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Abstract: In this paper, we will present the results obtained from cloud resolving
model (CRM) simulations. Three specific topics will be discussed. (1) Differences
as well as similarities in terms of heating and moisture budgets as well as cloud-
radiation interactive processes between two types of modeled convection systems
(large-scale continuously forced and self-forced convection) will be discussed. (2)
We will identify the main physical processes which can produce very different
"statistical-equilibrium temperature and water vapor fields". (3) We will present
results from CRMs that can be used to understand and to improve the cumulus
parameterization closure assumptions as well as to show the interaction with
explicit microphysics.

1. Introduction

The hydrological cycle distinguishes the Earth from the other planets. A key
link in the hydrological cycle is the rain which falls from cloud systems in the
tropics, which amounts to about two-thirds of the global precipitation.
Precipitation, by means of its associated latent heat release, is the major energy
source driving the hydrological cycle and the large-scale circulation of the
atmosphere. Recently studies pointed out that the primary reason for differences
in current climate model simulations is the treatment of cloud-radiation
interaction processes. Clearly, if the prediction of the global/regional climate
change is to be reliable, the effects of clouds (microphysical processes) must be
accurately represented in climate models. An international program, the GEWEX
Cloud System Study (GCSS), was initiated to improve the representation of cloud
processes in climate and NWP models. The GCSS Science Team (1993)
recommended that improved cloud-resolving models (CRMs) or cumulus
ensemble models should be used as a test bed to develop and evaluate the cloud
parameterization for large-scale models.

Cloud resolving (or cumulus ensemble) models (CRMs) are, perhaps, one of
the most important tools used to establish quantitative relationships between
diabatic heating and rainfall. This is because latent heating is dominated by phase
changes between water vapor and small, cloud-sized particles, which can not be
directly detected (though some passive microwave frequencies do respond to path-
integrated cloud water). The CRMs, however, explicitly simulate the conversion
of cloud condensate into raindrops and various forms of precipitation ice. It is
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these different forms of precipitation that are most readily detected from space, and
which ultimately reach the surface in the form of rain in the Tropics (Simpson
and Tao, 1993; Simpson et al., 1989; 1996).

The use of cloud resolving models (CRMs) in the study of tropical
convection and its relation to the large-scale environment can be generally
categorized into two groups. The first approach is so-called "cloud ensemble
modeling". In this approach, many clouds of different sizes in various stages of
their lifecycles can be present at any model simulation time. The large-scale effects
which are derived from observations are imposed into the models as the main
forcing, however. In addition, the cloud ensemble models use cyclic lateral
boundary conditions (to avoid reflection of gravity waves) and require a large
horizontal domain (to allow for the existence of an ensemble of clouds). The
clouds simulated from this approach could be termed "continuous large-scale
forced convection". On the other hand, the second type of cloud resolving models
do not require large-scale effects to initialize the clouds. This type of CRM usually
requires initial temperature and water vapor profiles which have a medium to
large CAPE, and an open lateral boundary condition is used. The modeled clouds,
then, are initialized with either a cool pool, warm bubble or surface processes (i.e.,
land/ocean). These modeled clouds could be termed "self-forced convection”.

In this paper, we will present the results obtained from both approaches. (1)
Differences as well as similarities between two modeled convection systems will be
discussed. Specifically, we will present results associated with cloud-radiation
interaction for both large-scale forced convection and self-forced convection. (2)
We will identify the main physical processes which can produce very different
"statistical-equilibrium temperature and water vapor fields". For example,
Grabowski et al. (1996) found that the modeled climate was warm and humid in
their 24 day simulation. Sui et al. (1994), however, simulated a cool and dry
climate after 60 days of simulation. (3) We will present results from CRMs that
can be used to improve cumulus parameterization closure assumptions (Ferrier et
al., 1996) as well as to show the interaction with explicit microphysics (Tao et al.,
1993; Tao, 1995).

2. Cloud Resolving Model (CRM)

During the past 20 years, observational data on atmospheric convection has
been accumulated from measurements by various means, including radars,
instrumented aircraft, satellites, and rawinsondes in special field observations (e.g-,
GATE, PRE-STORM, COHMEX, TAMEX, EMEX and several others). This has
made it possible for convective cloud modelers to test their simulations against
observations, and thereby improve their models. In turn, the models have
provided a necessary framework for relating the fragmentary observations and
helping to understand the complex physical processes interacting in atmospheric
convective systems, for which observations alone still cannot provide a
dynamically consistent four-dimensional picture. The past decades have also seen
substantial advances in the numerical modeling of convective clouds and
mesoscale convective systems (e.g., squall-type and non-squall-type convective
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systems), which have substantially elucidated complex dynamical cloud-
environment interactions in the presence of varying vertical wind shear. With
the advent of powerful scientific computers, many important and complex
processes (which require extensive computations), such as ice-microphysics and
radiative transfer, can now be simulated to a useful (but still oversimplified)
degree in these numerical cloud models.

The Goddard Cumulus Ensemble (GCE) model is a cloud resolving model,
and its main features have been extensively published, recently by Tao and
Simpson (1993) and Simpson and Tao (1993). The model is nonhydrostatic and
model variables include horizontal and vertical velocities, potential temperature,
perturbation pressure, turbulent kinetic energy, and mixing ratios of all water
phases (vapor, liquid, and ice). The following major improvements have been
made to the model during the past three-year period: (i) The development of an
improved four-class, multiple-moment, multiple-phase ice scheme (Ferrier, 1994),
which resulted in improved agreement with observed radar and hydrometeor
structures for convective systems simulated in different geographic locations
without the need for adjusting coefficients (Ferrier et al., 1995). (ii) The inclusion
of solar and infrared radiative transfer processes, which have been used to study
the impact of radiation upon the development of clouds and precipitation (Tao et
al., 1993; 1996) and upon the diurnal variation of rainfall (Tao et al., 1996) for
tropical and midlatitude squall systems. (iii) The incorporation of land and ocean
surface processes to investigate their impact upon the intensity and development
of organized convective systems (Wang ef al., 1996a; Lynn and Tao, 1996).
Mesoscale circulations, which formed in response to landscape heterogeneities
represented by a land surface model, were crucial in the initiation and
organization of the convection (Lynnet al., 1996). Table 1 lists the Characteristics of
the GCE model.

Parameters/Processes GCE Model
Vertical Coordinate zZ
Explicit Convective Processes 2 class water & 2 moment
4 class ice
Implicit Convective Processes None
Positive Definite Advection for Scalar Variables;
Numerical Methods 4-th Order for Dynamic Variables
Initial Condition with Forcing
Initialization from Observations/Large-Scale Model
FDDA None
Broad-Band in LW; Solar
Radiation Explicit Cloud-radiation Interaction
Sub-Grid Diffusion TKE
Planetary Boundary Processes None
Topography Sigma-z
Two-Way Interactive Nesting Radiative-Type
Force-restore Method
Surface Energy Budget 7-Layer Soil Model (PLACE)
TOGA COARE Flux Module

Table 1  Characteristics of Goddard Cumulus Ensemble Model
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3. Response of Deep Cloud Systems to Large-Scale Processes in Various
Geographic Locations

3.1  Heating and Moisture Budgets

In diagnostic studies (e.g., Yanai et al., 1973), it is customary to define the
apparent heat source Qq and the apparent moisture sink Q5 of a large-scale system

by averaging horizontally the thermodynamic and water vapor equations as:
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Q1 and Q9 can be calculated either from observations or from grid values in a
large- or regional-scale prediction model. Qp and Q, can directly relate to the

contributions of cloud effects which can be explicitly estimated by the CRMs
(Soong and Tao, 1980; Tao, 1983; Tao and Soong, 1986; Tao and Simpson, 1989b and
many others):
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The overbars denote horizontal averages, and the primes indicate deviations from
the horizontal averages. The variable p is the density, and 7 = (p/P,,)*'P is the
nondimensional pressure, where P is the dimensional pressure and P, the
reference pressure taken to be 1000 mb. Cp is the specific heat of dry air at constant
pressure, and R is the gas constant for dry air. The variables Ly, Lf and Lg are the
latent heats of condensation, fusion and sublimation, respectively. The variables
c,eq., ey f,m,d and s stand for the rates of condensation, evaporation of cloud
droplets and raindrops, freezing of raindrops, melting of snow and graupel/hail,
deposition of ice particles and sublimation of ice particles, respectively. The term
Qgis the cooling/heating rate associated with radiative processes. Also, the first
terms on the right-hand side of (3) and (4) are the vertical eddy heat and moisture
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flux convergences, respectively. The subgrid scale turbulence terms are
represented by Dy and D and are negligibly small compared to the other terms

(Soong and Tao, 1980; Krueger, 1988). Egs. (3) and (4) represent the cloud heating
and drying effects, respectively.

(a) __ Diagnostically Determined Heating and Moisture Budgets

Figure 1 shows several Q1 profiles derived from several diagnostic studies.
Figure 1 indicates clearly that the heating profiles do show marked variation
among different types of cloud systems. For example, the maximum heating
peaks between the 4 and 7 km levels. The heating profiles associated with each
of these systems, however, share many common features after they are
decomposed into their convective and stratiform components. For example, a
composite of heating profiles obtained from the results of five different
diagnostic studies (Yanai et al., 1973; Johnson, 1984; Houze, 1989; Chong and
Hauser, 1990; Gallus and Johnson, 1991) and one modeling study (Lafore and
Redelsperger, 1991) are presented in Fig. 2 for both the convective and stratiform
regions. They include cases from West Africa, the tropical eastern Atlantic
(GATE), the west-central Pacific (Marshall Island), and the central-southern
Plains of the U.S. (PRE-STORM). The spacial resolution as well as the
partitioning between the convective and stratiform regions is not consistent
among these diagnostic studies. The convective profiles show heating
throughout the depth of the troposphere which is maximized in the lowest 2-5
km. The shapes of the heating profiles are quite similar with only slight
variations in their magnititude. The same can generally be said about the
stratiform region. Heating is maximized in the upper troposphere, however,
between 5 and 9 km while cooling prevails at about 4 km.
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Fig. 1 Comparison of wvertical Q7 profiles normalized by rainfall rates. These profiles are from
Gallus and Johnson (1991, curve GJ), Yanai et al. (1973; but was partitioned into convective

and stratiform components by Johnson, 1984, curve Y), Houze, (1988, curve H), Houze and
Rappaport (1984, curve HR), and Chong and Hauser (1990, curve CH).
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Fig. 2 Comparison of vertical Qp profiles normalized by rainfall rates for averages taken (a) over
the convective region and (b) over the stratiform region. These profiles are from Gallus and
Johnson (1991, curve GJ), Yanai et al. (1973; but was partitioned into convective and stratiform
components by Johnson, 1984, curve Y), Houze, (1989, curve H), Houze and Rappaport (1984,
curve HR), and Chong and Hauser (1990, curve CH). Adapted from Tao et al. (1993)

(b) _CRM Simulated Heating and Moisture Budgets

Tables 2 and 3, respectively, summarize most of the previous (prior to 1994)
CRMs' studies associated with continuously large-scale forced and self-forced
convection. Both CRMs have the same physics with the major difference being
their model setup. The CRM for simulating clouds under continuous large-scale
forcing allows several convective clouds to develop simultaneously inside the
model domain. A time-varying large-scale lifting and/or advective effects on
temperature and water vapor with magnititudes deduced from observations is
imposed continuously in the model as the main forcing mechanism. In order to
randomize the development of clouds, small horizontal random disturbances are
applied to the temperature (water vapor or wind) field in the model in the middle
of the subcloud layer!. A simple periodic boundary condition is used in the
horizontal. Under these conditions, a simulated cloud near one boundary may
exit the domain and reenter on the other side. With an open boundary condition,
a simulated cloud can propagate through the lateral boundary with minimal

1 The use of horizontal inhomogeneities in the surface fluxes of heat and moisture to initiate the
cloud fields has been previously considered (Hill, 1974, 1977; Sommeria, 1976; Yau and Michaud,

1982).
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backward reflection in an ideal situation, but it will generate additional
uncontrolled nonzero mean vertical velocities that pass through the lateral
boundaries of the domain (Clark, 1979). Such motion complicates the budget study
because the total large-scale effects then realized in the model will deviate from
the observations. In the CRM for simulating convective systems without
continuous large-scale forcing, the convective clouds are generally initiated by a
low-level cool pool and/or warm bubble. It also needs to use an environmental
sounding (usually from a field campagin) with moderate to high convective
available potential energy (CAPE). Open lateral boundary conditions are used.
Clearly, both approaches have their own limitations based on their assumptions.
The purpose of this study is to find out whether or not there are significant

differences in their respectively modeled Q1, Q2 and momentum budgets.

Model | Microphysics | Turbulence Domain Integration
Soong & Ogura 2-D Water Prognostic 64 km 24 h
(1980) TKE
Soong & Tao 2-D Water Prognostic 64 km 24 h
(1980) TKE
Soong & Tao 2-D Water Prognostic 128 km 6 h
(1984) TKE
Ogura & Jiang 2-D Water Prognostic 128 km 16 h
(1985) TKE
Tao & Soong 3-D Water Prognostic | 32 x 32 km?2 6 h
(1986) TKE
Lipps & Helmer 2-D Water Prognostic | 32-64 km 4h
(1986) 3-D TKE | 24x16km?
Tao, Simpson & Soong (1987) 2-D Water Prognostic 128 km 6h
3-D TKE 32 x 32 km?2
Nikajima & Matsuno (1988) 2-D Water K-type 512 km 50 h
Dudhia & Moncrieff (1987) 3-D Water Prescribed | 25x 50 km?2 3h
fluxes
Krueger (1988) 2-D Water 3rd Moment 30 km 2h
Tao & Simpson 2-D | Water & Ice Prognostic 512 km 12 h
(1989) 3-D TKE 96 x 96 kmZ2 4h
Gregory & Miller 2-D Water Prescribed 256 km 9h
(1989) fluxes
Xu & Krueger 2-D | Water & Ice | 3rd moment 512 km 120 h
(1991)
McCumber, Tao, Simpson, Penc 2-D Water Prognostic 512 km 12h
& Soong (1992) 3-D | Water & Ice TKE 64 x 32 km?2 3h
Xu, Arakawa & Krueger 2-D Water & Ice 3rd moment 512 km 120 h
(1992)
Held, Hemler & Ramaswamy 2-D | Water & Ice K-theory 640 km 1000 h
(1993) :
Sui, Lau, Tao, Simpson & Chou 2-D Water & Ice Prognostic 768 km 1248 h
(1993) TKE

Table 2 Summary of previous modeling studies of the response of cumulus clouds to continuous large-

scale influences.

The general setup for each study is given along with some of the model

characteristics and treatments used to parameterize microphysics and turbulence.
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Model | Microphyics | Turbulence | Radiation Domain Integration
Nicholls (1987) 2-D | Water & Ice | Prognostic No 400 km 5h
TKE
Rotunno, Klemp & 2-D Water Prognostic No 180 km 8h
Weisman (1988) 3-D TKE 180 x 120 km?2
Lafore, Re-delsperger &| 3-D Water 2nd No 80 x 50 km?2 8h
Jaubert (1988) Moment
Fovell & Ogura 2-D | Water & Ice | Prognostic No 4000 km 12h
(1988) TKE Stretched
Lafore & Moncrieff 2-D Water K-type No 480 km and 12 h
(1989) Nested
Schlesinger (1991) 3-D Water K-type No 58 x 58 km?2 1h
Tao, Simpson & Soong | 2-D | Water & Ice | Prognostic 666 km and
(1991) TKE IR Stretched 8h
Tao, Simpson, Sui, Prognostic 1025 km
Ferrier, Lang, Scala, 2-D Water & Ice TKE IR Stretched 16 h
Chou & Pickering (1993)

Table 3 Same as Table 2 except for self-forced convection.

The 2-D version of the CRM was first applied to shallow moist convection
by Soong and Ogura (1980), and to deep convection by Soong and Tao (1980). Tao
(1983) has added the third dimension and Tao and Simpson (1989b) have included
ice microphysical processes in the cloud ensemble model. Figure 3(a) shows the
vertical profiles of heating and cooling for a GATE convective line which was
simulated by the three-dimensional model with continuous large-scale forcing
(Tao and Soong, 1986). The heating due to the vertical flux of sensible heat by
convective clouds, F, is one order of magnitude smaller than that produced by
condensation at most levels. On the other hand, the maximum value of the
cooling rate by evaporation, e, is more than half of the heating rate by
condensation. This finding implies that the sum of the condensation and
evaporation would provide a good approximation of the total cloud heating rate.
The cloud heating effect would be considerably overestimated if heating by
condensation alone is considered, ignoring cooling by evaporation. Fig. 3(b) shows
the vertical profiles of moistening and drying due to the clouds. The net vertical
flux of moisture by clouds is generally smaller than the rate of condensation or
evaporation, but it is not negligible. The corresponding Qq and Qp profiles
obtained from the large-scale variables are also shown in Fig. 3 for comparison.
The model generated heating and drying effects agree well with those estimated
from observations.

The GCE model without applying continuous large-scale forcing has been
used to simulate a tropical oceanic (EMEX; Equatorial Mesoscale EXperiment) and
a mid latitude continental squall line (PRE-STORM; Preliminary Regional
Experiment for  STORM central). Ice-microphysical processes and long wave
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Fig. 3  (a) Vertical profiles of heating rates by condensation of moisture, ¢, evaporation of liquid

water drops, e, net vertical flux of sensible heat, F, the total heating rate by clouds and the
heating rate estimated from large-scale observations, Q7 - QR. (b) Vertical profiles of

moistening rates by condensation of moisture, evaporation from liquid water drops, net
vertical moisture flux, the total moistening rate by clouds and the moistening rate estimated
from the large-scale observations, - (Cp/L)QZ-

radiative transfer processes are fully included in these two simulations. These two
squall lines developed in quite different environments (see Fig. 1 in Tao et al.,
1993). For example, the CAPE (Convective Available Potential Energy) for the

EMEX squall line is much smaller. (1484 m?2 s72) than that of the PRE-STORM case

(2300 m? s72). Also, the vertically integrated water vapor contents are quite
different, specifically 6.175 and 4.385 g g1 cm2 for the EMEX and PRE-STORM
cases, respectively. A very moist environment in the western Pacific region
(WMONEX, AMEX) is quite common. The simulated squall systems captured
several important observed features. For example, an intense leading convective
line and a broad stratiform rain region were simulated in both cases. Several well-
known features associated with mid latitude squall lines, such as a squall
mesohigh, a wake low, and a rear inflow, were also simulated in the two cases.
These simulated features were much weaker in the tropical squall system than in
the mid latitude one. Another difference is that stratiform rain developed rapidly
for the tropical case. The model results also indicate that both the EMEX and PRE-
STORM systems propagate by discrete growth of new convective elements ahead
of the old cells. New growth originates along the leading edge of the gust front,
which is propelled by downdraft air from decaying convective cells. These features
have been reported in several field experiments (e.g., GATE, TAMEX, COPT-81 and
PRE-STORM).

Table 4 shows the individual components of the Q; and Qz budgets:
condensation, evaporation, deposition, sublimation, melting, freezing, vertical
eddy (heat and moisture) flux convergence and radiative cooling associated with
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these two squall cases. These numbers are normalized with respect to their
corresponding surface precipitation for comparison purposes. In the convective
region of both squall systems, significant heating occurred from the latent heat
released by condensation. In contrast, the condensation/deposition was nearly
balanced by evaporation/sublimation in the stratiform and in the non-raining
regions for the PRE-STORM case. A net heating in the stratiform region in the
EMEX case is also a reflection of the greater stratiform rainfall generated in the
EMEX case. The total amount of melted ice and frozen hydrometeors is
comparable to the amount of evaporated rain. The contribution of
freezing/melting processes to the Q7 budget is small, because the latent heat of
fusion is nearly an order of magnitude smaller than the latent heat of evaporation.
This result is consistent with earlier work on GATE squall line simulation which
applied continuous large-scale forcing (Tao and Simpson, 1989).

(PRE-STORM Squall Line) (EMEX9 Squall Line)
Total Convective Stratiform Non-Raining Total Convective Stratiform Non-Raining
<pC> 1.47 1.13 0.27 0.07 <pC> 1.77 0.91 0.81 0.05
<PE> 0.69 0.24 0.36 0.09 <PE> 0.96 0.18 0.73 0.05
<pD> 0.74 0.22 0.33 0.19 <pD> 0.29 0.03 0.26 0.00
<pS> 0.47 0.07 0.18 0.22 <pS> 0.02 0.00 0.01 0.00
<P(C-E+D-S)> 1.05  1.04 0.06 -.05 <P(C-E+D-5)> 1.08 0.76 0.33 0.00
<pm> 0.12 0.05 0.07 0.00 <pm> 0.07 0.01 0.06 0.00
<pf> 0.09 0.06 0.03 0.00 <pf> 0.04 0.01 0.03 0.00
<PUOSL 029 024 018 007  <BEST 016 008 0.1 0.01
L, dpw'gy L, dpw'q;
T 095 092 078 017  <gTRES 064 - 062 024 0.02
<pQr> .23 -.00 -.00 -.05 <pQRr> -.28 -.01 -.05 -.02

_ [ {“Top
<x>= J’x sfc J'Iﬁh(x)AlAZAx

1 . .
These vertical eddy heat and moisture convergence are
absolute values.

Table 4 The individual components of the heating budget for (a) the PRE-STORM and (b) the EMEX
squall lines, averaged over a 16 h simulation time and normalized with respect to their
surface rainfall. See text for more information.

The eddy vertical heat and moisture convergence can only change the shape
of the vertical profiles since the vertically integrated values are zero. Thus,
absolute values are calculated in Table 4. The vertical eddy moisture flux is a
major contributor to the model-derived Q, budget for both cases. This result is
consistent with CRM studies with continuous large-scale forcing for both GATE
squall and non-squall line simulations (Soong and Tao, 1980; Tao and Soong, 1986;
Tao and Simpson, 1989 and many others), as well as with results from the CRMs
without continuous large-scale forcing for a TAMEX squall line (Tao et al., 1991)
and from COPT-81 studies (Lafore et al., 1988; Chong and Hauser, 1990). In
contrast, the contribution of vertical eddy heat convergence was only about 10 per
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cent of that due to latent heat release by condensation for the EMEX case and
nearly 20 per cent for the PRE-STORM case. This difference is a result of the
stronger vertical velocities associated with the PRE-STORM case. Another
difference between these two cases is that the warm-rain processes were dominant
in the tropical-oceanic squall case. Also note that the vertical eddy moisture flux is
a major contributor to the model-derived Q, budget in the stratiform region for
the PRE-STORM case as contrasted with the EMEX case. This behavior is a result
of the drier PRE-STORM environment. ‘
The vertical distribution of heating in the stratiform region of MCSs is
considerably different from the vertical profile of heating in the convective region
(Houze, 1982; Johnson, 1984). The modeled squall system is first partitioned into
convective and stratiform regions following techniques developed by Churchill
and Houze (1984). The Churchill and Houze separation technique is based on
surface precipitation; therefore, two additional criteria have been added in order to
further identify those grid points having no surface precipitation and which are
not in the clear region. A grid point with no surface precipitation is considered
convective if cloud water is present (qc > 0.1 g kg1) below the melting layer, or if

the maximum updraft exceeds 5 m s'1. Both criteria are useful in identifying those
regions where convection may be quite active aloft with little or no precipitation at
the surface, such as areas associated with tilted updrafts and new cells initiated
ahead of organized squall lines (Tao and Simpson, 1989). The Q; and Q, budgets
derived in (3) and (4) are separated into three distinct cloudy regions: convective,
stratiform and "non-raining" (the area where rainfall failed to reach the surface
beneath the trailing stratiform cloud). Except for the radiative cooling term, the
magnitude of each of the terms in the Qp and Q> budgets in clear air were small in

comparison to those in the cloudy regions (Tao et al., 1993).
Figure 4 shows Q1 and Qp profiles for the convective and stratiform regions

for the EMEX and PRE-STORM squall cases. The GCE simulated Q1 and Qy profiles

at the mature stage of the PRE-STORM case are in good agreement with those
determined diagnostically using rawinsonde data (Gallus and Johnson, 1991; see
Fig. 2). Overall, the Q7 and Qp profiles for the simulated EMEX case are

characteristic of tropical regions, and similar to the diagnostic study of AMEX
cloud clusters by Frank and McBride (1989). Examination of Fig. 4 suggests that
there are many common features in the Q; profiles between the squall lines, even
though these systems occurred in very different geographic locations. For
example, the convective heating is at a maximum in the lower and middle
troposphere, and is largely due to net condensation in the convective updrafts. In
contrast, the stratiform (anvil) heating is maximized in the upper troposphere,
where it is dominated by ice deposition and cloud water condensation. Cooling is
also taking place in the stratiform region beneath the melting layer predominately
as a result of rain evaporation, although melting within a kilometer below the 0

OC level is also important. These features are well-known for mesoscale
convective systems occurring in GATE, WMONEX, TAMEX, COPT-81 and PRE-
STORM. The convective drying and stratiform moistening tend to offset each
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other in the low levels in the Qg profiles for the PRE-STORM case. The mid-level
minimum in the Qp profile for the EMEX case was due to vertical eddy transport
in the convective region. The contribution to the total Q; budget by cloud-scale
fluxes is minor for the EMEX case. In the PRE-STORM case, the total vertical eddy
heat flux is quite important in the boundary layer and again in the middle
troposphere. An even more significant contribution by vertical eddy transport to
the Q1 budget was found for a mid latitude supercell case (Schlesinger, 1990).

Fig. 4
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(a) The heating and (b) the moisture budgets for the PRE-STORM squall line averaged over
a 16 h simulation time. The contributions by the convective region, the anvil region
(stratiform and non-raining areas), and the total vertical eddy flux convergence (calculated
over the convective and anvil regions) are also shown. The profiles for the convective and
anvil regions also include the individual contributions due to vertical eddy flux convergence.
Figs. 4(c)-(d) are the same as (a)-(b), except for the EMEX case. The vertical eddy flux
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4. CRMs for Studying Cloud-Radiation Interactions and Climate Changes

The interaction between clouds and radiation is two-way. On one hand,
clouds can reflect incoming solar and outgoing longwave radiation. Earth
Radiation Budget Experiment (ERBE) results show that clouds can reflect a
significant amount of shortwave radiation through the presence of large anvils
(Ramanathan et al., 1989) and non-precipitating low-level stratocumulus. It is
thereby postulated that clouds presently have an overall net cooling effect on the
earth. On the other hand, radiation can enhance or reduce cloud activity,
particularly precipitation, and thereby the latent heat that is made available to the
atmosphere. Recently, global change research has clearly indicated that it is
necessary to understand the interactive processes associated with the radiative
effects of clouds in order to properly address climate warming issues. CRMs have
responded by incorporating both long- and short-wave radiative transfer processes
which can then be used to study cloud-radiation interaction. It is often necessary
to run the cumulus ensemble models for a long time and over a large domain so
as to include the entire life cycle of many clouds and thus obtain results relevant to
climate. Long time and large space requirements still limit most of these
experiments to two dimensions, with a few three-dimensional tests.

Table 5 summarizes most of the previous cloud modeling studies associated
with cloud-radiation interaction. They can generally be separated into three types
based on their model setups and applications. For example, Held et al. (1993); Lau
et al. (1993, 1994); Sui et al. (1994, 1995a), Xu and Randall (1995b) and Fu et al. (1995)
applied cloud resolving models with cyclic lateral boundaries to study cloud-
radiation interaction under different large-scale conditions (e.g., warm or normal
sea surface temperature). Typically, an ensemble of cumulus clouds was generated
by an imposed large-scale lifting and/or sensible and latent heat fluxes from the
ocean. These studies were usually integrated for several days until modeled
thermodynamic fields reached a quasi-equilibrium state. The second type of study
quantifies the impact of cloud-radiation interaction upon a mesoscale convective
system (i.e., Chen and Cotton, 1988; Tripoli and Cotton, 1989; Tao et al., 1991; 1993;
Chin, 1994; Chin et al., 1995). Open lateral boundary conditions are applied and
model integration is on the order of hours (about the life cycle of a squall line).
The third type of study involves the use of regional scale models with 10-20 km
horizontal resolution (i.e., Dudhia, 1989; Churchill and Houze, 1991; and Miller
and Frank, 1993). Note that all of these modeling studies used two-dimensional
models with large domains in order to resolve the stratiform region (or anvil). In
addition, they all included ice processes for a more realistic simulation of the
stratiform region. Strong two-way interaction between radiation and clouds is
invariably found.

41 Cloud Radiation Interaction Mechanisms
It is known that longwave radiative processes can enhance precipitation in

cloud systems. Three of the ways that longwave radiation is thought to interact
with clouds are: 1) cloud-top cooling and cloud-base warming may alter the
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Domain & Lateral Model
Model Radiation | Cloud Optics | Horizontal | Boundary/ Inte- Case
Resolution | LargeScale | gration
Forcing Time
Chen & Cotton 2-D Emissivity Water 300 km Open/No 4h Mid. U.
(1988) 3-Ice iR (1.5 km) Forcing S.
MCS
2-D Emissivity Water-Ice 700 km Constant
Dudhia (1989) 2-Ice IR & SR Size (10 km) Surface 18 h WMON
Hydrostatic Pressure/N EX
o Forcing
Tripoli & Cotton 2-D Emissivity ~1200 km | Open/No Mid. U.
(1989) 2-Ice IR & SR Water (1.08 km) Forcing 16 h S.
MCS
Tao, Simpson & 2-D B. Band Water-Ice 666 km | Open/Low- TAMEX

Soong (1991) 3-Ice IR Size (750 m- level 8h Squall

11ikm) Forcing

Churchill & 2-D Emissivity 260 km Fixed/ Steady

Houze 3-Ice IR & SR Ice (10 km) Forcing State GATE
(1991)

Tao, Simpson,

Sui, Ferrier, 1025 km EMEX

Lang, Scala, 2-D B. Band Water-Ice Stretched | Open/No 16 h PRE-

Chou & 3-Ice IR Size (750- Forcing STORM
Pickering 1000m)}
(1993)
Wong, Stephens 2-D
& Stackhouse 3-Ice B. Band Water-Ice 500 km Open/No 6h EMEX
(1993) No- IR & SR Size (1 km) Forcing
interaction
Held, Hemler & 2-D B. Band 640 km Periodic/
Ramaswamy 3-Ice IR & SR Water (5 km) No Forcing | 42 days | Tropics
(1993)

Sui, Lau, Tao, 2-D B. Band Water-Ice 768 km Periodic/ West
Simpson & 3-Ice IR & SR Size (1500 m) Forcing 52 days | Pacific
Chou (1994)

Miller & Frank 2-D Emissivity | Water-Ice 1240 km Periodic/ Tropical

(1993) 2-Ice IR & SR Size (20 km) Forcing 24 h (GATE)
Hydrostatic
Lau, Sui, Chou 2-D B. Band Water-Ice 768 km Periodic/ West
and Tao (1994) 3-Ice IR & SR Size (1500 m) Forcing& | 52 days | Pacific
Temperature No-Forcing
2-D B. Band Water-Ice 3620 km Open/No Mid. U.S.
Chin (1994) 3-Ice IR & SR Size (2 km - 40 Forcing 8h Squall
km)
Xu and Randall 2-D B. Band Water-Ice 512 km Periodic/ | 15 days | GATE
(1995) 3-Ice IR & SR Size (2 km) Forcing
Fu, Krueger and 2-D B. Band Water-Ice 512 km Periodic/
Liou (1995) 3-Ice IR & SR Size (1 km) Forcing 12 h GATE
Temperature
Chin, Fu, 2-D B. Band Water-Ice 3260 km

Bradley and 3-Ice IR & SR Size (2 km-40 Open/ 10 h GATE

Molenkamp Temperature km) Forcing
(1995)
Dharssi, 2-D B. Band Water-Ice 756 km Periodic/

Kershaw and 3-Ice IR & SR Size (750 m) Forcing 16 h EMEX
Tao (1996)

Table 5 Summary of previous cloud-radiation modeling studies. The general setup for each study is
given along with some of the model characteristics and treatments used to parameterize the
radiative effects. The case used in each study is also given.

thermal stratification of cloud layers, 2) differential cooling between clear and
cloudy regions might enhance convergence into the cloud system, and 3) large-
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scale cooling could change the environment. A two-dimensional version of the
GCE Model has been used to perform a series of sensitivity tests to identify which
is the dominant cloud-radiative forcing mechanism with respect to the
organization, structure and precipitation processes for both a tropical (EMEX) and a
mid-latitude (PRE-STORM) mesoscale convective system (Tao ef al., 1996).

The model results indicate that the dominant process for enhancing the
surface precipitation in both the PRE-STORM and EMEX squall cases is the large-
scale radiative cooling. However, the overall effect is really to increase the relative
humidity and not the CAPE. Because of the high moisture in the tropics, the
increase in relative humidity by radiative cooling can have more of an impact on
precipitation in the tropical case than in the midlatitude case. The large-scale
cooling led to a 36% increase in rainfall for the tropical case. The midlatitude
model squall with a higher CAPE and lower humidity environment was only
slightly affected (8%) by any of the longwave mechanisms. GCE model results also
indicated that the squall systems' overall (convective and stratiform) precipitation
is increased by turning off the cloud-top cooling and cloud-base warming.
Therefore, the cloud-top cooling - cloud-base warming mechanism was not the
responsible cloud-radiative mechanism for enhancing the surface precipitation.
However, the circulation as well as the microphysical processes were indeed
(slightly) enhanced in the stratiform region by the cloud-top cooling and cloud-
base warming mechanism for the midlatitude squall case.

For both cases, the model results show that the mechanism associated with
differential cooling between the clear and cloudy regions may or may not enhance
precipitation processes. However, this mechansim is definitely less important
than the large-scale longwave radiative cooling. Solar heating was run from 9 AM
to 1 PM LST in both environments and was found to decrease the precipitation by
7% in each case, compared to the runs with longwave radiation only. This result
suggests that solar heating may play a significant role in the daytime
minimum/nighttime maximum precipitation cycle found over most oceans.

Table 6 lists the previous CRM studies that have investigated the impact of
cloud-radiation interactive processes associated with various cloud systems. The
increments in surface precipitation in Table 6 are normalized against the run
without radiative processes. The conclusions associated with cloud-radiation
mechanisms for our GCE modeled tropical (EMEX) and mid-latitude (PRE-
STORM) squall cases are in good agreement with many previous modeling studies
(listed in Table 6). For example, Xu and Randall (1995b), Miller and Frank, 1993
and Fu et al. (1995) on cloud-radiation mechanisms indicated that the differential
cooling between cloudy and clear regions plays only a secondary role for enhancing
the precipitation processes. Xu and Randall (1995b) and Fu et al. (1995) suggested
that the cloud-top cooling and cloud-base warming destabilization mechanism
could be important for prolonging the lifespan of high anvil clouds (around 10
km). Xu and Randall (1995b) showed that this direct cloud destibilization does not
have any impact on surface precipitation. The previous modeling studies (Fu et
al., 1995 and Miller and Frank, 1993) also indicated that more surface precipitation
can be generated in runs with constant clear-air radiative cooling than without. In
addition, previous modeling results (Chin, 1994; Chin et al., 1995; Miller and
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Frank, 1993) indicated that solar radiative processes can reduce precipitation
processes. However, the amount of increase or decrease in surface precipitation
varies quite significantly among these different modeling studies, but only in
regard to the tropical convective systems and not the mid-latitude systems. One
possible explanation is that large-scale forcing (lifting) was needed in some of these
different tropical convective system studies, and that imposed lifting varied from 2
cm/s to 14 cm/s in magnitude and was applied continuously or discontinuously in
time among the different studies (see Table 7). Using an earlier version of the GCE
model (Tao and Simpson, 1989b), which included a superimposed large-scale
vertical velocity as the main forcing, sensitivity tests using two different large-scale
vertical velocities were performed. These large-scale vertical velocities were
applied throughout most of the troposphere (as Lau et al., 1993; Sui et al., 1994; Fu
et al., 1995; Xu and Randall, 1995). The results how that the radiative effects on the
clouds, somehow, is quite sensitive to the imposed background ascent (or lifting).
The larger the imposed vertical velocity (9-12 cm/s) there is, the lesser the impact
of longwave cooling on surface precipitation processes (over 24 h of simulation
time). This result can be easily explained using equation (10) such that when a
larger large-scale advective forcing (lifting) is applied, a smaller sensitivity to
radiative cooling is found. Frank and Miller (1993) also obtained a similar
conclusion using a regional scale model. Also note that the larger the imposed
vertical velocity, the larger the cloud coverage that was generated.

LW Constant LW & SW Imposed
Radiative LW Radiative Lifting
Processes Processes
Chen & Cotton 0% No No No
Chin 11% No -7% No
Tripoli & Cotton N. A, No N.A. No
Tao et al. 1995 8% 8% -6% No
Chin et al. 15% No -18% 2cm/s
Continuous
Fu et al. 1995 5% 15% -1% 8-14 cm/s - Not Continous
Xu & Randall, 1995 N. A. N. A. N. A. 8-14 cm/s - Continuous
Tao et al. 1991 20% No No 4 cm/s - Not Continous
Tao et al. 1996 36% 2% -7% 7 cm/s - Not Continous
Dharssi et al, 1996 30% No - No 7 cm/s - Not Continous
Dudhia 36% No No No
Churchill & Houze 0% No 0% Strong/Continuous
Miller & Frank No 34% 18-21% Strong/Continuous

Table 6 Summary of previous cloud-radiation modeling study results. The percentage increase or
decrease in surface precipitation due to longwave and shortwave effects are given along
with the mesoscale lifting, if used, for each case.

92



TAO, W-K ET AL: SIMULATIONS OF MESOSCALE CONVECTIVE SYSTEMS

42  CRM and Climate Study

The representation of clouds and precipitation in CRMs is, perhaps,
arguably superior to GCMs and climate models. This is because cloud models
solve the primitive equations with much greater spatial and temporal resolution
using more sophisticated and physically realistic parameterizations of cloud
microphysical processes. In fact, a major limitation of global modeling still resides
in the representation of clouds and their interactions with the radiation balance

both locally and on the global scale?. Changes in the moisture distribution at
middle and upper levels of the troposphere, as well as the radiative responses of
cloud hydrometeors to outgoing longwave and incoming shortwave radiation, are
a major factor in determining whether the earth system will warm or cool as the
cloud systems respond to changes in their environment (Ramanathan et al., 1989;
Lindzen, 1990a,b; Betts, 1990; Lau et al., 1993; Fowler and Randall, 1995b,c; Del
Genio et al.,, 1996)." It is for this reason that GEWEX (Global Energy and Water
Cycle Experiment) has formed the GCSS (GEWEX Cloud System Study) expressly
for the purpose of studying these types of problems using CRMs.

Recently, cloud resolving models (CRMs) have been used to study the
tropical water and energy cycles and their role in the climate system (Held et al.,
1993; Lau et al., 1993, 1995, Sui et al., 1994 and Grabowski et al., 1996). The cloud
resolving model does not need a cumulus parameterization scheme and it can
allow explicit cloud-radiation interaction (cloud optical thickness is directly
determined by cloud amount, phase of water species as well as the cloud size
distribution; see Tao et al., 1996). It is typically run for several weeks until
modeled temperature and water vapor fields reached to a "statistical equilibrium
state”. However, two CRMs produced two different statistical equilibrium states
even both used the same initial thermodynamic and wind conditions. Sui et al
used the Goddard Cumulus Ensemble (GCE) model and found that the simulated
climate is cool and dry (after 60 days of simulation). On the other hand, Grabowski
et al used Clark model (19977) and CSU RAMS (Ref) found that their modeled
climate was warm and humid after 24 day integration.

The initial conditions of Sui et al and Grabowski et al are from Marshall
Island. There are still many differences among these two studies (see Table 7).
Several sensitive tests have been performed and we will only present the runs that
the "physical processes" to determine the climates from different CRMs
simulations (Table 8).

Figure 5 shows the time series of the domain-averaged Temperature and
water vapor for the seven experiments listed in Table 8. Clearly, there are two
runs (Runs 6 and 7) that generally produced cool and dry "quasi-equilibrium state"
after 14 day integration. In these two runs, the initial temperature, water vapor
profiles as well as ocean surface temperature, respectively, from Sui et al and
Grabowski et al are used. The gquasi-equilibrium state of model climate in other
five runs (Runs 1 to 5) is warm and humid. The major difference among these
two groups of runs is whether allow convective processes to mix the horizontal

2 The highest science priority identified in the Global Change Research Program (GCRP) is the role
of clouds in climate and hydrological systems, which have been identified as being the most
problematic issues facing global change studies.
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wind and interact with the ocean surface are responsible for simulating different
climate regimes. The results also indicated that microphysics and its interaction

Sui, Lau, Tao & Simpson Grabowski, Moncrieff & Kiehl
Surface P 1008 mb 1000mb
T, qv 28.18C, 19.26 g/kg 264 C, 183 g/kg
Ocean T 28.18 C 27.84C
Forcing Large-Scale W Large-scale W*(dT/dz) &
W*(dqv/dz)
Lx, Lz 768 km, 21.5 km 900 km, 24 km
DX, DZ 1500 m, 300-1000 m 1000 m, 200-500 m
Model Mean horizontal wind Varies with | Mean horizontal wind is Constant
Set-up Time (by convective mixing) '
Advection 2nd-Order in Vertical & 4th-Order Positive Definite Advection
Scheme in Horizontal
Cloud- No Diurnal Cycle Diurnal Cycle
Radiation Water/Ice Optical Properties Water Optical Properties
Microphysics 2 Water and 3 Ice 2 Water and 2 Ice

Table 7 Summary of differences in their respective model setups of Sui et al. (1994) and Grabowski
et al. (1996).

Run Sounding Model - Setup Mean U | Coriolis Ice

Processes

Grabowski, Moncrieff, Sui, Lau, Tao, 3 Classes

1 Kiehl (NCAR) Simpson (GSEC) Constant No (GSEC)
2 NCAR NCAR Constant No 3 Classes
3 NCAR NCAR Constant No 2 Classes
4 GSFC GSFC Constant No 3 Classes
5 GSFC GSFC Constant Yes 3 Classes
6 GSFC GSEC Varying No 3 Classes
7 NCAR GSFC Varying Yes 3 Classes

Table 8 Setups for the seven experiments conducted for exammmg the physical processes in
determining warm/humid or cool/dry climate.

with radiation cannot alter the model simulated equilibrium state from one
regime (warm/humid) to another (cold/dry); but it can change the degree of the
equilibrium state (i.e., warm to warmer). In addition, these results showed that
how the model is set-up to handle the prescribed large-scale forcing (vertical
velocity) on T and qy cannot change the modeled climate.

5.  CRM for Understanding and Improving the Cumulus Parameterization
51  Convective and Stratiform Interactions

(a) CRM studies

One of the major findings from GATE is the important contribution of
rainfall from mesoscale convective systems (MCSs). For example, Houze (1977)
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estimated that four MCSs accounted for 50% of the rainfall at one of the GATE
ships during Phase IIl. Another major finding is the widespread stratiform rain
accounted for about 32%-49% of the total rainfall from these GATE MCSs. The
fraction of stratiform rainfall from midlatitude squall lines can also be significant
(29%-43%). The vertical distribution of heating in the stratiform region of MCSs is
considerably different from the vertical profile of heating in the convective region
(see Fig. 2). In addition, many recent studies indicated that a separation of
convective and stratiform clouds is necessary for a successful surface rain and
latent heating profile retrieval from remote sensors.
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Fig. 5  Time series of the vertically and horizontally averaged (a) mass-weighted temperature,

<T> (K); (b) water vapor, < PQq,> (mm) for the 7 runs listed in Table 8.

These findings lead to an important question: what are the origins and
growth mechanisms of particles in stratiform precipitation? For example, Chen
and Zipser (1982) suggested that both depositional growth associated with upward
motion in the anvil and the horizontal flux of hydrometeors from the convective
region are important in the maintenance of anvil precipitation. The CRM results
can be used to quantitatively study the interaction between convective and
stratiform regions by calculating their water budgets (see Table 9). For example,
several organized convective systems (EMEX, TOGA COARE, TAMEX and
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PRESTORM) which were occurred in different large-scale environments have
been simulated using the GCE model (Tao et al., 1993; Tao, 1995). The horizontal
transfer of hydrometeors from the convective to the stratiform regions occurs
mainly in the middle troposphere for the EMEX and TOGA COARE squall line
- MCSs. By contrast, two thirds of the horizontal transfer of hydrometeors is
accomplished in the upper troposphere for the PRE-STORM case. Also a more
vigorous transfer of hydrometeors in the lower troposphere from the stratiform
region back into the convective region occurs for the PRE-STORM case. For the
TAMEX case, the horizontal transfer of hydrometeors can occur at both middle
and upper troposphere. A downward transfer of hydrometeors from the middle to
the lower troposphere is a dominant process in the stratiform regions for all four
cases (see Fig. 6).

Model Type Radiation Domain | Integration Case
Rutledge (1986) 3-D Kinematic No 180x 130 Steady GATE
km2 State
Rutledge & Houze 2-D Kinematic No 128 km Steady Oklahoma
(1987) State Squall Line
Lafore & Moncrieff 2-D Time- No 480 km 12 h COPT 81
(1989) Dependent Nesting
Churchill & Steady GATE
Houze (1991) 2-D Kinematic SR & IR 260 km State Squall Line
Tao, Simpson, Sui, Time- EMEX &
Ferrier, Lang, Scala, 2-D Dependent IR 1025 km 16 h PRE-
Chou & Pickering Stretched STORM
(1993)
Sui, Lau, Tao, Time-
Simpson & Chou 2-D Dependent | SR & IR 768 km 1248 h West
(1994) Pacific
Caniaux et al (1994) 2-D Time- No 8h CcopPT 81
Dependent
Chin (1994) 2-D Time- SR & IR 768 km 12 h Midlatitude
Dependent
Chin et al. (1995) 2-D Time- SR & IR 768 km 12 h GATE
Dependent

Table 9 Summary of previous convective and stratiform interaction modeling studies. The general
setup (i.e., kinematic or time dependent) for each study is given along with some of the
model characteristics and treatments used to parameterize the radiative effects. The case
used in each study is also given.

The contribution to stratiform rain by the convective region has to be
quantified in order to help improve the cloud parameterization for large scale
model. This can be done by estimating a ratio (R), R=Cp/(C1+Cp,), where Cr is the
horizontal transfer of hydrometeors from the convective region into the
stratiform region above the 10 OC level, and Cp, is the sum of the net
condensation in the stratiform region and in the non-raining region above the 10
OC level. A small ratio indicates that the horizontal transfer of hydrometeors
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Fig. 6 The water budgets for (a) TAMEX, (b) EMEX, (¢) PRE-STORM and (d) TOGA COARE

simulated squall-line MCSs. Italic numbers indicate the amount of condensate transfer
between various regions and layers while quantities in parenthese are the net condensation
generated through microphysical processes.

from the convective region is a small source of condensate for the stratiform
anvil, whereas a ratio near unity indicates that nearly all of the condensate in the
stratiform region was transported from the convective region. All five cases
showed large ratios (range from 0.33 to 0.82) and these results imply the role of
convective region in the generation of stratiform rainfall can not be neglected
(Table 10). The relative importance of the horizontal transfer processes to the
stratiform water budget is similar between the initial and the mature stages of the
West Pacific TAMEX, TOGA COARE and EMEX systems. In contrast, during the
initial stage of the PRE-STORM simulation, nearly all of the condensate in the
stratiform region was a result of the horizontal transport from the convective
region. As the PRE-STORM system matured, the contribution made by the
horizontal transport of hydrometeors from the convective region (i.e., the ratio R)
decreased, such that the sources of condensate in the stratiform water budget were
similar for both of the mature storms. It is hypothesized that during the initial
stage of the PRE-STORM simulation, much of the condensate transported from
the convective region is used to moisten and modify the dry environment at
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middle and upper levels. Condensation and deposition become increasingly more
important with time in the stratiform water budget once the larger-scale
environment reaches saturation. This evolution in the stratiform water budget is
less obvious in the TAMEX, TOGA COARE and EMEX cases because the

environment is much more moist.

Stratiform Ratio Initial-Stage Mature-Stage
(0-12 h) (0-12 h) (0-6 h) (6-12 h)
COARE 42.3% - 0.40 0.46 0.36
EMEX 49.1% 0.41 0.47 0.35
TAMEX 29.6% 0.37 0.43 0.33
PRESTORM 22.5% 0.54 0.82 0.43
W. Pacific* 41.3*% 0.62* 0.61* 0.66*

Table 10 Values of the ratio R for the CRM simulations of several convective systems, as well as for
the 6 h periods corresponding to the initial and mature stages. Also their respective
stratiform rain components is shown in the first column.

In Table 11, the ratios in Table 10 are compared against those determined
from observational studies of composite wind and thermodynamic fields for five
different GATE MCSs (Leary and Houze, 1980; Gamache and Houze, 1983), a
midlatitude squall line (Gallus and Johnson, 1991), and a tropical-continental
squall line (Chong and Hauser, 1989). For six out of the seven observed cases the
ratio is very close to or above 0.50. This implies that the convective region plays a
very important role in the generation of stratiform rain. Very good agreement is
evident between the ratio at the mature stage of the modeled PRE-STORM squall
system and that estimated by Gallus and Johnson (1991). The modeled EMEX,
TOGA COARE cases indicate that a relatively small contribution (0.37) to
stratiform formation can be attributed to the horizontal transfer of condensate
from the convective region. Stratiform cloud formation occurs earlier due to the
very moist environmental conditions at the middle and upper levels associated
with the EMEX case (Fig. 6b). Nevertheless, a direct comparison between these
studies and the current model study should be done with caution, because a
different spatial resolution and a different definition for the convective-stratiform
region was used here. The comparison between the simulated PRE-STORM and
EMEX cases, however, is consistent because the same type of data set and the same
criteria for partitioning the convective and stratiform regions are used.

Case Anvil Portion Ratio
LH-A 0.40 1.00
LH-B 0.40 1.00
LH-C 0.40 0.50
GH-1 0.49 0.55
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GH-2 - 0.49 0.64
GJ-June 10 0.30 0.37
COPTS1 0.40 0.47

Table 11 The same ratio defined in Table 10 except for different MCS cases, A, B and C of Leary and
Houze (1980), cases I and II of Gamache and Houze (1983, the 10-11 June squall line of Gallus
and Johnson (1991), and the COPT squall line of Chong and Hauser (1989). (From Tao et al.,
1993)

In Table 12, the ratios in Table 10 are compared against those determined
from other CRM results listed in Table 9 (Chin, 1994; Chin et al., 1995; Caniaux et
al., 1995) and a GCE simulation with 52 day integration (Sui et al., 1994). Very good
agreement is evident between the ratio at the mature stage of our modeled EMEX
and TOGA COARE squall systems and that estimated by Chin ef al. (1995). Note
that a tropical squall case was also studiedby Chin et al.. The comparison between
our simulated PRE-STORM and other CRM simulated midlatitude cases (Chin,
1994; and Caniaux et al , 1994), however, is quite different. Their simulations may
underestimate the contribution by the horizontal transfer of hydrometeors from
the convective region (see the ratios shown in Table 11).

Ratio Stratiform Case
Amount (%)
Chin (1994) 115-119% (2 km) 10% Midlatitude
65-68% (6 km)
Chin et al (1995) 33-40% (3.6 km) 33-44% Tropics (GATE)
Sui et al (1994)* 80% (4 km) 32% West Pacific
Caniaux et al (1994) 22% (4-5 h) 17% COPT 81
9% (7-8 h) 44%

Table 12 The same ratio defined in Table 10 except for previous CRM studying of convective and
stratiform interaction.

b. The Convective and Stratiform Processes in the Large-Scale Models

Molinari and Dudek (1992) and Frank (1993) suggested that the best
approach to cumulus parameterization in regional scale models (30-120 km
horizontal resolution, 150-300 seconds time step) appears to be "to use a scheme
that operates simultaneously with and interacts explicitly with the explicit scheme
(grid scale microphysical processes)". They termed such schemes "hybrid
schemes". The hybrid approach (by separating out the forcing mechanism for the
mesoscale component) is to resolve the "mesoscale” circulations and
microphysical processes that direct influence the development of the "stratiform
clouds". The cumulus parameterization makes use of steady-state cloud model
that interacts with grid-scale variables and provides with the net heating, drying,
and condensate associated with "convective cells". The interaction between
parameterized and explicit resolved cloud processes is through the "detrainment”
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of water vapor (or/and condensate”) generated from a steady-state cloud model
into the "resolved" stratiform clouds. , ,

Recently, GCMs and climate models (i.e., CSU GCM and GISS GCM) allow
both a cumulus parameterization scheme and an explicit moisture scheme to be
activated simultaneously in the model simulations.  The cumulus
parameterization scheme is generally used to represent convective precipitation
(10 km spatial scale) and the explicit moisture scheme to represent grid-resolvable
precipitation such as stratiform/cirrus clouds (100-200 km spatial scale). CSU GCM
has been implemented an explicit microphyiscal scheme with five prognostic
variables for the mass of water vapor, cloud water, cloud ice, rain and snow. GISS
global climate model has added an efficient prognostic cloud water (one species
only). Both schemes allow for life cycle effects in stratiform clouds and permit
cloud optical properties to be determined interactively. Stratiform clouds can be
coupled with parameterized convection through detrainment of cloud water
and /or cloud ice from the "tops" of cumulus towers or at any level above the 550
mb level.

The explicit interaction between cumulus parameterized and grid-scale
resolved microphysics is only one-way. Noted that some water condensate
generated by stratiform rain can be transported into convective region.  In
additon, how much (all or partial) and where (cloud tops or above melting layer)
of parameterized water condensate should detrain into the explicit resolved
microphysical scheme need to be addressed. In future, the CRM results can be
used for improving the cumulus parameterization schemes (GCSS Science Team
Report) as well as for understanding the interaction between the cumulus
parameterization scheme and the explicit moisture scheme. For example, CRMs
can study the time evolution of each of the water budget terms associated with
MCSs in different geographical regions, as well as to determin whether any
important variations in the evolution of the water budget can be explained in
terms of differences in the wind and thermodynamic characteristics of the large-
scale environments.

5.2  Precipitation Efficiency

Different definitions of storm precipitation efficiency were investigated
from numerical simulations of convective systems in widely varying large-scale
conditions (COHMEX and GATE) using a CRM with sophisticated, two-moment
bulk ice microphysics (Ferrier et al., 1996). The model results indicate that the
vertical orientation of the updrafts, which is controlled by the vertical wind shear,
and the ambient moisture content are important in determining storm efficiency.
The radar reflectivity structure and organization of the convection is displayed in
Fig. 7 for four of the model runs listed in Table 1. The convective cores in run C
were vertically erect during the first 4 h, thereafter developed slight downshear
ti1t3 that was most evident at middle and upper levels as an extensive anvil spread

3 The orientation or tilt of the convection is defined relative to the low-level wind shear vector below 600 mb in
run C. 875 mb in run G-SS, and 700 mb in runs G, C-GW, and G-90.
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ahead of the convection. The systems were tilted upshear in runs G and C-GW in
response to the easterly jet near 700 mb4. A series of runs were made varying the
shear profiles, and the shallow wind shear in run G-SS supported the
development of a narrow, nearly upright convective system that was long lived.

Run Description
C COHMEX simulation - Downshear Convection
G GATE Simulation - Upshear Convection
C-GW COHMEX thermodynamics with GATE winds - Upshear Convection
G-90 GATE run with 90% relative humidity above 875 mb - Upshear Convection
G-SS GATE thermodynamics with strong, shallow shear - Erect Storm

Table 13 Summary of model experiments .
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Fig. 7 Radar reflectivity fields over a 200-km wide portion of the domain for (a) run C, (b) run G,
(c) run C-GW, and (d) run G-SS at the end of the 6-h model simulations. Direction of storm
motion is indicated by the bold arrows.

In field observational studies, precipitation efficiency is usually defined as:

4 Radar echoes are most often vertical in orientation even when the clouds are observed to slant
significantly in the horizontal (e.g., Warner et al., 1980; Zipser et al., 1981).
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PE = — %
VI

where VI is the inflow of water vapor into the storm through cloud base. Braham
(1952) estimated PEy of approximately 10 percent for small airmass thunderstorms.
However, the mass fluxes of inflow air into these storms were one to two orders of
magnitude smaller than in subsequent studies which cited precipitation
efficiencies ranging from 20 to 120 percent (e.g., Newton, 1963, 1966; Auer and
Marwitz, 1968; Marwitz, 1972; Foote and Fankhauser, 1973; Gamache and Houze,
1983; Heymsfield and Schotz, 1985; Fankhauser, 1988; Chong and Hauser, 1989).
Some of these investigations suggested that PEy decreases with increasing ambient
shear (e.g., Marwitz, 1972; Foote and Fankhauser, 1973), in which PE was estimated
to vary from 100 to 20 percent for increasing shear magnitudes from 2x10-3 to
4.5x10-3 s°1, respectively (Foote and Fankhauser, 1973). This inverse relationship
between PE and shear has been incorporated as a closure assumption in some
cumulus parameterization schemes (Fritsch and Chappell, 1980; hereafter FC).

However, more recent estimates of PE for CCOPE thunderstorms
(Cooperative Convective Precipitation Experiment) by Fankhauser (1988) failed to
show the inverse functionality between shear and PE. In fact, there was a small
positive correlation between PE and the strength of the low-level shear and the
low-level water vapor content, although no clear relationship of PE with any
environmental factor was identified. Citing limitations in aircraft instruments
and sampling, Fankhauser also noted that PE may have been overestimated in
some of the earlier studies as a result of underestimates in the lateral inflow of
water vapor into the storms.

Precipitation efficiencies determined from closure assumptions used in
some of the cumulus parameterization schemes are listed in Table 14. The first
two efficiency parameters, PEFC and PEZF, were used in the closure assumptions
of the FC cumulus parameterization and a modification of the FC scheme by
Zhang and Fritsch (1986), respectively. In FC an empirical relationship between
precipitation efficiency and ambient shear over the depth of the cloud column
(Marwitz, 1972; Foote and Fankhauser, 1973) is used to determine the fraction of
condensate produced in updrafts that is lost by evaporation in downdrafts. The
quantity PERFC in Table 14 is the precipitation efficiency obtained from this
empirical relationship, but modified slightly for an assumed cloud-top height of 12
km. In an updated version of the FC scheme, Zhang and Fritsch (1986) estimated
PE from averaging two different empirical relationships based on cloud-base
height and the mean shear over lower levels. The estimates of PEAK in Table 14
are based on the Kuo (1974) cumulus parameterization, in which values of PE are
equal to (1-b) with b representing the fraction of condensate produced in
convective updrafts lost by evaporation (often termed the moistening parameter).
Using the empirical relationship for parameter b proposed by Anthes (1977), the
mean humidity was obtained from the input soundings by integrating vertically
the relative humidity with respect to water and ice at temperatures above and
below 0°C, respectively, between cloud base and a height of 12 km. With the

102



TAO, W-K ET AL: SIMULATIONS OF MESOSCALE CONVECTIVE SYSTEMS

exception of run C, values of PEAK were typically much higher than the storm
efficiencies determined from the model.

Run Stratiform PE PE PE PE
Rain (%) Fritsch & Zhang & Zhang & Kuo/
Chappell Fritsch Fritsch* Anthes
COHMEX 5 33 58 33 40
Downshear
GATE 25 46 55 28 61
Upshear
COHMEX- GATE Wind 29 - 46 54 25 40
Upshear
GATE- 90% RH above 850 mb 27 46 55 28 82
Upshear
GATE - Strong/shallow shear 10 90 64 45 61
Erect

Table 14 Precipitation efficiencies (percent) determined for each of the 5 different runs based on
closure assumptions used in different cumulus parameterization schemes (see text). The
fraction of total rain from stratiform precipitation is also shown.

Different definitions of storm precipitation efficiency are also investigated.
The total precipitation efficiency (PEt) in the simulations can be defined as the
ratio of the total rainfall to the total condensation,

PE, = Ry (8)
C

where Ct is the total condensation (condensation onto water plus deposition onto
ice for all hydrometeor species). A similar definition of precipitation efficiency
was adopted in the three-dimensional modeling study of Weisman and Klemp
(1982), in which precipitation efficiencies varied from 11 to 49 percent over the 2-h
duration of their simulations. Finally, a rain efficiency (PEy) parameter is derived
that estimates the total production of rain that results in surface rainfall and which
is not lost due to evaporation. It is obtained by from the total continuity equation
for rain (eq. A.4 in Ferrier, 1994),

PE. =1~ E, 9)
(Arw + SHX o Axr) '
The term Apw represents the total conversion from cloud water to rain by
autoconversion and collection processes, SHy is the total mass of liquid water shed
from wet precipitation ice, Axr is the freezing of rain due to collisions with ice, and
Er is the total rain evaporation.

Table 15 shows the inflow of water vapor (VI) into the leading edge of the
storms obtained for different assumed inflow depths. Two different sets of inflow
depths (Zin) were used in the calculations. The first set of inflow depths was based
on the simulated cloud base heights, which was below a height of 1 km in all cases.
The second set of inflow depths was based on the model level closest to a height of
2 km, which is the supply of moisture into the updrafts as assumed in FC. Tracer
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analyses of this GATE case (Nicholls and Weissbluth, 1988) and other convective
systems (Lafore and Moncrieff, 1989; Scala et al., 1990; Pickering et al., 1992) have
also shown that non-negligible amounts of air above cloud base are incorporated
into the updrafts. As expected estimates of PE can differ substantially for various
assumed inflow depths. The precipitation efficiencies, PEt and PEr, are also shown
in Table 15.

PE PE PE
Run dp=05 | dp=19 | dp=118 PEy PEt
km km km
COHMEX 66 33 26 76 45
(Downshear)
GATE 106 33 22 57 25
(Upshear)
COHMEX- GATE Wind 83 30 17 55 24
(Upshear)
GATE- 90% RH above 59 52 37 64 34
850 mb (Upshear)
GATE - Strong/shallow 97 59 49 67 39
shear (Errect)

Table 15 Precipitation efficiencies (PE in percent) calculated for two sets of assumed inflow depths
(near cloud base and near 2 km) and for most of the troposphere below 12 km (dp in km). PEs
(PEr and PEt) from two different definitations of storm efficiency were also shown.

The vertical orientation of the updrafts and the ambient moisture content
are the major factors that determine the precipitation efficiency of a storm. In
terms of defining precipitation efficiency as the rainfall divided by condensation,
vertically erect updrafts promote the most effective collection of cloud condensate
by rapidly falling precipitation species. Because upshear sloping convection
possesses deeper and broader areas of subsaturation, the evaporative loss of rain is
greater than in downshear-tilted and erect storms. These conclusions are valid
even when different methods were used to calculate total storm condensation.
The reduced efficiency of upshear convection is manifested primarily by increased
cloud water evaporation along the upshear edge of the updrafts at middle levels,
as well as by enhanced fluxes of water vapor and condensate rearward from the
convective region. These processes aid the development of trailing stratiform
precipitation. Yet, stratiform precipitation is quite inefficient due to evaporation
of rain in the subsaturated mesoscale downdraft at low levels and the sublimation
of snow and ice crystals in the trailing portion of the stratiform anvil. In fact, net
deposition above the freezing level was confined to the first 50 to 70 km of the
simulated storms. Thus, the increasing contribution of stratiform precipitation to
total rainfall as the systems slanted more in the upshear direction is consistent
with their being less efficient.

Although downshear tilted convection is quite efficient in terms of the
rainfall divided by condensation, it is less efficient when defined in terms of the
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flux of water vapor into the storm. The simulations suggest that the gust fronts
are too weak to block all of the low-level inflow, causing some of the ambient air
to pass through the cold pool without being carried up into deep updrafts.
Vertically erect storms, however, are the most efficient based on all criteria for
defining precipitation efficiency. Relatively minor modifications in the upper-
level winds produced very large variations in the intensity and efficiency of the
COHMEX simulations due to a transition from downshear to upshear convection.
Precipitation efficiency is higher in moist versus drier environments as a result of
larger condensation rates, whereas variations in cloud and rain evaporation rates
are much smaller. Since the ambient moisture affects storm condensation
through the vertical advection of water vapor, the development and intensity of
convection is strongly modulated by the height and depth of dry layers above the
boundary layer. Furthermore, the degree of modulation is expected to increase for
environments with weaker thermodynamic instability.

None of the closure assumptions tested showed consistent agreement with
any of the precipitation efficiency parameters diagnosed from the simulations.
The results of this study suggest that: (1) the effects of ambient wind shear and
moisture content throughout the depth of the troposphere need to be considered
in the calculations of PE in cumulus parameterization schemes; (2) the primary
role of wind shear (and, to a lesser extent, environmental instability) that affects PE
appears to be through determining the vertical orientation of the updraft regions.
The relative contribution of stratiform precipitation to total storm rainfall also
needs to be considered in models with coarse horizontal grid resolution.
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