Madden–Julian oscillation in the NCAR CCM3 using a revised Zhang–McFarlane convection parameterization 
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processes. Journal of Advances in Modeling Earth Systems, 10, pp.842-866.



Figure 1. DJF mean precipitation rates (mm d21) from (a) GPCP, (b) CMAP, (c) CTL, (d) NZM, (e) RZM, (f) difference between CTL and GPCP, (g) difference between
NZM and CTL, and (h) difference between NZM and GPCP.

Journal of Advances in Modeling Earth Systems 10.1002/2017MS001191
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From Song & Zhang 2018

Results from CESM 1.2.1 (CAM 5.3)
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DYNAMO simulation with SAM
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Mixed-layer forcing?

The mixed-layer forcing does not exist when deep convection is intense, because the moisture flux does not converge inside the mixed layer.
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A more basic issue:

Can we really separate the forcing from the response?

Surface fluxes are influenced by deep convection.

Stratiform precipitation is influenced by deep convection.

Radiatively active stratiform clouds are influenced by deep convection.

Randall and Pan (1993, p. 143):
“… it is not always clear which processes are convective and which are not.”

Randall, D. A., and D.-M. Pan, 1993: Implementation of the Arakawa-Schubert cumulus parameterization with a prognostic closure. In The Representation of 
Cumulus Convection in Numerical Models, a Meteorological Monograph published by the American Meteorological Society, K. Emanuel and D. Raymond, Eds., 
pp. 137-144.



Two alternatives to forcing-and-response

Q. J.  R. Meteorol. SOC. (1998), 124, pp. 94%981 

A cumulus parametrization with a prognostic closure 

By DZONG-MING PAN* and DAVID. A. RANDALL 
Colorado State University, USA 

(Received 5 September 1996; revised 5 June 1997) 

SUMMARY 
The paper describes the introduction of a prognostic cumulus kinetic energy (CKE) as a replacement for the 

quasi-equilibrium closure hypothesis of Arakawa and Schubert (AS). 
In the original version of the AS parametrization, the cloud work function, a measure of the convective 

available potential energy, is assumed to be maintained at ‘small’ values through a quasi-equilibrium between 
the cumulus convection and the ‘large-scale forcing’. It is argued here, however, that the distinction between the 
convective and large-scale processes is ambiguous and subjective. It is demonstrated that the need for such a 
distinction can be avoided by relaxing the quasi-equilibrium assumption, through the introduction of a prognostic 
CKE; referred to as prognostic closure. A dimensional parameter, a, is introduced to relate the CKE to the square 
of the cloud-base convective mass flux. It is shown that ‘adjustment time’ defined by AS is related to a, so that 
when the adjustment time approaches zero the prognostic closure reduces to quasi-equilibrium closure. A second 
dimensional parameter, TD, is used to determine the rate at which the CKE is dissipated. In the limit of small CY and 
?D, the convective mass flux is formally independent of both CY and TD if the environmental sounding is assumed 
to be given, but in reality the results of a prognostic model do depend on these two parameters because they affect 
the time-dependent sounding. 

For simplicity, a single constant value of a is used for all cloud types in tests with a general-circulation model, 
and this gives reasonably good results. Larger values of a lead to more frequent shallow cumulus convection and 
a cooler and more humid troposphere, in which stratiform condensation is more active and more large-scale 
precipitation can reach the surface. A longer dissipation time-scale leads to a warmer tropical troposphere. The 
interactions between stratiform cloudiness and convection prove to be quite important, leading to the conclusion that 
the convection parametrization really cannot be evaluated independently of the stratiform cloud parametrization 
with which it interacts. 

KEYWORDS: Adjustment time Convections Cumulus kinetic energy Planetary boundary-layer 

1. INTRODUCTION 

Cumulus convection plays an essential role in the atmospheric general circulation. 
Large-scale numerical models, such as general-circulation models (GCMs), have grid cells 
with horizontal dimensions on the order of a hundred kilometres or more, and so cannot 
resolve the cumuli, which have diameters on the order of 1-10 km. Representation of 
the cumulus effects in terms of grid-scale variables is called cumulus parametrization. 
The simulated atmospheric circulation produced by a GCM is extremely sensitive to the 
formulation of the cumulus parametrization. 

Variants of the cumulus parametrization proposed by Arakawa and Schubert (I 974; 
hereafter AS) are being used in many GCMs today. Key elements of the AS parametrization 
are as follows: 

0 The use of a convective mass flux to parametrize the vertical transports by the 
convective updraughts. This idea was first proposed by Arakawa (1969). It has now been 
almost universally adopted, especially considering that moist convective adjustment can 
be formulated in terms of a mass flux (see Suarez et al. 1983). 

a The introduction of a simple but explicit model of a cumulus cloud as a conceptual 
component of the cumulus parametrization. The particular cloud model used by AS to 
represent the life-cycle averaged properties of each cloud type consists of an entraining 
plume with a constant fractional entrainment rate, and detrainment only at the cloud- 
top level. Although this cloud model has been criticized by many authors (e.g. Warner 
1970; Raymond and Blyth 1986), Lin (1994) has recently shown, using a cloud-resolving 
* Corresponding author: Department of Atmospheric Science, Colorado State University, Ft. Collins, CO 80523, 
USA. 
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Predict the some measure of cumulus intensity. Use a super-parameterization.
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There is no need to distinguish between forcing and response.

The convection has memory.

Prognostic closure is simpler and computationally faster.

*



We need to understand success of FTQE. In the process we will learn something. 

The mixed-layer forcing is not well defined when deep convection is intense.

It’s best to avoid the forcing-and-response paradigm.  
Prognostic closure and super-parameterization make that possible.

Conclusions



Thanks


