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1 Introduction

Currently, there is no adequate cumulis parameterizatio= that
is suitable for use in nested grid simulations having horizontal
resolutions between two and fifty kilometers. The few param-
eterizations which are designed for meso-3 scale models are
scale specific, i. e. they were designed around a specific hor-
izontal grid scale. The result is that they do not function
well outside of the intended horizontal resolution since cer-
tain assumptions become invalid. Perhaps the most Limiting
assumption in these cumulus parameterizations is the convec-
tion and all associated motions, including compensating sub-
sidence, occur wholly within the grid box. This unrealistically
constrains he subsidence and does not allow convection to
propagate into contiguous grid volumes, Furthermore, as the
grid resolution increases, the resolvable advection and the cu-
mulus parameterization begin to represent the same physical
process. This double counting of a physical process by both
the resolved scale and the parameterized scale then becomes a
concern.

In Weissbluth (1991) and Weissbluth and Cotton (1988), a
CCOPE supercell, Florida sea-breese convection and a trop-
icduquaulinomupudﬂydmunodbythnllegiond.\e-
mospheric Modeling System (RAMS) developed at Colorado
State Ur..arsicy. Model output diagnostics were shown ¢o be
a powerful toal in interpreting the behavior of the storm since
spatial and temporal resolution of the data is uniform and self-
consistent, unlike real-world observations of these phenomena.
By averaging over suitable areas of the explicit simulations,
areal averages of the convective heat, momentum and moisture
fluxes were obtained for each of the storms and intercompared,
The vertical velocity veiiance seems to be a rather universal
measure of convection regardless of the forcing of convection or
its environment, Furthermare, vertical mass and moisture co-
variances appear strongly linked to w’uw’ . For these reasons,
we have based the present cumulus parameterization scheme
on the prediction of ww ,

Weissbluth (1991) and Weissbluth and Cotton (1890) described
the modifications made to the traditional Mellor and Yamada
(1974) level 2.5 closure. Since the one prognostic variable is
w't/ |, the scheme is termed a ievel 2.5w closure. Within this
formulation, realizability conditions are imposed on the mixing
coefficients as in Hassid and Galperin (1983) and the clipping
approximation of Andre et al. (1976) is used. Furthermore, a
generalized length scale is used as in Chen and Cotton (1987)
to represent stable and unstable conditions where a buoyant
heat flux may or may not be present.
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The pressure and transport terni'are closed as in Zeman and
Lumley (1976) who modeled these terms for a buoyancy-driven
mixed layer. In their original formulation, the shear compo-
nents were not included since they studied an environment
without shear; in our formulation, contributions to ww’ from
shear is included, The transport term is handled in a relatively
sophisticated way in order to include counter-gradient trans-
ports in the mixed layer. Qur farmulation extends the original
theory to include the virtual and rainwater effects on the buoy-
ancy terms.

Thus far, only a higher order turbulence scheme has been de-
scribed. In the following sections, the addition of a deep cu-
mulus compnent will be described that will allow the scheme
to be used as a cumulus parameterization scheme. Then, one-
dimensional simulations will be presented that describe the
limiting states of this cumulus parameterization scheme. It
is important to note that in the previous development of this
scheme and in the following section, no assumptions about the
scale of the cumulus have been made.

2 The convective adjustment model

The level 2.5w model predicts the evolution of horizontally
homogeneous convection over land and water. This includes,
for example, convection within the PBL and convection forced
by the radiative destabilisation of statiform cloud layers in
the PBL and in the middle and upper troposphere. Alone,
however this theory fails to simulate the ensemble-averaged
effects of deep convective activity when applied to the free at-
mosphere. This is because the PBL, for example, is driven
by the parameterized heat flux at the ground. The divergence
of this heat flux creates an unstable lapse rate which implies
strong mixing and an upward transport of heat, The PBL
grows slowly by vertically communicating the heat flux up-
wards until the inversion can no longer be eroded by the PBL
¢ddies. When deep moist convective cells are presen: in the
free atmospliere, however, this theory of contiguous mixing is
no longer valid since information about the buoyant parcel is
carried irom the lifted condensation lavel (LCL) to the equilib-
rium tezaperature level (ETL). Some way is needed to conserve
the parcels buoyancy through the depth of the fres atmosphere
in order to represent the effects of deep moist convection.
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Therefore, a convective adjustment scheme first proposed by
Manabe et. al. (i965) and investigated by Betts (1986),
Bougeault (1985) and others is proposed. This model is ca-
pable of capturing the strong scalar transports within the core
of the convection.

The tendencies to the model variables are specified so that the
cumulus forcing becomes

() s = el Ze b am)]. 0

The second term on the rhs of Eq. 1 is the convective adjust-
ment term where T is the time scale over which convection
modifies the environment, ¥ represents any scalar variable, u,
d and e represent updraft, downdraft or environmental values
of a variable and o represents cloud core fractional coverage.

The convective time scale ia simply specified as
1 1 gt ==
T = m .[d ww Z

where H is the total cloud height. The first term on the rhs of
Eq. 11is as in Bougeault (1985), except w** is determined from
forcing the moist static energy of the convective tendencies to
be nil, 4. e.

w‘. =

1 3 (ro = 75) = L(rs = 75)+ Cp(Tu = T)lpds,,
o falLFE - LEE - ¢, lpdz Y

There are several interpretations of Eq. 1 which can be made.
When cumulus forcing is diagnosed, the first term on the rhs
combines with the resolvable advection. Bougeault (1985) then
interprets the first term on the rhs as a subsidence term since
the resolvable vertical motion in large-scale models is negligible
compared to w**. The second term is then interpreted as the
detrainment term. In large scale models, then, the subsidence
term prompts warming and drying while the detrainment term
prompts warming and moistening,

In mesoscale models, the resolved vertical motion may be com-
parable to w** and a different interpretation of the term is
needed. In this case, the advection by the resolved motions and
the first term on the rhs (now called the compensation term)
combine to give near zero net advection which is desirable since
the advection of the scalars is now being accomglished by the
convective adjustinent term. Double counting is then explic-
itly eliminated since the convective adjustment term wholly
handles the updraft core warming and moistening,

In Eq. 1, either w** or T could be specified and the remain-
ing coefficient determined from a moist static energy balance.
Bougeault specified the convective flux as a function of height
and diagnosed the detrainment time scale, Here, the convec-
tive adjustment time scale is diagnosed from the predicted
ww and the mass flux is diagnosed from an energy bal-
ance consideration. This is an artifact of the methodology
used to construct Eq. 1; only the convective adjustment term
was initlally included in the calculations. Due to the diffi-
culty in balancing the moist static energy of the tendencies,
the compensation term was later added. The effect of diag-
nosing w** and determining 7' from an energy balance on the
parameterization scheme is unknown and will be relegated to
future research.

3 One-dimensional simulations

The one dimensional simulations of a non-entraining cumulus
will be presented here in order to delineats the final or limit-
ing state the cumulus parameterization scheme would reach.
This scheme is placed within a model with a large horizontal
grid spacing of 1000 km in order to simulate a one dimen-
sional model. There is necessarily little mean vertical motion
and thus no feedback between the scheme and the numeri-
cal model. Areal coverage of the cumulus is assumed to be
unity and the parameterized cumulus is active for 5400 sec-
onds. Since a one-dimensional simulation does not allow for
the horizontal convergence of water vapor, this quantity will
not be depleted by the cumulus convection. Figures in this sec-
tion will include the initial and final total water mixing ratio
profiles, initial and final potential temperature and final ©y

profiles, and the time evolution of the condensate rate for sim-
ulations with and without downdrafts and with and without
microphysics. The condensate rate is defined as the total liquid
and ice which is produced within the parameterized cloud. The
numerical model uses the thermodynamic variable ®y4 which
Is conservative for parcels undergoing adiabadic motions with
phase changes. It is non-conservative, however, for all precipi-
tation processes. The expression relating ©; and @ is derived
in Tripoli and Cotton (1981) and is

- \ L(v Liu ,
0 = 9y <1+ C,Tr‘+ C,,Tr')' (3

In order to produce these limiting states, only the convective
adjustment term (the second term on the rhs of Eq. 1) is
retained since there can be no vertical motion to offset the
compensation term.

The limiting state for a non-entraining cumulus cloud with
no downdrafts and no microphysics is indicated in Figs. 1a -
lc. The final total water mixing ratio (Fig. 1a) is well mixed
through the depth of the cloud as is the final Oy profile in
Fig. 1b. Note that the potential temperriure profile in the
same figure indicates the atmosphere has warmed at all levels
in response to the convection. The condensation rate in Fig.
lc peaks at 310 mm/hr soon after cumulus convection is inj-
tiated and assymptotes to near 20 mm/hr. The condensation
rates are large since the parameterized cumulus has a frac-
tional coverage of unity. These profiles adequately characterize
the expected changes in the environment when a deep, non-
entraining, non precipitating cloud with no downdrafts fills a
grid volu qe.

When downdraits are added to the cumulus parameterization
(not shown) the final total water mixing ratio shows a decrease
in value where the downdrafts are present. Furthermore, cool-
ing in the lower model levels is apparent. The condensation
rate peaks 50 mm/hr higher at 460 mm/hr and assymptotes
to a similar value as the no downdraft case.
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Figure la, Vertical profiles of total water mixing ratio, Ry in g/kg
(curve MOD) after 5400 s and the initial profile, Ry, (curve CP)
in a one dimensional simulation without downdrafts and without

Figure 2a. As in la except for a simulation without downdrafts and
with microphysics.
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Figure 1b, Vertical profiles of ©y (curve A), © (curve C) after 5400
s and the initial potential temperature profile (curve C) in a one di-
mensional simulation without downdrafts and without microphysics.

Figure 2b. As in 1b except for a simulation without downdrafts and
with microphysics.
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Figure lc. Time evolution of the condensate zate in mm/hr for 5400
s in a one dimensional simulation without downdrafts and without
microphysics,

Figure 2¢c. As in 1c except for a simulation without downdrafts and
with microphysics.



The final states when the parameterization is run with micro-
physics and no downdrafts js indicated in Figs. 2a - 2¢, The
total water mixing ratios in Fig, 2a are not constant with height
since there is now precipitation forming and falling, The final
O in Fig. 2b is no longer well mixed due to the precipitation
Processes, yet the potential temperature profiles are similar to
the simulation with no microphysics since the in-cloud poten-
tial temperatures are only affected by Precipitation through
the energy released by the freezing process. The condensatjon
rate peaks at 365 mm/hr and assymptotes near 60 mm/hour,

When both downdrafts and microphysics are added to the cu-
mulus parameterization (not shown), slightly more total water
accumulates near the lower layers and slight cooling occurs.
The condensation rate is higher than the no downdraft case
through the whole simulation with a peak rate of 460 mm /hour
and an assymptotic rate of 140 mm/hour,

These limiting solutions indicate that the cumulus parameteriza-
tion scheme js functioning as desired. The scheme has been
incoporated and tested in a fully two dimensional simulatjon.

4 Conclusions

A generalized cumulus Parameterization based upon higher or-
der turbulence closure has been incorporated into one dimen-
sional simulations. The scheme consists of a leve] 25w tur-
bulence clusure scheme mated with a convective adjustment
scheme. The convective adjustment scheme includes a gradient
term which can be interpreted as either a subsidence term when
the scheme is used in large scale models or & mesoscale com-
Pensation term when the scheme js used in mesoscale models.
The scheme aslo includes a convective adjustment term which
is interpreted as a detrainment term in large scale models. In
mesoscale models, the mesoscale compensation term and the
advection by the mean vertical motions combine to yield no
net advection which is desirable since the convective moisten-
ing and heating is now wholly accomplished by the convective
adjustment term; double counting is then explicitly eliminated,
One dimensional simylations indicate satisfactory performance
of the cumulus parameterization scheme for a non-entraining
updraft.
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