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ABSTRACT

Shailow non-precipitating cumulus scheme used in the Global Forecast System (GFS) of the Central
Weather Bureau (CWB) is revised and tested both with a single column and a fill-coupled version of the
model.

It has been reported that the low-level horizontal water vapor transports were not sufficient and the
geographical patterns of precipitation rates were not well simulated by the GFS. The simulated summer
precipitation rates exhibited excessive values over subtropical western Pacific and underestimated rates
over eastern equatorial Pacific. These could be due to the shallow cumulus processes are not well formu-
lated in the model. Results from tests with a single column version of the GFS indicate that the scheme
fails to maintain observed shallow cumulus ¢loud planetary boundary layers (PBLs} forced by shallow
cloud regimes of BOMEX. The scheme only considers local cumulus diffusion and ignores important
condensation-evaporation cycle, which is crucial to maintain a shallow cumulus cloud by resupplying
water vapor in the cloud layer.

In this paper, we present an alternative, which is a simple eddy diffusive scheme with a nonlocal
transfers inclusion. This scheme, following Li and Young (1993), is diagnostic and consists of two com-
ponents: it represents the cumulus fluxes of liquid water potential temperature and total water as the sum
of local diffusion plus nonlocal convection. It estimates the cumulus diffusivities from cloud available
potential energy with an empirical nonlocal flux component derived from a large eddy simulation (LES)
data. The shallow cumulus cloud layer is well maintained initialized by BOMEX condition with the new
scheme in the single column tests. Preliminary results simulated using the new scheme but with a full-
coupled version are very encouraging; the geographical distributions of July precipitation rates, sea level
pressure and surface latent heat flux etc show more realistic pattern and values than that of the current
scheme of the GFS. We will present some of the results in the meeting.
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1. INTRODUCTION

Shallow non-precipitating cumulus clouds play
an important role in the global hydrological cycle
(Riehl et al. 1951), The shallow clouds form in the
upper portion of the planetary boundary layer (PBL)
and play an important role in enhancing mixing and
deepening of it. These situations can be found over the
humid daytime fair-weather boundary layer in land, the
trade wind PBL in subtropical oceans and the cold
airmass flowing over a warmer sea (CAQO) in midlati-
tudes, Usually, the accumulated heat and water vapor
destabilize the PBL and enhance the possibility of cu-
mulus convection within it. Initially the water vapor is
transported upward, released as latent heat in shallow
cumulus clouds, and reevaporated near their top. This
condensation-evaporation c¢ycle helps to maintain a

conditionally unstable cloud layer with an internal
maximum of buoyancy flux. Without considering
shallow convection models often have PBLs that are
too shallow with too weak surface turbulent fluxes and
is inconsistent with the timely development of subse-
quent deep cumulus convection,

Active shallow cumulus clouds can be thought of
as large thermals from the surface layer which are able
to penetrate well above their level of free convection
(LFC); hence they are the roots for cumulus convec-
tion (LeMone and Pennel 1976). These cumulus mo-
tions, in general, are expected to have strong updrafi,
which therefore may not be locally downgradient in
vertical. These cumulus nonlocal transports are
strongly coupled to subcloud layer.
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Recently, simple shallow cumulus parameteriza-
tions have been developed and used in general circula-
tion models (GCMs). They include simple eddy diffu-
sion scheme (Tiedtke 1984), Betts-Miller adjustment
scheme (Betts and Miller 1986), and the mass flux
schemne (Tiedtke 1989). Each of them has deficiencies
when applied to strongly convective situations. For
example, cloud root effects on the subcloud layer have
been inadequately represented. The stmple diffusion
scherne only considers local transfers. The Betts-Miller
scheme is usually downgradient. The mass flux sche-
me has bezn closed by a moisture flux assumption that
ignores sensible heat fluxes. Currently, the simple ed-
dy diffusion scheme following Tiedtke (1984) is used
in the global forecast system (GFS) of the Central
Weather Bureau (CWR).

In this paper, we adopt a shallow cumulus
parameterization scheme of Li and Young (1993).
Their scheme considers cloud root effects, condensa-
tion-evaporation cycle by using conserved variables of
liquid water potential temperature and total water
content, and includes an empirical nonlocal component
to represent cumulus scale large eddies (referred to as
KNL). The empirical data (Bougeault 1981) was from
a 3-dimensional (313) moist LES for trade winds.

Experiments are conducted using shallow cumu-
lus schemes that considering: (1} local transfers only
with a cumulus eddy exchange coefficient (Kcu) con-
stant with height (CONTROL), (2) local transfers with
height-varying Kcu extending downward to surface to
include cloud root effects (K1) and (3) the same as 2)
but including an empirical nonlocal flux component
foliowing Li and Young (1993) (KNL) are conducted,
respectively, with a single column version and a full-
coupled version of the GFS. A dataset for quasi-steady
tradewind conditions during the undisturbed BOMEX
period will be used for verification in the single co-
tumn tests. Perpetual numerical simulations initialized
by a July condition with CONTROL and KNL are also
presented with the full-coupled GFS.

Section 2 and 3 present an overview of PBL
cloud effects, the model for testing as well as the des-
ign and methodology of the revised shallow cumulus
scheme. The initial conditions and large-scale forcing
for the single column model are described in Sectiond.
The simulation results using the shallow cumulus
schemes with the single column and full-coupled ver-
sions of the GFS are given in Section 5. A summary
and conclusion is given in Section 6.

2. MODEL

The CWB GFS uses a TKE-¢ closure dry turbu-
lent diffusion scheme (Wang 1992) to represent small-

scale turbulent mixing. More details of the model are
given in Wang (1992) and Liou et al. (1997), and ref-
erences therein. The composite large-scale variables
during BOMEX period are used to initialize a single
column version of the GFS of CWB with high vertical
resolution (50m).

The shallow cumulus-scale heating and moisten-
ing rate may be expressed as
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where w'q," and w'0,' are total water and liquid
water potential temperature fluxes, respectively.

3. SHALLOW CUMULUS SCHEME

From the flux budget equations of W'g,' and

w'8," (details see Li and Young 1993), if the mo-

lecular fluxes, Coriolis term and radiation transfer ef-
fects are neglected and a quasi-equilibrium state is
further assumed. It can be shown that the cumulus
fluxes, which have a downgradient diffusion part and a
nonlocal one can be expressed as

wo'=—K @+K¢a% 3)
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where ¢ can be cither total water content or liquid

water potential temperature. Here, the convective
available potential energy (CAPE) of shallow cumulus
multiplied by active cumulus cloud coverage can be
used to define Kq;, which is approximately 6.5 esti-

mated from BOMEX (Li and Young 1993).

For the nonlocal terms, the second term on the
rhs. of (3), were obtained from Bougeault’s one-
dimensional higher-order closure model simulation
(1981) and the 3-D large-scale eddy simulation (LES)
done by Sommeria and LeMone (1978) where

a=—
a+bF(z)

witiha = 1, b = 1.5 and F(z) is a parabolic function with
maximum magnitude of 1 and zero at cloud top and
surface layer to include cloud roots effects.

4
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4. EXPERIMENTAL CASE STUDY FOR
SINGLE COLUMN TESTS

During the undisturbed periods of MOMEX
(June 22-23, 1969), the composite soundings all show
a shallow cool dry mixed layer, conditionally unstabie
cioud layer and strong inversion above. For instance,
during BOMEX, net large-scale processes stabilize the
environment by cooling/drying the lower part of the
cloud layer and warming/drying the upper part of the
cloud layer (Figs. 1 and 2). For the entire cloud layer,
net large-scale drying/warming is apparent. In this case,
to maintain the steady cloud layer, all the subgrid-scale
processes (i.e. small and cumulus scales) should give
net cooling and moistening in the cloud layer. Such
that the shallow cumulus convection acts to destabilize
the entire PBL environment assisted by lower
boundary flux forcing through surface evaporation
and/or warm sea surface temperature (SST). We diag-
nose the quasi-steady state simulated by the single co-
lumn version of the GFS and compare it with the abo-
ve effects, which are implied by the BOMEX data.
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Figure 1. The large-scale heating rates of BOMEX during
undisturbed period. Thin line: large-scale advection.
Long dashed: net radiation. Heavy long dashed line:
large-scale subsidence. Heavy solid line: net large-scale
heating rate.

5. RESULTS OF NUMERICAL EX-
PERIMENTS

5a. Single column tests

(i) Experiment I: local transfers alone with Keu con-
stant with height (CONTROL)

We begin our experiment considering local cu-
mulus diffusion only. A maximum value of Keu 6.5
constant with height is assigned in the whole cloud
layer. (Note that a value of 10 of Kcu is used in the
currently scheme applied in the GFS.}

Results indicate that the ¢loud layer can only be
maintained in the first two model hours. The time
evolution of the simulated cumulus potential tempera-
ture fluxes performs unrealistic shape and magnitude
in the upper cloud layer (not shown). The flux implies
a fairly large cooling in the upper cloud layer resulting
in a well-mixed upper cloud layer. The associated
heating rates indicate that the cumulus cooling is much
larger than large-scale subsidence warming. Thus, a
reasonable steady state could not be reached and the
cloud layer cannot be maintained as was observed (not
shown).
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Figure 2. The same as Figure 1 but for moistening rates.

(it} Experiment 2. local transfers alone but with height
varying Keu (KL)

We repeat simulation as in (i) but with Kcu
varying in height with parabolic fit in the cloud layer.
A maximum value of 6.5 is assigned in the mid-level
between the cloud top and the surface layer (to include
cloud roots effects).

The results simulated at 5 hour time evolution of
the cumulus potential temperature fluxes perform
much more realistic shape and magnitude in the whole
cloud layer than that of the experiment (i). The associ-
ated small-scale and cumulus warming mainly bal-
ances with large-scale cooling in the subcloud layer
(Fig. 3). The 5 hours average heating rates indicate that
the cumulus cooling rates have larger values (up to -15
K/day) than that of large-scale subsidence warming (9
K/day) at the upper cloud layer while at the lower
cloud layer the cumulus heating rates are slightly less
than that of the large-scale cooling. The all processes
shows the large cooling tendency due to imbalance (—6
K/day) between the large-scale and subgrid scale proc-
esses at the upper cloud layer resulting a too cool up-
per cloud layer when a quasi-steady is reached.
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The cumulus water vapor flux has maximum up-
ward transport just above the cloud base indicating
cumulus scale drying while the small-scale has strong
moistening. The associated cumulus scale moistens the
upper cloud layer and dries the lower cloud layer (not
shown).
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Figure 3. Heating rate (K/day) averaged from the initial
time to a steady state with the KL scheme using BOMEX
data. Solid: net subgrid scale. Dashed: net large-scale,
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Figure 4. Cumulus scale upgradient (dashed) and
downgradient (heavy dashed) parts of liquid water po-
tential temperature fluxes for BOMEX medel simuta-
tion using KNL scheme in a steady state. The heavy
solid line is the net cumulus flux.

(tif) Experiment 3: Nonlocal transfers included

We repeat experiment (ii) focusing on our
scheme with nonlocal transfers inclusion (KNL). Fig-
ure 4 shows that the upgrading part of cumulus flux
cancels almost one half of the local gradient transports.
In the upper cloud layer the sharp cooling by the local
flux divergence has been smoothed by the nonlocal
flux correction. In the subcloud layer and lower cloud
layer, the associated small-scale and shallow convec-
tion warming nearly balances the net large-scale cool-

ing. The net heating rate of the large-scale and subgrid-
scale averaged from the initial time indicates a slight
cooling tendency (1-2 K/day) in the upper cloud layer.
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Figure 5. Heating rate averaged from the initial time to
steady state with KNL shallow cumulus schemes using
BOMEX data.

A good balance between the large-scale and cu-
mulus-scale moisture processes is also found. Con-
tinuous small-scale evaporation from the sea surface
maistens the subcloud layer while cumulus-scale dry-
ing moistens the lower cloud layer through subcloud
layer adjustment (not shown). We found that the cloud
root effects plays an important role to supply moisture
into the cloud layer from the subcloud layer.

5b. Experiment with a full-coupled version of the
GFS: preliminary results

Figure 6 shows simulated July monthly-mean
precipitation rates using CONTROL and KNL
schemes with a full-coupled version of the GFS, re-
spectively.  Similar to that in Chen et al. (2000),
CONTROL underestimates the values of precipitation
rates over eastern equatorial Pacific ITCZ but overes-
timates the values in the subtropical western Pacific
(15-30N) (Fig. 6a). The model with the KNL scheme,
on the other hand, simulates much more realistic pre-
cipitation rates in both regions compared to that of
CONTROL (Fig. 6b). These improvements could be
due to the model now simulates more deeper moist
PBL over the tradewind regions resulting in more
large-scale horizontal moisture transports toward ITCZ.
The same month of simulated sea level pressure with
KNL shows much realistic subtropical high patterns
than that of CONTROL in northern Pacific and the
extension of trough is no longer found over southern
China and western equatorial Pacific regions (Fig. 7).
Detailed analysis is needed to identify these improve-
mernts.
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Figure 6. (a} Simulated July mean precipitation rates using CONTROL version. (b) The same as in (a) but with KNL. The con-
tour interval is 1, 2 respectively for the values smaller than 4, and is 4 with values larger than 4 (mm/day).
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Figure 7. (a} Simulated July mean sea leve! pressure using CONTROL version. (b) The same as in {a) but with KNL.

6. SUMMARY AND CONCLUSION

A simple cumulus eddy diffusion with a nonlocal
flux correction of shallow cumulus parameterization
has been presented. The effects of the buoyant cumu-
lus regimes of BOMEX were best described by down-
gradient liquid water potential temperature and total
water mixing, modified by nonlocal transfers, which
were the source of positive buoyancy flux. In the upper
cloud layer, the upgradient nonlocal cumulus heat
fluxes cancel parts of the local gradient transports, so
that the sharp cooling rates were smoothed. Thus, a
zood balance of heating and moistening rates among
the large-scale, small-scale and cumulus-scale proc-
esses was reached.

We expect the cloud root warming and drying to
counteract the small-scale cooling and moistening in
the upper subcloud layer. The cloud roots establish a

nonlocal transport “pipe” of moisture and heat between
the subcloud layer and cloud layer, which can alleviate
unrealistic subcloud moistening. We anticipate that
nonlocal processes and cloud root effects must be in-
cluded in the cloud-scale parameterization schemes for
stronger buoyant cumulus boundary layers.

Preliminary results simulated with the shal-
low cumulus scheme plus nonlocal transfers using a
full-coupled version of the GFS are very encouraging,
The model simulated reasonably good geographical
distributions of precipitation rates, sea level pressure
and surface latent heat flux in July. Further detailed
analysis of the impacts from the revised formulation of
the shallow cumulus scheme on the global hydrologi-
cal processes in the GFS is required.

We found that KNL is simple and useful to be
formulated in a GCM. However, since the scheme was
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restricted to the trade wind PBL, it could not be gener-
ally applied to more active cumulus situations such as
over regions of CAO. A theoretical model based on
fundamental processes and observed cumulus behavior
seemed necessary, and should be considered in future.
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