VOL. 46, NO. 20

JOURNAL OF THE ATMOSPHERIC SCIENCES

Numerical Study of Convection Observed during the Winter Monsoon Experiment

Using a Mesoscale Two-Dimensional Model

Jimy DUDHIA
Department of Meteorology, The Pennsylvania State University, University Park, Pennsylvania

{Manuscript received 14 October 1988, in final form 8 May 1989)

ABSTRACT

A two-dimensional version of the Pennsylvania State University mesoscale model has been applied to Winter
Monsoon Experiment data in order to simulate the diurnally occurring convection observed over the South
China Sea.

The domain includes a representation of part of Borneo as well as the sea so that the model can simulate the
initiation of convection. Also included in the model are parameterizations of mesoscale ice phase and moisture
processes and longwave and shortwave radiation with a diurnal cycle. This allows use of the model to test the
relative importance of various heating mechanisms to the stratiform cloud deck, which typically occupies several
hundred kilometers of the domain. Frank and Cohen’s cumulus parameterization scheme is employed to represent
vital unresolved vertical transports in the convective area. The major conclusions are:

(i) Ice phase processes are important in determining the level of maximum large-scale heating and vertical
motion because there is a strong anvil component. The heating is initiated by a thermodynamic adjustment
that takes place after the air leaves the updrafts and is associated with the difference between water and ice
saturation.

(ii) Melting and evaporation contribute to a localized mesoscale subsidence in a 50 km region to the rear of
the moving convective area. The cooling associated with this almost cancels the cumulus heating in the lower
to midtroposphere.

(iii) Radiative heating was found to be the main ascent-forcing influence at high levels occupied by the
widespread cirrus outflow. Additionally, radiative clear-air cooling helped the convection by continuously de-
stabilizing the troposphere and countering the warming effect of convective updrafts.

(iv) The overall structure and development of the system were well simulated, particularly the growth near
the coast, and the propagation and decay in the cooler boundary layer further off-shore, but the rainfall may
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have been underestimated because of the two-dimensional assumptions of the model.

1. Introduction

During the Northern Hemisphere’s winter, the most
convectively active region in the tropics is the “mari-
time continent,” a region including Malaysia, Indo-
nesia, and Borneo. This region has the strongest vertical
mass flux and represents the upward branch of both
latitudinal (Hadley) and longitudinal (Walker) cir-
culations. The combination of moisture from the mar-
itime tropical air and surface heating from the land
make this region particularly favorable for convection,
and hence for driving a monsoon circulation during
the winter months.

The Winter Monsoon Experiment (WMONEX ) was
carried out in December 1978-February 1979 with the
aim of understanding the convective behavior of the
maritime continent in more detail. Particular emphasis
was given to the region northwest of Borneo, which
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represents the center of the winter monsoon activity
and is part of the near-equatorial trough.

Three Soviet ships in the South China Sea, together
with a weather radar at Bintulu, on the northwest coast
of Borneo, and aircraft provided detailed observations
throughout the period 5-31 December 1978.

The most distinct feature of convection in the South
China Sea is its diurnal cycle, which persists in the
presence of larger scale disturbances in the flow re-
sulting from cold surges and equatorial easterly waves
(Houze et al. 1981, Johnson and Priegnitz 1981).
Houze et al. (1981) present time sequences and com-
posites of cloud area and rainfall for 8-31 December
1978 and proposed a conceptual model for the South
China Sea convective behavior. The northeasterly
monsoon flow is almost parallel to the coastline during
this season. According to the conceptual model, a
nighttime land breeze forms in response to the cooling
of the Borneo land surface, and, although this is weak,
it is capable of providing sufficient convergence around
0000 to 0200 Local Solar Time (LST) to initiate con-
vection just offshore. The monsoonal flow at low levels
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is close to thermodynamic equilibrium with the warm
underlying ocean, and there is conditional instability.
"‘Once convection is initiated, it seems to sustain itself
by convergence associated with cold convective outflow
at the surface. New cells form where this convective
outflow meets the monsoon flow, and the system prop-
agation is determined partly by the upper level offshore
wind component. Johnson and Priegnitz (1981) esti-
mate this propagation to be about 6 m s™~! towards the
west—-northwest. The system eventually dissipates when
it encounters less favorable thermodynamic conditions
several hundred kilometers from the Borneo coast. This
stage occurs after about 1000 LST. )

Churchill and Houze (1984a) give a detailed account
of the structure of the 10 December 1978 case that
occurred at the onset of a cold surge. The mature stage
of this cluster, 0600-0800 LST, is marked by a broad
area of stratiform precipitating cioud, 100-200 km
across, in which convective cores are embedded. These
cores are concentrated on the upwind (relative to the
" northeasterly monsoon low-level flow) side of the
stratiform region as well as near the coast, possibly as
a result of continuing land-breeze convergence there.
The center of the rainfall, as detected by radar (Houze
et al. 1981), moves away from the coast, indicating
that the cores nearer the coast during the mature stage
‘are weak, and those responsible for mesoscale anvil
cloud form to its north and northwest.

" Churchill and Houze (1984a) also present micro-
physical data on the particle types in these clouds. A
main result is that the core regions are associated mostly
with rimed particles, and growth occurs by mixed phase
(ice and water) processes. In the stratiform region par-
ticle habits are branched, so growth is primarily by
vapor deposition and aggregation in supersaturated
conditions with respect to ice with little evidence of
riming. They estimate that about 46% of the precipi-
tation from the 10 December case was stratiform. This
system is thus typical of many clusters found in tropical
regions because it has mesoscale and convective-scale
components that are clearly distinguishable by their
microphysics and dynamics ( vertical motion strengths)
and contribute almost equally to the surface rainfall.
Squall lines observed in the east tropical Atlantic
(GARP Atlantic Tropical Experiment, GATE), e.g.,
by Gamache and Houze (1982), Zipser (1977); in
West Africa by Sommeria and Testud (1984); and
cloud clusters in the recent Equatorial Mesoscale Ex-
periment (EMEX) near North Australia, all exhibit
these two scales of motion, each with significant pre-
cipitation production.

Associated with the mesoscale cloud is a heating
profile that strongly influences the overall heating of
the cluster. Johnson and Young (1983) analyzed sev-
eral WMONEX clusters’ heating profiles, derived from
ship rawinsonde data, and show a consistent time de-
velopment where the heating maximum shifts upward,
and a lower tropospheric cooling dominates at later
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stages in the clusters’ lifetime. This development of the
heating profile corresponds to an almost simultaneous
development in mesoscale vertical motion, where in
later stages upper tropospheric mesoscale ascent and
lower tropospheric mesoscale descent exist. Similar
mesoscale updraft magnitudes of a few tens of centi-
meters per second are found in the GATE cases studied
by Houze (1982), Gamache and Houze (1982), and
Houze and Rappaport (1984); in the West African
case of Chong et al. (1987); and in WMONEX (John-
son and Young 1983 and Churchill and Houze 1984b).

While it is clear that the mesoscale motion field in
these tropical systems is largely dependent on the heat-
ing profile, it is not clear which processes dominate the
heating profile on these scales of several hundred ki-
lometers. Webster and Stephens (1980) point out that
radiative effects tend to warm cloud base relative to
cloud top, thus destabilizing the cloud layer while also
offsetting the cooling due to melting at cloud base,

. which is at the freezing level (5 km). Also, net radiative

heating within some cloud layers of up to 10 K d ™
can be almost half of the value typically diagnosed from
heat budgets (such as Johnson and Young’s 1983) and
so is not negligible.

Leary and Houze (1979) suggest that melting and
evaporation of about 20 K d ! occurs below stratiform
cloud decks, and Brown (1979), in a numerical mod-

_eling study of mesoscale cloud regions using a midlat-

itude sounding, shows the importance of evaporation
in sustaining the downward motion in the lower tro-
posphere.. However, the upper troposphere is more
complicated because the sounding within the mesoscale
cloud is likely to be near neutral with respect to moist
or frozen ascent, as suggested by Johnson and Kriete
(1982), and is thus susceptible to large vertical motions
even for small amounts of additional latent or radiative
heating. .

Brown’s modeled stratiform region produced up-
drafts that detrained water-loaded cloudy air at their
level of neutral buoyancy and then released rainwater
and gained a positive buoyancy, resulting in mesoscale
ascent. Cohen and Frank (1987) also produce meso-
scale ascent in a GATE slow-moving line simulation.
They demonstrate that lateral detrainment of updraft
air at midlevels was an essential factor in destabilizing
the upper troposphere. These mechanisms, together
with Webster and Stephens’ radiative destabilization
and the probably important ice phase processes (dis-
cussed in section 3) are all small effects in terms of
heating, but are made dynamically important by taking
place in nearly neutral stratification with respect to sat-
urated motion. )

Another radiative mechanism proposed by Gray and
Jacobsen (1977) may also contribute to ascent in the
cloudy region. They suggest that the clear air around
the clouds cools more than the cloudy region, partic-
ularly at night due to longwave radiative effects, and
this may induce weak low-level convergence into the
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cloudy region. The early morning is the most favorable
time for such convergence, but this effect is expected
to be weak compared to the land-breeze and applies
more to convection far from land.

From the evidence presented above, it seems that to
represent WMONEX systems properly in a numerical
model, there are several requirements that should be
met. First, the model should include a realistic con-
vective cloud scheme, because convective transports
of heat and moisture initiate mesoscale cloud devel-
opment. Second, the model requires a microphysical
scheme capable of reproducing the observed ice-dom-
inated stratiform clouds and their associated latent
heating. Third, a radiative transfer scheme is needed
to determine the impact of longwave and shortwave
heating.

A hydrostatic two-dimensional model will be used
to simulate the basic features of WMONEX systems
taking into account the above-mentioned processes.
The primary advantage of using a hydrostatic model
is its efficiency compared with nonhydrostatic models
for mesoscale simulations, allowing more tests and
sensitivity studies on new schemes added to the model.
However, the horizontal grid length of 10 km requires
the incorporation and testing of a cumulus parame-
terization scheme to represent convective-scale trans-
ports, which adds to the task. The application of a cu-
mulus parameterization scheme to this grid scale may
be questionable, but the range of convective strengths,
for which the model behaves realistically, has been
tested and the limit of validity appears not to be ex-
ceeded in the simulations (as will be demonstrated).

In this paper the basic model is presented in section

2. The ice phase and radiative transfer parameteriza-
tions are examined in sections 3 and 4 respectively,
and the schemes are tested in idealized one-dimensional
(horizontally uniform) conditions to determine their
potential effects on the model. Section 5 provides a
brief description of the cumulus parameterization
scheme and the considerations required in interfacing
it with the model. This is followed by a description of
the particular observed case in WMONEX and the
method by which the model is initialized to simulate
it (section 6). In section 7, the simulation results are
presented, followed by a discussion of the relative im-
portance of various physical processes on the heating
profile and on the dynamics of the simulated system
(section 8). A comparison with the observations of
WMONEX is provided in section 9.

2. Mesoscale model
a. Numerical methods

The two-dimensional “research” version of the Penn
State hydrostatic mesoscale model was used and mod-
ified for these studies.

The basic equations from Anthes and Warner (1978)
are given in appendix A. The coordinate system is o-

JIMY DUDHIA

3079

pressure coordinates defined to be 1 at the surface and
0 at the top of the domain, which is a constant pressure
surface (50 hPa in this case). The advantage of these
coordinates is the ease with which topography can be
included. The model levels are constant ¢ surfaces.

Prognostic equations exist for surface pressure, the
two horizontal momentum components, temperature,
water vapor, cloud water, and rain water together with
diagnostic equations for vertical motion (from conti-
nuity) and height of the o-surfaces (hydrostatic equa-
tion). Ice and snow are incorporated (as discussed
later) in the cloud and rain fields without requirement
of additional storage.

The time differencing scheme is the second order
centered leapfrog method with the exception of spatial
diffusion terms which, for stability, are evaluated by
the first order forward step. There is a time filter on all
variables to prevent solution splitting, and the Brown
and Campana (1978) method is employed to aid sta-
bility with longer time steps. This method basically
uses a semi-implicit “temporally diffused” horizontal
pressure gradient in the momentum equation rather
than the time-centered value. '

Spatial differencing is second order centered apart
from rainfall, which is calculated with a first order up-
stream scheme. A fourth order derivative horizontal
(along pressure surfaces) diffusive term is applied to
all prognostic variables to suppress two-grid-length
waves.

The horizontal grid length is 10 km and there are
18 equally spaced o-levels between the surface .and 50
hPa. Thus the lowest layers are about 470 m thick,
and at 400 hPa they are about 1 km thick. The time
step is limited to 10 seconds and the domain covers
700 km.

The lateral boundaries allow inflow and outflow, and
the surface pressure at the boundary points is damped
towards its initial value to prevent tendencies from de-
veloping in the domain’s total mass. The top boundary
is a pressure surface with no flow across it (w = 0).

b. Physical parameterizations

There are both marine and land surfaces within the
domain, together with simplified terrain up to 500 m
altitude. The surface interacts with the atmosphere
through frictional effects and heat and moisture fluxes.
It also provides a boundary longwave flux for the ra-
diative tranfer scheme (discussed later). Following
Anthes and Warner (1978), the land surface temper-
ature varies according to radiative heating or cooling,
fluxes of sensible and latent heat into the atmosphere,
and the heat flux into the subsurface layer by downward
diffusion. The ocean temperature is specified according
to observations and kept constant.

It is necessary for the boundary layer to have the
correct qualitative response to the diurnal heating cycle
because of the land breeze observed during WMONEX
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(Houze et al. 1981) that is thought to be responsible
for the initial formation of convection near the coast.
A bulk planetary boundary layer scheme is used (de-
scribed in appendix A).

The model has both a convective parameterization
and an explicit moisture scheme. Convective param-
eterization is necessary to represent subgrid-scale
transports by updrafts and downdrafts, which vertically
redistribute heat, moisture, and momentum within
model resolved columns and also produce convective
rainfall. Such processes cannot be left to the resolved-
scale advection, as discussed by Zhang et al (1988),
since unrealistic thermodynamic profiles develop, and
the timing of resolved convection is severely delayed.

The air detrained by the parameterized convection
may produce mesoscale cloudy regions, which are
treated with the explicit moisture scheme acting on
grid-scale averaged cloud. As explained in the Intro-
duction, tropical mesoscale clouds are not just debris
from updrafts, but have their own dynamics and ther-
modynamics leading to mesoscale ascent and rain pro-
duction. It is for this reason that the explicit moisture
scheme is necessary. :

For this study an ice-phase parameterization and
radiative transfer scheme have been added to the
model. '

3. Ice phase parameterization
a. Method

In a mesoscale model, where there is a necessary
scale separation between convective scale and meso-
scale because of the grid resolution, it is also possible
to separate ice phase processes into two corresponding
scales and thus, as will be seen, to simplify adding a
resolved-scale ice phase parameterization to the model.

The basis of this separation is the general observation
by Churchill and Houze (1984a) from WMONEX air-
craft data that there is little supercooled cloud water
in mesoscale cloudy regions away from convective up-
drafts, and, as pointed out by Rutledge (1986), GATE
tropical anvil clouds are subsaturated with respect to
water since they are nearer ice saturation. In fact, water
droplets tend not to survive at subfreezing temperatures
in the presence of ice particles because the latter con-
sume the water vapor, and the water droplets evaporate
(the Bergeron-Findeisen process). It will be seen later
that depositional growth processes, even for small
amounts of ice particles, are sufficiently rapid to prevent
the formation of water droplets in air ascending at rates
of up to several tens of centimeters per second.

The lack of water droplets in mesoscale clouds sim-
plifies parameterization by making it possible to neglect
several primary and secondary nucleation processes
and to use two ice categories, ice crystals and snow
aggregates, instead of the three that are normally em-
ployed in cloud models (e.g., by Lin et al. 1983). The
third category is graupel or hail and represents ice par-
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ticles that are heavily rimed and dense due to mixed
phase growth, especially through the accretion of su-
percooled water droplets. WMONEX mesoscale clouds
show almost no evidence of riming except in the vi-
cinity of convective or recently convective regions. The
denser rimed particles are implicitly treated in the con-
vective parameterization scheme where much of the
convective-scale rain may originate from such particles.
The explicit moisture scheme described in this section
is similar to that of Rutledge and Hobbs (1983) in
their kinematic modeling study of warm frontal rain-
bands, another system where the scheme is appropriate
because of the lack of convective updraft cores.

Another simplifying assumption that helps in mod-
eling the mesoscale ice phase is that melting takes place
within one model level (50 hPa) of the freezing level.
That is, the cloud ice and snow melt immediately on
descending through the 0°C level. This assumption is
good for slowly falling particles such as snow aggregates
but would not have held for heavily rimed and denser
particles that may fall several kilometers while melting.

The two assumptions of no supercooled cloud or
rain and no ‘“‘superwarmed” snow or ice crystals be-
tween them allow for a computationally efficient means
of storing snow/rain in one array and cloud/ice in
another, since there is no ambiguity as to which type
is present in a grid box; this being determined by the
temperature relative to 0°C.

Supersaturation with respect to water is very limited,
even in strong updrafts, because of the rapidity of water
condensation processes. In contrast, ice processes are
often slow because of the comparatively limited num-
ber of nuclei; supersaturation of water vapor with re-
spect to ice can be around 10 percent or more. The
relative rates of water and ice processes are a necessary
part of a realistic moisture scheme and are important
to mesoscale cloud systems, as will be demonstrated
later.

The box diagram (Fig. 1) shows the processes in-
cluded in the mesoscale explicit moisture scheme. The
boxes represent the various moisture categories, and
the lines linking them are labeled with the processes
that allow transition from one category to another. The
details are given in appendix B, but the scheme follows -
closely that used by Rutledge and Hobbs (1983) and
Lin et al. (1983).

Of the assumptions, the least certain is the number
concentration of ice crystals, which is strongly depen-
dent on the temperature, increasing by approximately
a factor of 400 for each 10 degree drop. The assumed
concentration affects the rate of initiation of ice crystals
and their growth rates. However, below about —30°C,
the exact number density no longer matters because
both these processes become essentially instantaneous
on the model time resolution of 10 seconds. Also, above
temperatures of —20°C, the ice converts rapidly to
snow, which has its own number density from the
Marshall-Palmer distribution. This will be shown in
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FIG. 1. Box diagram illustrating the processes in the moisture
scheme for ice (crystals), cloud (liquid ), snow and rain. PCON, con-
densation/evaporation of cloud; PRA, accretion; PRC, conversion;
PRD, deposition onto ice crystals; PRE, evaporation for rain and
deposition/sublimation for snow; PRF, melting/ freezing due to ad-
vection; PRI, initiation of ice crystals; and PRM, melting of snow
due to fall.

section 3b where the ice phase parameterization is
tested in a simple one-dimensional model.

b. Test of ice phase parameterization

Before putting the scheme into the full mesoscale
model, it is worth testing it under simple conditions
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to determine which of the parameterized processes
prevail in a typical situation. The model for this test
was one-dimensional with no vertical or horizontal ad-
vection. Only height variation was allowed, and the
sounding used was that of the WMONEX case studied
with the mesoscale model. The initial conditions were
chosen to represent a possible updraft outflow. How-
ever, only a thick layer of ice crystals was specified at
the initial time with a content of 0.5 g kg™'. The at-
mosphere was saturated with respect to water in the
same layer (50 hPa-550 hPa) as would be consistent
with the air leaving a sufficiently rapid updraft. The
model was run for 30 minutes with only the explicit
moisture processes acting, i.e., no dynamical feedback
to the heating was allowed for in this one-dimensional
test.

These initial conditions represent a thermodynam-
ically unbalanced state because the saturated vapor
pressure over ice is significantly less than that over wa-
ter. Hence, water saturated conditions are supersatu-
rated with respect to ice. Typical degrees of supersat-
uration are 10% at —10°C to 50% at —40°C, so the
initial conditions are favorable for crystal growth.

The results of this test show that there are two distinct
regimes of behavior in the ice parameterization scheme.
Above the 300 hPa level (—25°C), there is rapid ad-
justment to ice saturation, while below about 350 hPa
(—20°C), even after 30 minutes, equilibrium still has
not been reached. The ice and snow concentrations
and process rates at 30 minutes are shown in Fig. 2.
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FIG. 2. (a) Snow and ice content (dashed ) and supersaturation and (logio[ke kg™']) (b) Process rates (logio[kg kg™ s7']) versus pressure

(hPa) in ice-phase sensitivity test. Curves are labeled c, conversion; a,

qr, snow; and ss, ice supersaturation.

accretion; i, initiation; d, ice deposition; e, snow deposition; qc, ice;






