
Stochastic Parameterization





Cascades





2D inertial range 3D inertial range

Collision?kB kC

k
0

K (k) ~ k−5/3 K (k) ~ k−5/3K (k) ~ k−3

3D inertial range2D inertial range

Dissipation

K (k) ~ k−3



Cascades



Anti-Cascades



Unresolved 
scales

Resolved 
scales

Dissipation

“Backscatter”

But there are instabilities 
on these scales.
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Stochastic 
Non-Deterministic Convection
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Non-deterministic convection is 
convection that not fully controlled by the large-scale.
It might be “random,” or it might not.



What is the nature  
of the non-deterministic efects?

Noise from the cheap seats?

Self-organized mesoscale weather systems?

Energy supplied by dissipation of the larger scales?

Instabilities that generate energy directly on the 
smaller scales?

Cumulus convection

Mesoscale organization



Possibly 
non-deterministic, 
but not random



With a grid spacing of 20 km or less, we 
definitely do not have a statistically 
meaningful sample of large clouds in each 
grid column.  

Even with a grid spacing of 200 km, the 
number of large clouds in a grid column 
is worryingly small.

Stochastic Physics &  
The Grey Zone



Let’s try stochastic parameterization 
& see what happens.



What we all do

Identify a model deficiency (our cup runneth over)

Introduce a change to the model physics (a stochastic 
parameterization, for instance)

Demonstrate that the change leads to an improvement 
in the model results 

Conclude that the change to the physics brings it closer 
to the true physics

I’m sorry, this just isn’t very convincing.

What would be more convincing is a mechanistic analysis.



Example:
Ensemble spread is too small

Need stochastic physics?

OR

Model is overdamped?



What do I mean by  
“A Mechanistic Analysis?”

Show where the non-deterministic effects come from.

“Backscatter?”

Convection?

Mesoscale?

Show how the non-deterministic effects alter the larger scales.

Use a large-domain CRM.



Use a CRM to test ideas.
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becomes the gird-scale circulation. The cumulus parameterization should play no role in this 

limit. More generally, it is important to remember that parameterizations are supposed to 

formulate only the subgrid effects of cumulus convection, NOT its total effects involving gird-

scale motion. Otherwise the parameterization may overdo its job, over-stabilizing the grid-

scale fluctuations that are supposed to be explicitly simulated.  

To visualize the problem to be addressed, we have performed two numerical simulations 

using a CRM, one with and the other without background shear. The model used for these 

simulations is the 3-D vorticity equation model of Jung and Arakawa (2008) applied to an 

idealized horizontally-periodic domain. The horizontal domain size and the horizontal grid 

size are 512 km and 2km, respectively. Other experimental settings follow the benchmark 

simulations performed by Jung and Arakawa (2010).  

Figure 4 shows snapshots of the vertical velocity w at 3 km height simulated (a) with and 

(b) without background shear. As we can see from these snapshots, these two runs represent 

quite different cloud regimes. To see the grid-size dependence of the statistics, we divide the 

original CRM domain (512 km) into sub-domains of same size to repcresent the GCM grid 

cells. 

 

 

Fig. 4  Snapshots of the vertical velocity w at 3 km height simulated (a) with and (b) 
without background shear, and examples of sub-domains used to see the grid-size 
dependence of the statistics. 
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Fluxes where convection is active

6. Summary and further discussion

One of the most important issues to be addressed in
multiscale modeling of the moist-convective atmosphere
is that the existing atmospheric models represent the
effects of deep moist convection only in one of the
following two ways: highly parameterized as in con-
ventional general circulation models (GCMs) and ex-
plicitly simulated as in cloud-resolving models (CRMs).
Correspondingly, numerical models of the atmosphere
are polarized into two families represented by the GCMs
and CRMs, separated by the gray zone for the mesoscale
range. This paper presents a new framework for cumulus
parameterization applicable to any horizontal resolution
between those typically used in GCMs and CRMs. For
sufficiently low resolutions, the framework is equivalent
to the use of a conventional parameterization with full
adjustment to a quasi-equilibrium state. For sufficiently
high resolutions, on the other hand, it reduces to an

explicit simulation of deep moist convective processes
as is done in CRMs. Since parameterizations in GCMs
and CRMs are unified in this way, we call the framework
unified parameterization.
It is emphasized that a cumulus parameterization is

supposed to formulate only the subgrid effects of cu-
mulus convection, not the total effects involving grid-
scale motion. Then the transport to be parameterized is
only the eddy transport, not the total transport. The
unified parameterization formulates the eddy transport
in such a way that a smooth transition between the two
ways of representing deep moist convection can take
place. The key parameter to allow this transition is s,
which is the fractional area covered by convective up-
drafts in the grid cell, rather than the resolution itself.
Practically all conventional cumulus parameterizations
assume s ! 1, at least implicitly, using the gridpoint
values to represent the cloud environment as far as the
thermodynamic prognostic variables are concerned.
The unified parameterization formulates this transi-

tion by eliminating the assumption of s ! 1 from the
beginning. If clouds and the environment are horizontally
homogeneous with a top-hat profile, as is widely assumed
in the conventional parameterizations, it is shown that the
s dependence of the eddy transport is through a simple
quadratic function. Together with a properly chosen
closure, the unified parameterization determines s for
each realization of grid-scale processes in terms of the
grid-scale destabilization normalized by the eddy trans-
port efficiency. The parameterization then determines
the magnitude of vertical eddy transport depending on
the value of s obtained in this way. Unlike the commonly
used relaxed adjustment, the reduction is only for the
eddy transport effects. The diabatic effects have their
own dependence on s, as will be discussed in Part II of
this paper (A. Arakawa and C.-M.Wu 2013, unpublished
manuscript). Part II will also discuss the dynamical effects
of eddies such as the eddy transport of vorticity.
The unified parameterization can also provide a frame-

work for including stochastic parameterization. It is
pointed out that a stochastic formulation must be made
under appropriate physical, dynamical, and computa-
tional constraints that identify the source of uncertainty.
In the unified parameterization, the source is in the de-
termination of cloud properties relative to the gridpoint
values, which influences the uncertainty of s and hence
that of eddy transports. We suspect that different phases
of cloud development are primarily responsible for the
uncertainty, which could be formulated stochastically.
The remaining issues include parameterization of the

eddy transport because of the inhomogeneous structure
of updrafts and the environment, which is responsible
for the difference between the green and light blue lines

FIG. 14. As in the shear case of Fig. 6, but with standard deviations
for the total and eddy transports.
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The SGS flux becomes more stochastic, but 
so does the resolved flux.

On the other hand…

The SGS flux becomes smaller, but the 
resolved flux becomes bigger.

So how important is the SGS stochasticity?



Convince me.

Show where the non-deterministic effects come from.

“Backscatter?”

Convection?

Mesoscale?

Show how the non-deterministic effects alter the larger scales.

Use a large-domain CRM.


