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University of Washington
Abstract

Organized Layer Overturning in Mesoscale Convective Systems over the
Western Pacific Warm Pool

David B. Mechem

Co-Chairs of the Supervisory Committee:
Professor Shuyi S. Chen and Professor Robert A. Houze, Jr.
Department of Atmospheric Sciences

This study employs a high resolution numerical cloud model to investigate over-
turning of the tropical environment by mesoscale convective systems (MCSs) occurring
over the westerly onset and strong westerly regions of the large scale Kelvin-Rossby wave
pattern during the Tropical Ocean Global Atmosphere Coupled Ocean Atmosphere
Response Experiment (TOGA COARE). Two aspects of deep convective overturning are
addressed: a tendency for some low-level inflows to be layer-like in structure and
momentum transport processes by organized regions of stratiform precipitation.

Airborne Doppler radar data show that organized deep convective systems over the
western tropical Pacific warm pool are often accompanied by layers of ascending inflow
~0.5-4 km in depth, deeper than that described by current theory in which only boundary
layer air is thought to rise significantly in buoyant, parcel-like updrafts. Trajectory analy-
sis of convection simulated over the strong westerly region 6f the large-scale Kelvin-
Rossby pattern demonstrates the existence deep inflow layers. In the westerly onset simu-
lation, the parcel model prevails, with only the air in the lower part of the inflow actually
rising in the deep convective updrafts. Increasing the relative humidity of the low and

midlevel environmental air brings about the layer inflow mode. Proposed moistening



mechanisms are inflow layers passing through tropical stratiform precipitation and mixing
in the vertical by cumulus of moderate depth.

Extensive regions of organized mesoscale stratiform descent act to transport down-
ward midlevel momentum at low levels, easterlies over the westerly onset region and
westerlies over the strong westerly region. In the westerly onset simulation, the convec-
tive and stratiform regions compete, with the convective attempting to accelerate the west-
erly momentum via pressure gradient and the stratiform attempting to increase the easterly
momentum through downward vertical transport. Over the strong westerly region, both
convective and stratiform components act to increase the low-level westerlies. Results
imply MCSs in each flow regime may exert an influence on the large scale wave structure,
negative or neutral during the westerly onset phase and positive during the strong westerly

phase.
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Chapter 1

Introduction

Convective overturning, the process by which the atmosphere attempts to remove
thermodynamic instability through conversion of potential energy into kinetic, spans a
wide range of depths and horizontal scales. Deep convective overturning in the tropics is
frequently manifested by large, long lasting mesoscale convective systems (MCSs). Pop-
ulations of MCSs compose superconvective systems (Chen et al. 1996), whose occurrence
is closely linked to the large scale propagating Kelvin-Rossby wave pattern which consti-
tutes the intraseasonal oscillation (ISO). Observational evidence suggests that the exist-
ence of organized, layered updrafts and downdrafts as shown by radar data determines the
character of the overturning and its associated thermodynamic properties, and through
momentum transport can affect the large scale flow properties (Kingsmill and Houze
1999b; Houze et al. 2000). That these organized ascending and descending inflows cover
large areas as indicated by satellite and radar data points to their significance. This chap-
ter will introduce discussion on the ubiquity of these MCS inflows and their influence on

the overturning of the tropical atmosphere.

1.1  Modes of convective organization

An overall theme of this study is how the issue of mesoscale organization modu-
lates the behavior of MCS inflows. Orlanski (1975) provides a basic classification of the
degree of mesoscale organization, with meso-a scale defined to be between 200 and 2000
km in the horizontal with a time scale >6 hours. Meso-p scale is defined as a horizontal
scale between 25 and 250 km with a timescale <6 h. Finally, meso-y scale is defined to lie
between 2 km and 25 km with a timescale on the order of 1 h.

The smallest and most basic convective element is the single cell (Byers and Bra-
ham 1949). The single cell consists of a buoyant updraft which rises rapidly through the
troposphere and produces large amounts of liquid water and ice. The liquid and ice begin
to fall through the updraft, creating a downdraft in place of the initial updraft. This down-

draft is cooled significantly by evaporation of hydrometeors, and upon reaching the sur-



face, the downdraft spreads out horizontally. The strong downdraft effectively damps the
updraft, leading to a storm life cycle of 30-50 min (Weisman and Klemp 1986).

The multicell storm (Byers and Braham 1949; Houze 1993) may be thought of as a
grouping of single cells in different stages of development. Vigorous young cells are char-
acterized by a strong updraft, in which hydrometeors are rapidly growing. Mature cells
simultaneously contain both an updraft and a downdraft, the latter the result of hydrome-
teor drag and evaporation. By the decaying phase of the cell, only the downdraft and its
embedded precipitation are present. Often, the gust fronts from each individual cell com-
bine to form a large cold pool, along which new convection may develop. Growth of new
cells often occurs on a preferred flank of the storm where each individual cell moves with
the mean wind, but because of this continuous redevelopment, the composite storm may
not move with the mean wind. Certain conditions of wind shear (vertical shear of the hor-
izontal wind to be specific) produce favorable environments for multicellular convective
storms.

Maddox (1980) referred to MCSs as “circular type” and “linear type,” with the fol-

lowing distinction:

It is hypothesized that the circular cloud shield of MCCs'
indicates that convectively driven, mesoscale circulations
are predominant. This is in contrast to severe, prefrontal

squall lines whose “line” structure is imposed and modu-

lated by larger-scale features.

Studies of squall lines published since this paper show that squall line evolution need not
be modulated by large scale features but may result from the interaction between the cold
pool and the ambient environmental shear (Rotunno et al. 1988). Furthermore, particu-

larly in the tropics, the line of demarcation between squall lines and MCSs is not always

. A mesoscale convective complex (MCC) is a special type of MCS defined by Maddox (1980) as a cloud
shield with continuously low IR temperature <-32 °C of size 2100000 km?. An interior cold cloud region
must be present with temperature <-52 °C and area 250000 km?. These size and temperature definitions
must be met for a period of =6 hours, and the aspect ratio of the system must be > 0.7 at time of maximum
extent.



clear, since squall lines with large regions of trailing stratiform precipitation can appear
qualitatively similar to MCSs in satellite imagery.

In the context of satellite-observed cloud patterns, Chen et al. (1996) describe a
“supercluster” (Nakazawa 1988) as a broad region of cloudiness which propagates to the
east. Individual MCSs may be embedded in the supercluster and propagate toward the
west. The size and duration of this variability, several thousand kilometers and lasting at
least two days (Mapes and Houze 1993), lie in the boundary between mesoscale and larger
scales, and hence these features presumably play a significant role in transferring energy
upscale. Chen et al. (1996) introduce a related category, the “superconvective system,”
defined as a group of spatially and temporally associated cold cloud tops that exceed a
total area of 90000 km?. Because no minimum duration is imposed on the superconvec-

tive system, it can be considered a superset of the supercluster.

1.2 Convective organization over the tropical western Pacific

Much of the equatorial tropical oceanic environment is close to conditionally neu-
tral. Tropical oceanic convection is generally driven by the warm, moist air supplied from
fluxes across the atmosphere-ocean interface, and the lack of a strong capping inversion
alleviates the need for a substantial lifting mechanism.

Although not strongly forced by midlatitude standards, tropical convection is
strongly modulated by large scale equatorially trapped wave disturbances. Variability in
warm pool convection is driven largely by the tropical intraseasonal oscillation (ISO)
(Chen et al. 1996). Documented by Madden Julian (1971, 1972), the ISO is best
described as an eastward propagating Kelvin-Rossby wave pattern, with cyclonic gyres
located on either side of a symmetric Kelvin mode. This is the Gill (1980) paradigm of the
ISO and provides a description of the surface wind pattern which includes a “strong west-
erly region,” of the wave between the Rossby gyres and a “westerly onset region,” located
west of the transition from low level easterlies to westerlies.

Many mechanisms have been proposed to explain the large scale Kelvin-Rossby

wave pattern associated with the ISO. Wave-CISK (Yamasaki 1969; Lindzen 1974), wind



induced surface heat exchange (WISHE; Emanuel 1987), radiative-convective instability
(Hu and Randall 1994), and frictional destabilization (Wang 1988; Moskowitz and
Bretherton 2000) are a few. The mechanisms proposed in these theories are quite sensitive
to the particulars of the convective parameterization scheme and hence do not treat explic-
itly the effects of convection. The ISQ is a convectively-coupled wave structure: the deep
convection may be viewed as a forcing mechanism for the wave structure and a response
to the wave forcing. Assuming a heating distribution will produce a reasonable wave pat-
tern (Gill 1980), and specifying the wave pattern results in a convective response (located
too far east, however) associated with low level convergence.

The period of low level westerlies in the ISO is associated with enhanced convec-
tive activity. This “active phase” of the ISO most often originates in the Indian ocean and
propagates eastward, weakening as it passes Indonesia and Malaysia but strengthening as
it passes over the warm pool (Chen et al. 1996). Figure 1.1 shows three successive I[SO
events traversing the TOGA COARE (Tropical Ocean Global Atmosphere Coupled Ocean
Atmosphere Response Experiment; Webster and Lucas 1992) large scale array (LSA) and
the intensive flux array (IFA) during the intensive observation period (IOP). Regions of
anomalous bulk cold cloudiness index represent enhanced convective activity associated
with the active phase of the wave. The phase speed of the waves, indicated by the slope of
the ISO tracks in the figure, is different for each event and can vary along the propagation
path. The suppressed regions propagate eastward in a manner similar to the active
regions, an unsurprising result given that they are part of the same wave disturbance.
Occasional westward moving intrusions into the suppressed regions correspond to tropical
cyclones.

Thermodynamic differences between phases of the ISO are present in the atmo-
sphere and upper ocean and may be accentuated by the degree of mesoscale organization
during the active phase of the ISO. The TAO buoy located in the IFA shows that the SST
variations over the TOGA COARE period lagged significantly convective activity. The
active phase of the ISO corresponded to a decrease in SST, likely resulting from the atten-

uation of insolation by organized convective events and enhanced overturning of the oce-



anic mixed layer by the strong westerlies, recharging the surface layer with fresh water
(Chen et al. 1996). Convective available potential energy (CAPE), a bulk property of
thermodynamic instability, also varied over the course of the IOP. CAPE was ~500J kg'1
greater during the suppressed phase than in the active phase, with a few caseé of extreme
(~10001J kg’l) increases with time (Brown 1994).

In a satellite climatology of cloudiness over the warm pool region, Mapes and
Houze (1993) analyzed regions where IR radiative temperature was <208 K and <235 K.
They showed that for cloud tops colder than 208 K, 50% of cloud clusters were smaller
than 300 km?, but 50% of the 208 K cloud tops occurred in contiguous regions of area
>2x10* km?, while the corresponding area for 235 K cloud tops was >10° km?. This indi-
cates the importance of the large, long lasting superconvective systems and suggests that
they may be of vital importance in linking mesoscale processes to the large scale flow.
The largest clusters existed only during the active phase of the ISO and were present
inside the IFA region on only ~10% of the COARE IOP days (Chen et al. 1996).

Individual cloud clusters composing the eastward propagating anomalous convec-
tive region move westward as an organized disturbance with a period of ~2 days. These
westward propagating disturbances have a structure more coherent than the transient
MCSs which delineate the disturbance, indicating that the disturbance may represent some
form of wave pattern (Chen et al. 1996). The authors invoke a dispersion relation derived
by Matsuno (1966) to postulate that an equatorially trapped inertio-gravity wave with a
period of ~2 days might precondition the tropical atmosphere and thereby enhance its

potential to support organized convection.

1.3 Layered inflows in TOGA COARE MCSs

Kingsmill and Houze (1999b) classify airborne Doppler radar observations of
TOGA COARE convection as shallow, deep-narrow, and deep-broad. Figure 1.2a shows
results of aircraft soundings which reveal the difference in boundary layer CAPE between

the three classifications, the shallow category having the least CAPE, and the deep-broad

t. class 4 systems, with area >92800 km? or >~300 km (Mapes and Houze 1993; Chen et al. 1996).



having the greatest. Variations in low level moisture are responsible for the CAPE stratifi-
cation between the three classes, as also evidenced by the differences in level of free con-
vection (LFC; Figure 1.2b). The deep-broad convection, corresponding to organized
MCSs, has the greatest boundary layer moisture and hence the largest CAPE and the low-
est LFC (given similar amounts of convective inhibition).

Airborne dual Doppler radar data (Kingsmill and Houze 1999a) from TOGA
COARE show that MCSs have inflow layers which are not composed merely of boundary
layer air but rather are typically ~0.5-4 km in depth. Bryan and Fritsch (2000) have called
attention to layer lifting in midlatitude MCSs, while Zipser et al. (1981) and Jorgensen et
al. (1991) have observed inflows greater than the boundary layer depth in tropical convec-
tion. Figure 1.2b shows that parcels initially above 500 m would require significantly
more forcing to reach their LFC compared to parcels originating in the boundary layer.

The existence of layer lifting in large MCSs over the warm pool appears paradoxi-
cal since equivalent potential temperature (0 e) and the relative humidity of the ambient
environment decrease with height in this layer. For this reason it was previously thought
that the air in the upper part of the inflow layer sinks and only the boundary layer air in the
lower part of the inflow layer actually rises in the deep convective updrafts. Betts (1976)
and Zipser (1977) advocated the concept of a “crossover zone” in the leading portion of an
isolated tropical Atlantic squall line. Two-dimensional projections of trajectories of the
sinking air from the upper part of the inflow layer cross over the two-dimensional projec-
tions of trajectories of the air rising from the lower part of the boundary layer. A spectrum
of mixing is implied in which the parcels from low levels tend to become buoyant cores,
while air parcels in the upper part of the inflow layer which entrain the smallest amount of
high 6 e air while passing through the crossover zone sink to the surface, with the thermo-
dynamic assistance of evaporation of cloud droplets (Zipser 1977). Redelsperger and
Lafore’s (1988) simulations of a tropical west African squall line supported the crossover
zone idea. The showed that two distinctly different air masses cross each other between
1.5 km and 5 km in height, and that this crossing occurred at the convective scale and

involved similar sized pockets of high and low 0 e



Several potential candidates exist in the literature to resolve the paradox of parcel
versus layer lifting. Kingsmill and Houze (1999b) suggest that a deep layer of inflow
might be destabilized by passing through a regions of precipitation, and that if the layer
became saturated it would be rendered conditionally neutral (i.e. near zero moist static sta-
bility), enabling the entire layer to rise upon being lifted by the cold pool. Because the 0 e
lapse rate indicates potential instability, as it is lifted the layer would undergo a process of
convective overturning. This reasoning is attractive, since the authors show that the depth
and breadth of convection during TOGA COARE was correlated with low and middle
level relative humidity; therefore, the relative humidity can be thought of as a proxy for
the degree of convective organization, with the most organized systems having the moist-
est inflows. This study will demonstrate that low- and mid-level relative humidity is
strongly correlated with layer lifting and will suggest possible moistening mechanisms.

Organized mesoscale ascent (Zipser et al. 1981) is another candidate for destabiliz-
ing a deep layer and producing inflow with a layered character. Forced ascent of a poten-
tially unstable layer will eventually result in convective overturning. Recently, Bryan and
Fritsch (2000) show that slab (i.e. layer) midlatitude MCS inflows undergo mesoscale
ascent and become “moist absolutely unstable,” a static stability condition of ¥ > r 5
where 7 is the saturated lapse rate and r ¢ is the moist adiabatic lapse rate. The authors
argue that a moist absolutely unstable layer can maintain itself under continuous ascent
because of the rate imbalance between the generation of thermodynamic instability and its
dissipation. In this condition, the tendency to realize the instability as cellular overturning
is suppressed, since saturated mesoscale ascent actually warms the middle and upper tro-
posphere, and the convective overturning of the inflow layer tends to be manifested as a
more gradual process, while the layer maintains its deep, coherent structure for a longer

period of time.

1.4 Momentum transport processes in MCSs
Observational and modeling studies have shown that tropical deep convection can

significantly modify the character of the large-scale momentum field. Schneider and



Lindzen (1976) argued that eddy momentum transport may be parameterized as the prod-
uct of the updraft mass transport and the difference between in-cloud and ambient envi-
ronmental momentum. This scheme has the restrictive assumption that the fractional
coverage of the updrafts be much less than unity.

Studies using datasets of greater spatial and temporal duration show that MCSs can
bring about a significant mean convective momentum transport (CMT) signal. Carr and
Bretherton (2001a) calculated a zonal residual term from global NCEP and ECMWF
reanalyses and found a slight preponderance for downgradient transport and a smoothing
of the environmental shear over the four month period of TOGA COARE (November
1992 - February 1993). Momentum flux profiles computed from dual-Doppler aircraft
radar observations show a four-month mean convective momentum transport character-
ized by the upward transport of easterly momentum by strong convective updrafts (Carr
and Bretherton 2001b). Momentum flux is downgradient below the four-month mean
westerly jet structure and countergradient above, with little contribution by convective
downdrafts and stratiform regions. Mapes and Wu (2000) used a residual methodology to
recover convective eddy momentum tendencies in long cloud resolving model simula-
tions. They found that the CMT profile to be largely out of phase with the zonal wind pro-
file, causing local extrema in the momentum profile (i.e. jets) to descend.

Most previous studies addressing the transport and generation of momentum by
convection have assumed some sort of two-dimensional framework, where momentum
fluxes are decomposed into orientations normal and parallel to a leading convective line.
In a seminal observational study, LeMone (1983) concluded that organized MCSs do not
transport momentum according to simple mixing theory but found momentum to be gen-
erated in the 10-20 km wide convective region, with little contribution from the precipitat-
ing stratiform area. Negative line-normal fluxes in the convective region of a squall line
implied an increase in the environmental wind shear, while the line-parallel flux was
largely down the mean gradient. Momentum flux was significantly influenced by the con-
vectively generated pressure field, which accelerated horizontally air ascending into the

convective line. The pressure field was nearly hydrostatic, with a pressure minimum



located over the rear of the convective line. A study of a number of cases showed that the
momentum flux in 7 out of 9 tropical convective lines implied an increase in the front-to-
rear momentum at heights above 4 km (LeMone et al. 1984).

Moncrieff (1992) used a three-branch dynamical model to investigate momentum
flux for an idealized two dimensional convective line circulation and found it able to rep-
resent countergradient momentum flux reported in observational studies. LeMone and
Moncrieff (1994) applied this dynamical model to ten previously studied MCSs and found
that it produced a profile of line-normal momentum flux generally consistent with the
observations. The best match between model and observations occurred under conditions
of moderate instability and when the MCS contained little stratifofm precipitation.

Yang and Houze (1996) demonstrated that the momentum budget over the strati-
form region of a two dimensional simulated squall line can be considerably different from
that over the narrow convective zone and that no particular forcing term in either region
dominates how the entire MCS influences the large-scale momentum profile. In a simula-
tion of an asymmetric tropical western Pacific squall line that included a large region of
stratiform precipitation, Trier et al. (1998) found a countergradient transport of zonal
momentum at mid-levels in the convective region but a more complicated behavior over
the stratiform region. The authors noted that in most cases system-averaged accelerations
were smaller than the individual forcing terms and that the MCS influence on the vertical
shear was vastly complicated by the existence of a low-level (z = 2 km) westerly jet rather
than the simple monotonic shear previous studies considered. They showed that the term
most responsible for modifying the environmental momentum at low levels is the vertical
flux divergence. Using data from a 2D cloud resolving model, Zhang and Wu (2003)
emphasized momentum transport by strong cumulus updrafts and a perturbation pressure
field that acts to suppress momentum transport over the westerly onset region and enhance
transport in the strong westerlies.

Previous studies have explored cumulonimbus momentum transport as a function
of the large scale environmental shear profile, but the role of mesoscale organization has

been largely neglected. Large, long-lasting mesoscale convective systems (MCSs) are
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composed of regions of vigorous convection and more expansive areas of stratiform pre-
cipitation. Moncrieff and Klinker (1997) proposed a hierarchy of interactive scales
(cumulonimbus, mesoscale convective system, and supercluster) and demonstrated the
importance of mesoscale organization by showing significant differences between
momentum tendencies at the cumulonimbus and MCS scales. Their results indicated an
important scale dependence that may emerge when convection becomes highly organized.
Houze et al. (2000) demonstrated that the momentum transport features present in the
Doppler radar data are strongly associated with large regions of stratiform precipitation
and a significant degree of mesoscale organization. They hypothesized a mechanism
based on a limited set of observations to explain how the degree of mesoscale organization
influences MCS momentum transport.

Houze et al. (2000) found that MCSs occurring under different flow regimes pro-
duce different momentum transport characteristics. In the westerly onset region of the
Kelvin-Rossby (KR) wave structure, located just to the west of the changeover of the low
level easterlies to westerlies, MCSs transported easterly momentum downward. In the
region of the wave structure characterized by the strongest low level westerlies (strong
westerly region), westerly momentum was transported downward. The authors surmised
that the upscale momentum feedback was negative in the westerly onset region, attempt-
ing to damp or resist the onset of low level westerlies in the propagating KR wave struc-
ture, and positive in the strong westerly region, acting to help accelerate the westerlies.
Tung and Yanai (2002) paint a complementary picture, where lower tropospheric momen-
tum transport is downgradient 60-65% of the time, except during the strong westerly
phase where it is countergradient and helps to maintain the mean shear. Houze et al.
(2000) furthermore argued that the addition of easterly momentum at low levels in the
westerly onset region implied enhanced convergence on the western side of existing con-
vection, favoring new cellular development in a direction opposite to the propagation
direction of the KR wave pattern. Downward transport of momentum by MCSs over the

strong westerly region implied additional low level convergence on the east side of exist-
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ing convection, in the direction of wave propagation, as further evidence of positive feed-
back.

These studies illustrate the complicated interdependence of momentum flux on the
dynamic and thermodynamic character of the MCS system. The perturbation pressure
field responsible for accelerating the MCS inflows is nearly hydrostatic and thus is deter-
mined by the distribution of diabatic heating in the convective region, which is ultimately
dictated by the instability. The interaction between ambient shear and buoyancy accelera-
tion determines the tilt of the updraft, which along with the accelerated inflows has a
strong effect on the sign of the momentum flux. Past studies have predominantly concen-
trated on the generation and transport of momentum by the active convective region, while
the role that broad regions of organized stratiform precipitation plays has not been fully
addressed. It is fair to say that despite a history of comprehensive observational and theo-
retical studies, the issue of MCS momentum flux has been largely impermeable to a syn-
thesis of the body of work into a simple conceptual model, particularly in situations

characterized by a high degree of mesoscale organization.

1.5 Scientific objectives
1.5.1 The nature of MCS inflow

Since tropical deep convection is an important element of the ocean-atmosphere
climate system (Webster 1994), a correct understanding of convection is prerequisite to its
accurate portrayal in global climate models (GCMs). Most cumulus parameterization
schemes in current use are based on entraining plume or bubble models with parcel theory
underpinnings, with the atmospheric boundary layer being the focus of this perspective.
The 0 e of these parcels is modified by surface fluxes across the ocean-atmosphere inter-
face, and parcels of high 0 e ascend until decelerated by entrainment or a stable layer.
Downdrafts of lower 6 e descend into the boundary layer where the air may be modified
by surface fluxes. This view is consistent with the crossover idea.

The overall validity of a parameterization based on the assumption of parcels ris-

ing out of and sinking into the boundary layer depends further upon the extent to which
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the subgrid scale is in statistical equilibrium with the resolved system (Emanuel 1994).
The notion of statistical equilibrium rests upon the idea that the temporal scale of the
small-scale processes is significantly smaller than that of the resolved scale such that there
is a separation of scale between the two. When mesoscale convective systems reach hori-
zontal scales of hundreds of kilometers and take on extensive stratiform components
(Zipser 1969, 1977; Maddox 1980; Nakazawa 1988; Chen et al. 1996; Kingsmill and
Houze 1999a, 1999b; Houze et al. 2000), the failure of the scale separation assumption
becomes possible, if not likely.

In this dissertation, I will argue that the parcel view of convection (expressed by
Betts 1976, Zipser 1977, and Redelsperger and Lafore 1988) is most applicable when a
dry mid-level layer is present, while layer lifting better describes the nature of inflow
when the mid-levels are moistened. The parcel view would be more applicable to the
early stages of an MCS, while layer lifting (Kingsmill and Houze; Bryan and Fritsch
2000) better describes the later, more mature stages of the system when an extensive
region of stratiform cloud and precipitation is likely present. To make the case, I will use
model calculations to trace air parcels into and through convection such as were observed

over the tropical warm pool in TOGA COARE.

1.5.2 Character of tropical MCS momentum transport

This study seeks to examine convective-large-scale interaction in the tropical
atmosphere by examining model results of MCSs occurring under two different flow
regimes in the context of feedback onto the large scale KR wave structure. This study
applies to model data the phenomenological approach taken by Houze et al. (2000). In
contrast to previous studies that apply the method of residuals to obtain bulk momentum
effects, here I calculate and analyze the spatial structure of the momentum forcing sources
in simulated MCSs to infer an upscale influence of organized deep convective systems on
the propagation of the KR wave structure. Of particular interest is how the transport of
zonal momentum, both environmental and system-generated, by organized mesoscale cir-
culations, influences the establishment of the strong low level westerlies over the onset

and strong westerly regions of the KR structure. Previous studies have investigated
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momentum processes in relation to the environmental flow. The dissertation will examine
MCS momentum transports in the context of mesoscale organization, which is itself mod-

ulated by the environmental flow.
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Figure 1.1. Time-longitude plot of a PHC,35 the meridional summation of the number of
analysis grid boxes between 20 °S and 20 °N whose fractional time coverage of cloud with
IR brightness temperature colder than 235K is >25%. (Adapted from Chen et al. 1996).
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Chapter 2
Methodology

A typical methodology for a numerical experiment with a cloud model involves
choosing or creating a model appropriate for the type of phenomenon being studied and
the scale of interest. Initial conditions are typically horizontally homogeneous, based on a
single sounding or a composite of soundings thought to be representative of the atmo-
spheﬁc conditions before convection has taken place. Often the sounding used is poten-
tially unstable, so some initial perturbation must be applied for convection to occur. The
initialization may be a cold pool or heat sink (Redelsperger and Lafore 1988, Thorpe et al.
1982, Yang and Houze 1995), a positively buoyant warm bubble (Klemp and Wilhelmson
1978a), a gentle, large scale ascent applied throughout the domain, or a combination of the
last two (Tao and Simpson 1989).

Unfortunately, the initial condition of horizontal homogeneity combined with a
simple perturbation often neglects many complicated initiation mechanisms found in
nature. Horizontal variabilities such as cold pool intersections, storm-scale convergence,
or differential surface heating are crudely mimicked or are absent altogether, causing some
researchers to disregard the early stages of the storm and concentrate their main study on
the mature and dissipating stages of the simulated convection. When using horizontally
homogeneous initial conditions, zones of convergence or small local perturbations of low
level O o> SO crucial to the development of a convective storm, may be absent. The diffi-
culty in triggering convection is borne out by the creative and sometimes bizarre initiation
schemes that have been conceived for previous studies.

The question of which initiation method should be used broaches the topic of sen-
sitivity. Specifically, given a horizontally homogeneous initial condition, how sensitive is
the solution (i.e. the resulting convection) to the initial perturbation? Intuition suggests
that the resulting convection is sensitive to the choice of perturbation type or orientation,
but this assertion is difficult to prove conclusively. This difficult question is one that

could entail a complete study on its own and will not be discussed further; instead, this
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dissertation takes an approach to the problem that overcomes the constraint of initial hori-

zontal homogeneity.

2.1 Two model approach

2.1.1 Qverview

Output fields from a mesoscale model initialize the cloud model. This approach
overcomes the constraint of initial horizontal homogeneity often intrinsic to cloud model
simulations but sacrifices the simplicity of a single sounding experiment. The number of
degrees of freedom of the system (and consequently, its parameter space) is vastly
increased to the point that hypothesis tests are difficult to formulate and test via a null
hypothesis. For this reason, the plausibility of hypotheses is emphasized rather than out-
right proof.

This method has two disadvantages when compared to adding an additional high
resolution mesh to the MMS. First, instead of linearly interpolating the provided hourly
boundary values, the fine mesh of an MMS5 would be provided boundary information
every time the coarse mesh is updated. Since grid spacing ratios between coarse and fine
mesh are 3:1, a new boundary value would be provided every three integrations of the fine
mesh. The second disadvantage is that the method used in this study provides for only a
one-way interaction between grids, so information may transfer only downscale. The
addition of a higher resolution mesh in the MMS5 would have allowed for a two-way inter-
action and thus a direct addressing of upscale feedback on the large scale flow field.

The method of initializing ARPS with previous MMS runs as described offered us
the distinct advantage of using an ice-phase microphysics package more sophisticated
than that available in the MMS5 at the time and provides for running sensitivity experi-

ments at low computational expense relative to a full MMS run.

2.1.2 Cloud model architecture

The numerical cloud model used in this study is the Advanced Regional Prediction
System (ARPS ver 4.2.3a) (Xue et al. 1995). ARPS is fully compressible and formulated

in a generalized terrain-following coordinate system. To resolve accurately the character-
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istically thin tropical (COARE) boundary layer cold pools, it uses grid stretching in the
vertical. Vertical grid spacing ranges from 200 m at the surface to 1000 m aloft. The ver-
tical grid is similar to that of the MMS5 used to provide boundary and initial conditions.

A 1.5-order turbulent kinetic energy-based closure scheme parameterizes subgrid
scale processes. A prognostic equation for the turbulent kinetic energy equation (TKE) is
solved, and the TKE is related to the turbulent mixing coefficients K, and K,,. A rigid
top boundary condition is used in combination with a zone of Rayleigh damping to mini-
mize reflection of internal gravity waves.

Radiative effects and surface fluxes of heat, moisture, and momentum are
neglected. The rationale for ignoring surface fluxes arises from the conclusions of Trier et
al. (1996) that the only added benefits of including these fluxes are slightly improved
structure and evolution of certain characteristics of the system. Although in that case a
squall line was the object of study, I assume that these results generalize to less organized
convection. Radiative effects are ignored in view of the relatively short duration of the
simulation. Surface fluxes and radiative effects arise indirectly, through the boundary

conditions, since the parent MMS5 simulation contains these effects.

2.1.3 Initial and boundary conditions
Chen (1997) performed mesoscale model simulations with the PSU/NCAR MMS5

mesoscale model (Grell et al. 1994) over the Western Pacific warm pool region for several
consecutive days in middle and late December 1992. The mesoscale model runs were in a
nested grid configuration. A subset of the high resolution (15 km) grid as initial and
boundary conditions for cloud model simulations carried out on a grid of 2 km horizontal
resolution are employed. The vertical resolution is similar in both models. The technique
used here is in principle quite similar to the approach used successfully in the Mesoscale
Alpine Project (MAP), where the Swiss mesoscale model initialized with the European
Centre for Medium-Range Weather Forecasts (ECMWF) analysis fields supplied the ini-
tial and lateral boundary conditions for the high-resolution Canadian MC2 for real-time
forecasts during MAP (Bougeault et al. 2001). In this study, the MMS is initialized with a
mesoscale analysis field that uses the ECMWF global analysis and additional TOGA



19

COARE soundings and surface observations. The quality of the MMS5 simulations is lim-
ited by the ECMWF analysis fields and the relative coarseness of the TOGA COARE
soundings.

The available input data from the mesoscale model consist of three wind compo-
nents, temperature, pressure, water vapor, rain water, cloud water, and cloud ice. The last
two quantities, by definition, have zero terminal fall speed. An ARPS external data pre-
processor ingests the MM fields and interpolates them onto the ARPS grid. A single
application of a 9-point filter smoothes the data. The MMS5 fields were already reasonably
smooth, so they did not require multiple applications of the filter. The vertical velocity is
diagnosed from the horizontal wind components of the MMS5 via the anelastic continuity
equation. The MMS5 uses an ice-phase parameterization that allows snow and ice but not
mixed phase hydrometeors. Because of significant differences in microphysical parame-
terization scheme, ARPS did not use the MM5 hydrometeor fields. Although neglecting
these fields possibly delays the development of convection, the ARPS hydrometeor fields
quickly adjust to the circulation imposed upon them by the mesoscale model. A schematic
of the initialization process is shown in Figure 2.1.

A relaxation boundary condition in ARPS (Davies 1983) forces the lateral bound-

aries, using the hourly mesoscale model data. In this scheme, forcing terms of the form
750 = Kyp(h-,),

linearly interpolated between two times where boundary value data are available, are
added to the right hand side of the prognostic equations. The relaxation coefficient K b is
maximum at the boundary and decreases to 1/5 of this value at the inner edge of the zone,
which gently but firmly forces the boundary solution towards the external value (Xue et al.
1995).

Because of widély different scales, microphysical parameterizations, and other
model details, there is no reason to believe that the ARPS simulation will evolve exactly

like the MMS5 run which supplies the boundary conditions. Additional computational

mixing is added in the boundary zone to control possible noise introduced by the inconsis-
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tency between the interior (model) and exterior (forced boundary) solutions. This mixing
is a second order diffusion term which acts on the difference field between the internal and

external (boundary) solution.

2.2 Importance of the microphysical parameterization

The microphysical parameterization is critical for achieving the objectives of this
study, since the emergence of mesoscale organizatidn is necessarily accompanied by the
development of mesoscale stratiform precipitating clouds. The parameterization must be

tuned to represent reasonably this part of an MCS.

2.2.1 Rationale

After applying a steady-state cloud model to a GATE squall line case, Rutledge
(1986) postulated that the condensate produced at mid-to-upper levels by mesoscale
ascent is largely responsible for the large horizontal extent of stratiform precipitation.
Using the same model with high-resolution Doppler-derived winds sampled from a mid-
latitude squall line as input, Rutledge and Houze (1987) found that vapor deposition in the
mesoscale ascent region was responsible for 80% of the stratiform precipitation. Fovell
and Ogura (1988), McCumber et al. (1991) and Yang and Houze (1995) used cloud mod-
els to arrive at similar conclusions. McCumber et al. (1991) found that the inclusion of
ice-phase processes enhances the agreement between the simulated convection and certain
observed features, notably the amount of étratiform precipitation and the intensity of the
radar bright band near the melting level.

The long-used LFO scheme (Lin et al. 1983), modified to better represent warm
pool microphysical processes, is employed in this study. The fact that mesoscale convec-
tive systems contain both a strong convective region and a stratiform region presents diffi-
culty for most ice phase microphysical parameterization schemes (McCumber et al. 1991).
Appropriate adjustment of parameters can make the snow category represent aggregate
snowflakes or small graupel. The hail category can represent either true hail, graupel, or
aggregate snowflakes. As discussed in more detail below, the snow category is tuned to

have properties characteristic of ice crystals or unrimed or lightly rimed aggregates. The
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hail category is tuned to have some of the qualities of rimed aggregates, particularly their
fallspeed. The rationale is that this field will act graupel-like in the convective region of a
mesoscale convective system and more aggregate-like in the stratiform region of the same
system. In this dissertation the term graupel/aggregates refers to this hydrometeor cate-
gory. In the convective regions of mesoscale convective systems, this field grows rapidly,
mainly by accretion of cloud water. In the stratiform region, where less cloud water is
present, this quantity grows by aggregation of snow (specifically autoconversion (aggre-
gation) of snow to form graupel and by the subsequent accretion of additional snow and

cloud ice in the parameterization).

2.2.2 Tuning the model microphysics

Of course, the tuning does not perfectly capture the characteristics of both graupel
and aggregates. It is possible that, since the fall speeds are less than what characterizes
typical graupel (see discussion below), the residence time of the species in a vigorous con-
vective updraft will be unrealistically long, and therefore, too much cloud water would be
depleted. In the stratiform region, depositional growth of this category is neglected,
although it does act on the snow particles which eventually become aggregates.

Parameters of the LFO model can be tuned to produce aggregates, graupel or hail,
the primary difference being the magnitude of the hydrometeor fall speed, and this tuning
can lead to accurate portrayal of the hydrometeor distribution in a convective updraft,
where hail or graupel growth processes (riming and accretion) are active. Vapor-grown
particles, aggregates, and lightly rimed particles, formed and initially grown in a convec-
tive region, need to make their way into the stratiform region where they can continue to
take on mass by vapor deposition. Over-representation of the graupel and hail needed for
realistic convective cells diminishes the possibility for growth of a robust precipitating
mesoscale stratiform cloud layer. Optimization of choices of model parameters leads to
the best combination of convective cells and stratiform cloud deck, probably with neither
being completely realistic. This is the nature of bulk microphysical parameterization.

Originally designed to simulate a midlatitude continental high plains thunder-

storm, the LFO scheme is probably best suited to storms which contain a significant
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amount of hail. Over tropical oceans very little if any hail is present, so clearly the LFO
parameterization must be modified to produce a realistic precipitation pattern. What is
desired is a selection of parameters that enables the parameterization scheme to produce
both small graupel and vapor-grown snow. Therefore, I modify the fall speeds, particle-
size-distribution parameters, and hydrometeor density. The fallspeed is the most critical of
these parameters. The LFO scheme contains two precipitating ice fields, snow and hail,
and a cloud ice field, which has zero fall speed. To compute the terminal velocity of rain
and snow, a relation of the form u = an is assumed, where u is terminal velocity, D is
precipitating particle diameter, and @ and b are empirically derived constants. The rain
water, snow and hail fields have an assumed inverse exponential, Marshall-Palmer size
distribution, from which mass-weighted mean terminal velocities can be derived. As such,
the terminal velocities are dependent only upon hydrometeor mixing ratio. LFO terminal
velocities for snow, rain, and hail are shown in Figure 2.2a.

For tropical convection, McCumber et al. (1991) suggested using the Rutledge and
Hobbs (1984, hereafter RH84) scheme or, because of the similarity of the two schemes,
using the RH84 parametelrsT into the LFO scheme. An extension of this approach is that
developed by Potter (1991) and used by Yang and Houze (1995). This method makes use
of Locatelli and Hobbs’s (1974) empirical fall speed relations for various types of solid
precipitation particles. Their category “graupellike snow of hexagonal type” is used for
the LFO snow field, and “hexagonal graupel” is used for the LFO graupel/aggregate field.
As discussed in Potter (1991), the particle diameter used in the derivation of the fall-speed
relations represents the diameter of the melted particle, and for consistency the densities of
the ice substances must be changed to the density of liquid water. Figure 2.2b shows the
fall speeds for the precipitating hydrometeors represented by this scheme.

Following Braun and Houze (1994) the microphysical scheme is modified to omit
the density correction term in the snow fall speed equation. They argue that there is no

experimental evidence to support the inclusion of this term, and that using it gives unreal-

+. Here, “parameters” refer to the hydrometeor densities, intercept parameters of the hydrometeor distribu-
tions, and the empirical constants found in the fall speed relations.
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istically large snow fall speeds at upper levels in comparison to fall speeds derived from
Doppler radar extended velocity-azimuth display analysis (Rutledge et al. 1988; Bigger-
staff and Houze 1993). The graupel/aggregate production terms were also slightly
changed. The hail fall speed relation in LFO had a drag-coefficient form. Since a graupel/
aggregate category has replaced the hail category, the drag coefficient form is dropped,
allowing use of a fall speed relation of the form u = aD’. Appendix A details the spe-

cific changes made.

2.2.3 Aggregation and melting in the stratiform region

Having tuned the ice hydrometeor categories to let “snow” be “graupel-like snow
of hexagonal type” snow is assumed to be composed of individual ice crystals, which may
have grown partially by riming. Having tuned the “hail” category to represent “hexagonal
graupel” this category is termed aggregate/graupel hydrometeors, and it is more graupel-
like in the convective region and more aggregate-like in the stratiform region. The behav-
ior of this species in the stratiform region is thus in accord with observations and studies
previously mentioned which show that vapor grown particles and aggregates predominate
in this region. In the LFO scheme the snow can aggregate to form ice by a process of
autoconversion. The parameterization allows the snow particles to aggregate with each
other. The aggregated mass is sent to the aggregate/graupel category. One purpose of this
tuning of the microphysical scheme was to represent more accurately the ice-phase micro-
physics in the stratiform regions of mesoscale convective systems. The aggregated snow
mass sent to the aggregate/graupel category in the model falls through the 0 °C level and
melts to form a strong melting layer similar to those seen on radar in the stratiform regiohs

of mesoscale convective systems (Leary and Houze 1979).

2.3 Trajectory analysis methodology

One purpose of this study is to diagnose the nature of the inflow of air into convec-
tive systems, so parcel or particle paths are desired. These paths are obtained by calculat-
ing trajectories from 2-minute model output wind fields using the method of Doty and

Perkey (1993), detailed in Appendix B. Preliminary work on this project demonstrated
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that, idealized thermodynamic conservation properties notwithstanding, trajectories were
a poor proxy of “parcel” path. Conservative thermodynamic variables were usually not,
the notable exception being tracers passing through deep, strong convective updrafts.
Elsewhere, turbulent mixing was dominant, quickly and systematically destroying the
identity of an erstwhile parcel. Diabatic processes were also significant (e.g. passing

through a melting layer) in violating the assumptions of simple parcel theory.
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Figure 2.1. A flowchart describing the processes involved in enabling ARPS to use MM5
output data. Modules enclosed by the dotted lines comprise a particular software package.
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Chapter 3
Layer Inflow over the Strong Westerly Region

3.1 Environmental conditions of the 23 December case

Chen et al. (1996) and Godfrey et al. (1998) have described the general atmo-
spheric and convective conditions over the western Pacific warm pool during TOGA
COARE (November 1992-February 1993). Two cycles of the Madden and Julian (1971,
1972) intraseasonal oscillation (ISO) affected the warm pool region during TOGA
COARE. Each ISO cycle culminated over the TOGA COARE region in a large-scale
Kelvin-Rossby wave pattern with cyclonic gyres on either side of the equator, low-level
westerly winds (called westerly wind "bursts") and extensive convective activity over the
TOGA COARE region (Harrison and Giese 1991; Young et al. 1995; Lin and Johnson
1996; Chen et al. 1996; Houze et al. 2000). The focus is on December 1992, when some of
the most widespread and intense convection of TOGA COARE occurred over the warm
pool in association with the onset and peak of a strong westerly wind burst.

The western Pacific warm pool region in late December of TOGA COARE was
characterized by the strong westerly regime of the Kelvin-Rossby wave. This regime was
the most convectively active of TOGA COARE (Chen et al. 1996). It was characterized
by “super cluster” conditions (Nakazawa 1988; Mapes and Houze 1993; Chen et al. 1996),
with densely packed large MCSs within the region of strong low-level westerly winds
(e.g. Figure 3.1). This period was dominated by the presence of simultaneous mesoscale
convective systems, often with stratiform regions ~500,000-1,000,000 km? in horizontal
dimensions described as “super convective systems” by Chen et al (1996). The extensive
and long lasting regions of stratiform precipitation observed during this time period imply
a high degree of mesoscale organization that provided ample opportunity to moisten layers
of air that could eventually become MCS inflow. The MMS5 was initialized at 1200 UTC
on 23 December 1992. The coarse-grid version of the MMS5 was run over the TOGA
COARE Large Scale Array (LSA) under the strong westerly regime to provide initial and

boundary conditions for ARPS. Figure 3.2a shows this region and the low-level strong
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westerly conditions prevailing at this time. Approximately six hours of spin-up time was
required before reasonable initial ﬁelds were available, which could be used by ARPS.
The MMS5 developed an MCS in the northeast corner of the fine mesh domain with a
region of extensive precipitation. Although the MMS is expected to give only a plausible
response to large-scale conditions and not necessarily be a perfect match with observed
MCSs, satellite imagery from 23 December shows an extensive cold cloud shield symp-
tomatic of a significant convective event in a location similar to the simulated MCS (cf.
Figs. 3.1 and 3.2a). The simulated region of convection formed a few hours before the

time shown but well after the spin-up had been accomplished.

3.2 The 23 December simulation

The ARPS model is initialized with MMS5 output from a run in which the MMS5 was set
up with an outer domain of ~5000 km x 2500 km, slightly larger than the LSA, and an
inner domain of ~2500 km x 1500 km, which includes the TOGA COARE Intensive Flux
Array (IFA, see Godfrey et al. 1998 for details of the TOGA COARE observational array).
Horizontal grid spacings for the coarse and fine meshes were 45 and 15 km, respectively,
and both domains contained 25 vertical levels (Chen 1997).

For this experiment, the ARPS domain is 145 x 101 x 35 points, centered at 0.4°N

and 168°E, and the initial conditions are a subset of the 2000 UTC 23 December 1992
MMS fields (Fig. 3.2b). Table 3.1 provides a synopsis of the control simulation parame-
ters for this case. In the early stages, initial convective bands form in locations of horizon-
tal confluence (Fig. 3.2). At three hours (Fig. 3.3a and ¢), an extensive region of
precipitation has developed, structured in two main bands oriented from northwest to
southeast. From the orientation of the cold pool (not shown), it can be inferred that the
northeast side of the precipitation area is the leading edge that provides upward forcing for
the storm-relative inflow. By 6 hours (Fig. 3.3b and d), the southwest band has decayed,
and the cold pool has propagated toward the northeast as a density current. New convec-
tion forms along the propagating cold pool boundary in an almost continuous cycle, and

both convective and stratiform elements coexist. Calculating reflectivity from model out-
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put can be problematic and is quite sensitive to the assumptions made by the model micro-
physical parameterization. The calculation used here is rather crude, and while it
produces reasonable spatial patterns, the magnitudes are significantly larger than those
found in nature (Nesbitt et al. 2000).

Results from the ARPS simulation show a similar structure and evolution when
compared with the “parent” MMS5 simulation. Both the MMS5 and ARPS produce a two-
banded structure, of which the southwestern band decays with time. Another indication of
how closely the solutions match is found near the boundaries. A smooth transition from
the interior solﬁtion to the boundary zones is an indication that the models evolve in a sim-
ilar manner. Furthermore, both ARPS and the parent MMS simulation evolve in a manner
similar to an actual MCS present in the 23 December 1992 satellite imagery shown in Fig.
3.1. It must be kept in mind that the ARPS simulations are incapable of capturing an
entire MCS, much less the large cloud superclusters characteristic of the strong westerly
region, but instead represent only a region or subset of an MCS. Some indications of
banded structure are present in the satellite imagery. The simulated convection mimics the
life cycles of the more intense areas, as inferred from cloud-top temperature. The individ-
ual convective bands move slowly toward the northeast in the ARPS and MMS simula-
tions, whereas they remain nearly stationary in the observations. The MMS represents
well the development of new convection toward the southwest of this large MCS, though

of course the ARPS domain is far too small and its location too distant to capture it.

3.3 Trajectory analysis and layer inflow

To investigate the nature of the inflow into the simulated convection, six hundred earth-
relative trajectories were computed using the method of Doty and Perkey (1993), calcu-
lated from ARPS output data beginning at 2 h. The initial tracer locations are inside a vol-
ume 20 km x 90 km in the horizontal and 5.7 km in the vertical, placed on the northeast
side of the MCS (box in Fig. 3.3a) in an area judged to be an inflow region. Trajectories
for a selected column of tracers are shown in Fig. 3.4. At low levels, the wind is mostly

northerly at the initial time. The storm-relative motion that carries the tracers into the
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developing MCS is determined by a combination of the cold pool propagating toward the
northeast and easterly winds being advected into the domain through the northern bound-
ary. Itis also likely that the system-generated pressure perturbation pattern is acting to
turn the wind with time such that it contains a more easterly component. After being
transported toward the south-southwest for approximately an hour, the tracers in Fig. 3.4
enter a strong region of convective updraft, upon which nearly all of the trajectories
ascend to varying degrees.

Figure 3.5 shows three different but related perspectives on the behavior of the
ensemble of trajectories. As eXpected and indicated by the sample column of trajectories,
the layer mode of inflow is clearly present in this case. Near the surface and up to a level
of 1200 m, 95% of the trajectories rise more than 500 m. Even for trajectories with an ini-
tial altitude of 4200 m, nearly 40% ascend more than 500 m. The character of the
descending trajectories indicates that a significant number of the upper level trajectories
(zp= 57‘00 m) experience very little change in altitude, with only 8% of trajectories
descending more than 500 m from their initial altitude. The behavior of the descending
trajectories could be the result of weak evaporative cooling associated with near-saturation
conditions over a deep layer, which may result in fewer descending trajectories. This sen-

sitivity to midlevel environmental humidity is explored in Chapter 4.



Table 3.1. Control simulation parameters for 14 and 23 December 1992 cases.

Parameter Value
Domain width (EW) 284 km
Domain width (NS) 196 km
Domain height 19.2 km
Horizontal grid spacing 2 km
Vertical grid spacing (in PBL) 200 m
Vertical grid spacing (average) 600 m
Timestep (large) 12s
Timestep (small) 3s
Length of simulation 6h

Initial conditions

Horizontally inhomogeneous values of hori-
zontal velocity, temperature, pressure, and
water vapor supplied by MMS5 output data

Boundary conditions

Linearly interpolated in time from hourly
MMS5 velocity, temperature, pressure, and
water vapor data.
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Figure 3.1. GMS IR imagery and 850 mb ECMWF winds at 2000 UTC 23 December
1992. The box encloses the TOGA COARE intensive flux array (IFA). Wind vectors are
plotted every 2.5° and are scaled such that a 20 m s! wind is represented by a vector that
would be 2.5° in length on the map at the equator.
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Figure 3.2. (a) 2000 UTC 23 December 1992 horizontal cross section of 850 mb wind and
hourly accumulated surface rainfall from the 15 km grid of the MMS simulation. (b)
Magnification of the north-east region of (a). The ARPS (see text) model domain is
enclosed by the rectangle centered at 0.4 °N, 168 °E.
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Figure 3.3. Model-derived radar reflectivity for the 23-24 December 1992 experiment: (a)
and (b) 1 km horizontal cross sections and (c) and (d) vertical cross sections taken along
the dashed lines in (a) and (b). The box in (a) indicates the horizontal span of the initial
tracer distribution used in the trajectory calculations.
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Figure 3.4. Two perspectives of 12 trajectories, each calculated over 3.5 hours of model
time, for the 23-24 December 1992 simulation. Initial tracer locations are located at least
500 m apart in a vertical column. Initial locations are marked by o’s, with hourly positions
denoted by x’s. (a) Projection of the trajectory paths onto the x-z (west-east) vertical plane
and (b) projection onto the x-y (horizontal) plane.
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Figure 3.5. Statistics calculated from all 600 trajectories for the 23-24 December 1992
experiment. (a) Percentage of trajectories whose final altitudes, z, are 500 m higher (solid
line) or 500 m lower (dashed line) than their initial altitudes, z;. The sum need not add to
100%. (b) Scatterplot of all 600 trajectories, plotted as tracer final altitude as a function of
initial altitude. Plotted values lying along the line correspond to trajectories that
experience little change in elevation over their paths. Points above the line indicate tracers
that rise, and points under, tracers that descend. (¢) Histograms, each indicating the final
altitude distribution of the 50 trajectories corresponding to the indicated initial altitude.
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Chapter 4
The Westerly Onset Region: Parcel and Layer Inflow

The trajectory behavior in the 23 December experiment is indicative of a strong
layer inflow signal, since a layer of air much deeper than the tropical boundary layer rises
as it is ingested into the MCS. This chapter discusses similar experiments made under the
westerly onset regime and how the mode of inflow in the simulated convection is strongly

modulated by the vertical thermodynamic structure of the inflow.

4.1 Environmental conditions of the 14 December 1992 case

The 23 December case described in the previous section occurred during a westerly
wind burst, a 2-3 week period of strong, deep westerlies and widespread occurrence of
mesoscale convective systems over the warm pool. The westerly wind burst was preceded
by a westerly-onset period, 12-16 December, during which low-level westerlies and
midlevel easterlies prevailed over the COARE area (Chen et al. 1996; Houze et al. 2000).
This period marked the beginning of the frequent occurrence of large mesoscale convec-
tive systems, after a long period of convective inactivity. The mid-upper tropospheric
moisture increased during the onset period. The main differences between the onset
period and late December were: 1) mid-level moisture was less than during the wind burst
period (Lin and Johnson 1996; Chen et al. 1996); 2) convective activity was intense but
not as widespread as during the burst; 3) the layer of westerlies was shallower than during
the wind burst and overlain by easterlies in mid-levels.

On 14 December 1992 (Fig. 4.1), westerly conditions were beginning to develop
over the COARE region, and later in the day a mesoscale convective system was observed
in detail by the Doppler radar on board instrumented aircraft (Kingsmill and Houze 1999a,
b). The input data for the MMS5 and ARPS models are not precise enough to simulate a
specific system occurring on a given date. Nonetheless, by initializing the ARPS with the
MMS output for this day, I expected to simulate a mesoscale convective system with prop-
erties reasonably similar to that observed by the aircraft. Accordingly, the first results

shown are for the ARPS simulation initialized by MMS output for 14 December 1992.
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The MMS5 was initialized from the ECMWF global analysis fields, National Centers for
Environmental Prediction global SST analysis and, where present, TOGA COARE sound-
ings (Chen 1997). This method captures the large-scale flow field. Mesoscale variability,
such as preexisting precipitation or cold pools absent in the large-scale fields, “spin-up” in
the MMS5. The southern portion of the MMS5 domain in Fig. 4.2a shows a region of con-
vection that forms after the model spin-up has been accomplished. Convection begins
three hours prior to the time shown, and a cold pool has rapidly propagated toward the
east, triggering the new convection investigated in this study.

ARPS was employed in a manner similar to the 23 December experiment. The
ARPS domain was 145 x 101 x 35 points and was centered at 5.4°S and 161.9°E. Initial-
ization data were a subset of the 0800 UTC 14 December 1992 MMS fields (Fig. 4.2b,
chosen because of its location in a region of strong model-produced convection). The ini-
tialization time was at the early stages of the convection but late enough that precipitation

and a significant cold pool had already formed.

4.2 The 14 December simulation

Figure 4.3 shows the evolution of the simulated convection via cross sections of
model reflectivity at hourly intervals. Early in the simulation, a broad band of precipita-
tion oriented from north to south forms in response to a line of convergence oriented in the
same manner. The line of convergence associated with the convection is stronger in the
northern part of the domain, and the convection begins there earlier and is ultimately more
intense. The system strengthens and becomes more organized between 1 and 2 h, and by
3 h has already begun to weaken. The leading edge of the convection moves toward the
east at arate of ~10 ms™\. After 3 h, the system weakens and becomes more disorganized,
with no new convection being triggered by the propagating cold pool.

The vertical cross sections (Fig. 4.3d-f) show the evolving structure of the convec-
tion. At earlier times, the system is mostly convective in nature and is thus dominated by
intense updrafts and downdrafts. As time advances, cloud ice and snow are advected

toward the rear of the system (toward the west) where they grow by vapor deposition,
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aggregate, and slowly precipitate. (Aggregation in the model occurs through the autocon-
version of snow into the graupel field. Since the low fall speed of graupel in the model is
similar to that of aggregates, the graupel field in the stratiform region may be thought of as
being roughly representative of snow and ice aggregates. This view is consistent with
McCumber et al. (1991)). When the precipitating ice hydrometeors melt, they produce a
feature similar to a bright band at the melting level (Fig. 4.3f), even without accounting for
the reflectivity enhancement associated with a liquid water layer on the snow particles
falling through the melting zone. This frame also shows the leading edge of the cold pool,
which has propagated ~80 km ahead of the system. Evidently, the conditions at the gust
front (Rotunno et al. 1988) do not favor additional convective development. What is left
at this time is the decaying stratiform portion of the convection, which results from rear-
ward advection of ice particles and their subsequent growth and sedimentation in the mid-
to-upper levels in the remnants of older convective updrafts (Houze 1997).

Direct verification of the simulation is difficult, and although realistic initial and
boundary conditions are used, it must be emphasized that the results do not represent any
particular case study but rather an idealized response to thermodynamic and flow profiles
appropriate to a particular phase of the ISO. Nonetheless, the structure and evolution
present in the simulation is consistent with TOGA COARE observations. Dual-Doppler
radar observations from a portion of a mesoscale convective system observed during
TOGA COARE on 14 December, the day represented by the simulation, show the transi-
tion from a mostly convective to a more stratiform regime (Fig. 4.4). In its early stages,
the system is characterized by vigorous, deep convective towers and a narrow region of
intense rainfall at the surface (Fig. 4.4a, ¢). At this time, the system is associated with a
region of horizontal convergence located near the strongest convective activity. The
strong updrafts of the convective cells evidently lofted ice and snow particles high in the
troposphere, where upper-level divergence spread them over a broad area, and a stratiform
region subsequently developed in place of the earlier vigorous convection (Fig. 4.4b, d).

In this stratiform phase, the snow particles settled, further increased in mass by vapor dep-
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osition and collection of cloud ice, and finally melted and fell out as stratiform rain (Fig.
4.4d). ’

It should be kept in mind that the simulated system presented here is best thought
of as being of a portion of an MCS, since the domain boundary is not able to circumscribe
the entire MCS. This may be one reason that the simulated MCS has a markedly shorter
- life span than the convection observed on 14 December. The simulated convection lasts
for <4 h, while a typical MCS lifetime determined by cloud top IR temperature criteria is
10 h (Houze 1993). However, the simulation does capture reasonably well the temporal
transition from convective to stratiform visible in the observations (cf. Figures 4.3 and

4.4) on that day.

4.3 Trajectory analysis: parcel mode

As in the 23 December case, six hundred earth-relative trajectories were computed
from the ARPS output. For the model time interval 1-5.5 h, trajectories were calculated
every six seconds from model data that had been output every two minutes. The initial
trajectory locations were inside a volume 20 km x 108 km in the horizontal dimension and
5.7 km in the vertical (twelve vertical levels of fifty points each). This region was the
source of the storm’s inflow air (Fig. 4.5). The lower level wind is mostly northerly at the
beginning of the trajectory calculation. However, in the storm-relative sense the flow is
easterly; the tracers enter the convective system on its east side.

Figure 4.6 shows a small sample of trajectories whose initial positions are aligned
in a vertical column. Only tracers initially near the surface are prone to rise a significant
distance. Tracers initially higher in the column sink or remain at the same level. Thisis a
characteristic of the crossover zone conceptual model, even though the quasi-two-dimen-
sional portrayal of the crossover zone in this simulation is sometimes difficult to identify.
Since the vertical wind profiles exhibit significant directional and speed shear with height,
the entire concept of layer can be twisted.

Figure 4.7 is similar to Fig. 3.5. It shows three different but related perspectives on

the behavior of the ensemble of trajectories. Figure 4.7a shows the likelihood of a parcel
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to ascend (solid line) or descend (dashed line) 500 m from its initial height. Trajectories
initially near the surface are very likely to rise, but the percentage that rise drops off sig-
nificantly with height, until at 2200 m, fewer than 3% rise more than 500 m above their
initial height. For trajectories initially at the lowest vertical level (200-m height), 95% of
the final locations are 500 m above the initial locations, and many of the final locations are
at extremely high altitude. A significant number (19/50 = 38%) ascend to approximately
13 km.

Above 3000 m, the number of trajectories that descend more than 500 m from their
original altitude increases significantly with height and peaks at 70% above 5200 m,
though most of these only descend a kilometer or two. Inspection of the scatterplot (Fig.
4.7b) and the histograms (Fig. 4.7c) shows that few of these trajectories ascend through as
deep a layer as do those with initial heights near the surface.

These statistics are largely consistent with the crossover zone of the conceptual
model. The boundary layer air, characterized by large 0 o> 1s most apt to rise, while the
drier air lying just above is mostly entrained into the updrafts and downdrafts, becoming
negatively buoyant and sinking. After being entrained into the convective region, the
middle part of the layer achieves neutral buoyancy, and hence the tracers neither rise nor
sink significantly. A few tracers initiating at levels above 3000 m rise. Zipser (1977)
mentions the possibility that a small percentage of middle level ambient air might mix
with a relatively large percentage of updraft air, causing some parcels of ambient air to
rise. Although the tracers originating in the upper part of the layer sink, their descent
appears to be less than what might be expected from the conceptual model, where the rel-
atively dry, upper part of the layer enters the convective zone and helps initiate and
enhance mesoscale unsaturated downdrafts. This process seems to be occurring only in a
limited fashion in the nﬁodel, though it should be noted that the low O e air at model
midlevels is several degrees larger than that in the conceptual model (335.5 K in the simu-
lation versus 332 K in the schematic diagram of the conceptual model from Zipser 1977).
Thus, perhaps less strengthening of the downdrafts and less downward movement of the

tracers might be expected given the model environmental conditions.
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Changing the initial positions and times of the trajectories tested the validity of the
trajectory statistics. Moving the initial tracer locations small amounts in the horizontal (1
km to the east and 1 km to the north of the control case locations) results in some large
changes in final locations, both horizontally and vertically; however, the ensemble proper-
ties of the trajectories remain virtually unchanged. The trajectories are somewhat sensi-
tive to the initial calculation time. Keeping in mind that the interest is to release the
trajectories in the system inflow, some care is needed in choosing the initial time. Begin-
ning too early means the tracers reach the convective region before it has had a chance to
fully form and spin-up; beginning too late means the tracers never reach the convection
but rather head to the south and subsequently to the east. The trajectory statistics are quite

similar for initial calculation times between land 1.5 h.

4.4 Cellularity in the temperature field

Redelsperger and Lafore (1988) suggest that the crossover of different air masses
(which occurs between 1.5 and 5 km in their model) involves pockets of high and low 0 e
having similar sizes. This process is particularly apparent in the strengthening stages of a
convective system, especially when vigorous convective cells are spaced along a cold
pool, as is the case for the 14 December simulation. Figure 4.8 indicates the presence of
these convective scale pockets of temperature perturbation. As for the pressure perturba-
tion, formulating temperature perturbation can be problematic for initial conditions that
are horizontally inhomogeneous. It is here calculated as a deviation from the horizontal
mean at the initial time. Although the initialization is horizontally inhomogeneous, the ini-
tial perturbations at 3 km were only ~0.5 K, with most of the domain occupied by values
much smaller, and a representative profile taken from the pre-storm environment is virtu-
ally identical to the horizontal mean profile taken at the initial time. At an altitude of 3
km, a line of negative temperature perturbation (dashed) ahead of the convection in the
northern part of the domain indicates a portion of the leading edge of the spreading cold
pool (Fig. 4.8a), though not the cold pool itself. Although this line is continuous, local
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maxima associated with individual convective cells are present, as are local minima
located to the west.

Figure 4.8b shows that after 3 h the edge of the cold pool and a region of shallow
convection has propagated 30 km ahead of the active region in the northern part of the
domain. With the negative temperature perturbation resulting from the cold pool located a
significant distance east of the convection, individual convective cells and their associated
temperature perturbations are more visible. By this point in the simulation, the convective
region has already begun to weaken. This time appears to be a transition between convec-
tive and stratiform regimes. By 4 h (Fig. 4.8¢), the cold pool boundary has nearly reached
the east edge of the model domain. The interior solution, previously dominated by convec-
tive scale cells, has been replaced by a mesoscale region of generally cool air associated

with the organized stratiform precipitation visible in the derived radar imagery.

4.5 The nature of observed inflow on 14-15 December 1992

Although the trajectory calculations indicate that the crossover conceptual model
seems appropriate for the simulated convection of the control run, radar observations on
this day contain evidence of a deep layer of inflow, the whole of which appears to rise
upon entering the convective system (Fig. 4.9). The system observed by aircraft between
1630 and 1830 UTC has sloping layer inflow from the west, while the relative inflow pro-
duced by the model is shown by the trajectories to be largely from the east. This behavior
of the model is not really at odds with the observations. Chen et al. (1996) applied a track-
ing algorithm to infrared satellite imagery to show the long-term movement of large tropi-
cal cloud clusters. Figure 4.10 shows a bifurcating propagation in which the 14 December
cloud system splits into eastward and westward propagating systems (Box A). In addi-
tion, a significant eastward propagating system occurred on 15 December (Box B). These
opposing movements in the satellite observations suggest that the same system had por-
tions of convection with different inflow directions. The direction of propagation is deter-
mined largely by the ambient low-level shear (Rotunno et al. 1988), though observations

indicate it can also be affected by vertical transports of momentum (Houze et al. 2000).
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Houze et al. suggest that in the westerly onset region, the large-scale shear favors mid-
level easterly inflow in the early stages of convection. They suggest that a mature mesos-
cale convective system with a significant region of stratiform descent is able to transport
midlevel easterly momentum downward, favoring new convection on the west side of the
MCS, which is characterized by low-level westerly inflow (see their Fig. 25). In their
analysis of aircraft dual-Doppler radar data collected on 14 December, Kingsmill and
Houze (1999a) found multiple storm-relative inflow directions in three different regions of
convection on 14 December (see their Table 4). Figure 4.11 shows a region where the
inflow was easterly. This piece of convection, sampled by the aircraft from 1700 to 1715
UTC, was south of the region shown in Fig. 4.9 and was likely at an earlier stage in its life
cycle. The easterly inflow that appears in the model seems more consistent with this por-

tion of the convection.

4.6 Processes determining parcel or layer inflow

As noted in the previous section, the midlevels were drier in the initial conditions
used to represent 14 December than in the 23 December case. This section describes a
numerical experiment designed to isolate the effect on the inflow of the midlevel environ-
mental moisture. I perform a sensitivity test on the 14 December case by increasing the

midlevel moisture in the initial conditions of the model run.

4.6.1 Enhanced moisture experiment

The radar data in Figs. 4.9 and 4.11 show deep layers of inflow, in contradiction to
the model results, which suggest a parcel lifting scenario — the only air reaching high lev-
els being parcels originating from near the ocean surface. The observational evidence
suggests that this parcel lifting occurs in the model because of the dry midlevels in the
model input data. Figure 4.12 shows thermodynamic profiles taken in the inflow region of
the simulated MCSs. Midlevels of the 23 December experiment, in which the layer inflow
mode was present, are significantly moister by comparison. The goal of our sensitivity
experiment was to test whether the parcel lifting in the 14 December simulation would be

replaced by a layer-type inflow if the midlevels were moistened. The experiment makes
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no assumptions about the mechanism that causes the moistening, although some possible
mechanisms will be discussed below.

For the sensitivity experiment, the relative humidity was set to 95% for all points in
the domain between 1700 and 6000 m altitude. The new mean inflow profile is plotted on
Figure 4.12. Rationale for this choice is that Kingsmill and Houze (1999b) found that the
depth and breadth of the convection, and hence its degree of organization on the mesos-
cale, to have been correlated with the humidity of air entrained into the system at low to
middle levels. The moistening is therefore reasonable, even if the exact mechanism or
mechanisms are not understood.

The simulated radar reflectivities in Fig. 4.13 compared with those in Fig. 4.3 pro-
vide an overview of the sensitivity experiment. Adding midlevel moisture results in con-
vection that is horizontally more extensive than that in the control simulation. It has a
more extensive stratiform region, and the convection cells are stronger. The temporal
development of the two runs is quite different. In the enhanced moisture experiment, the
convective region is maintained longer, and the stratiform region develops earlier. New
convective cells form behind (to the west of) the leading line but are unable to maintain
their intensity, transitioning rapidly into small but numerous regions of stratiform precipi-
tation that subsequently aggregate in time (Houze 1997). In contrast to the control case,
new convective elements are triggered at the edge of the cold pool. According to the rea-
soning of Rotunno et al. (1988), the slightly deeper (though weaker) front edge of the cold
pool in the enhanced moisture experiment produces a more ideal balance between vortic-
ity generated by the cold pool and that present in the ambient flow. For these reasons the
convective system in the sensitivity experiment exhibits a better-defined spatial pattern of
convective and stratiform structure, where both elements are present together for a longer
period of time, and the system more slowly evolves to its dissipative stage. An additional
reason for the slower evolution may be that the increase in midlevel humidity modulates
the intensity of the cold pool. Early in the life of the system, when convective cells domi-
nate, the cold pool temperature perturbation for the control case is -4 K, while for the sen-

sitivity case it is only -2 K. The enhanced humidity leaves less potential for evaporation
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of rain and melted ice particles. The cooling in the sensitivity experiment results more
from melting of ice particles than from evaporative processes. In the control case, evapo-
ration is dominant for the early-to-mid stages of the system, but eventually the evaporation
from falling hydrometeors nearly saturates the middle levels.

In addition to greater spatial extent, the convection in the sensitivity experiment is
more intense, having stronger updrafts and downdrafts than the control results. A moister
environment producing more intense convection is in agreement with Lucas et al. (2000),
although both control and sensitivity results in the present study seem to be more intense
than in the Lucas et al. corresponding experiments. The reason for this difference is not
immediately clear, though the difference in initialization methods is the moist logical pos-
sibility, since the microphysical and sub-grid schemes are quite similar. Lucas et al.
(2000) conclude that the stronger updrafts in the enhanced moisture case result from
decreased dilution via entrainment of midlevel environmental air. This seems to be the
case for the enhanced moisture experiment in this study, too, although the results do not
(for the reasons stated above, regarding saturation deﬁcit) appear to extend to the cold

pool magnitude.

4.6.2 Trajectory analysis of the enhanced moisture experiment

Trajectories were calculated for the sensitivity experiment using the same initial block
of points. The number and initial tracer locations are the same as for the control case, and
trajectories computed from a single column of initial points are shown in Fig. 4.14.
Whereas for the control case (Fig. 4.6) only tracers in the lowest few hundred meters
ascend, tracers in this case show more of a tendency to ascend a significant distance. Only
a few of the tracers represent air being entrained into the downdraft, becoming negatively
buoyant and sinking. As in the control case, the final tracer horizontal locations can be
significant distances from each other.

Figure 4.15 shows the statistical behavior of the ensemble of trajectories for the

sensitivity run. As for the control case (Fig. 4.7), the tracers initially near the surface are
very likely to rise. The depth for which 95% rise more than 500 m above their initial level

is 1700 m. Above 1700 m, the percentage that rises decreases but less so than for the con-
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trol case. In the control run, only 3% of the tracers with initial altitudes of 2200 m ascend
more than 500 m, while nearly 75% do so in the environment with enhanced midlevel
moisture. For points beginning at 4700 m, nearly 40% ascend, and the scatterplot (Fig.
4.15b) and distribution (Fig. 4.15¢; zy = 4700 m) show that, unlike for the control experi-
ment (Fig. 4.7¢), a significant number of these trajectories extend a significant distance
upwards.

The percentage of tracers at upper levels of the inflow layer that descend more
than 500 m are similar for both experiments, and the scatterplot and histograms reveal that
the descent is in general greater for the case with the enhanced moisture. This initially
seems wrong from a parcel-mixing perspective, because dry midlevel air entering a sys-
tem and mixing with a saturated downdraft would tend to cool the downdraft via evapora-
tion. However, results from numerical experiments investigating microbursts (Srivastava
1985) show that a moist middle level in the environment humidity profile can actually
enhance the strength of some downdrafts (and hence, the tendency for the tracers to
descend farther), since the contribution of the moisture perturbation in the buoyancy term
becomes more negative as the base state mixing ratio increases. Most likely, the peculiar
relative behavior of the descending tracers in the two experiments may arise from the lack
of robust, mesoscale unsaturated downdrafts in the control simulation and the overall
slightly stronger nature of the convection (and downdrafts) in the sensitivity run. In addi-
tion, the timescale of the simulated convection is shorter than in nature, and it is unlikely
that the weaker downdrafts in the control simulation are able to fully form over the rela-

tively short duration of the simulation.

4.6.3 Thermodynamic differences between the model experiments

The control experiment profile in Figure 4.12 is similar to the “fair weather” cate-
gory described by Lucas and Zipser (2000), with a dry midlevel 0 e of ~335 K and charac-
terized by isolated showers and small MCSs. The profile from the sensitivity experiment
is more similar to Lucas and Zipser’s (2000) active category, which has a midlevel O e Of

~340 K and is accompanied in the model by extensive deep convection and layer inflow,
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as demonstrated by trajectory analysis. The profile from the 23 December experiment is
even moister and also exhibits layer inflow.

Horizontal cross sections of O o along the direction of the storm-relative inflow
show significant thermodynamic differences between the control and the enhanced
midlevel moisture experiments. The cross section in Fig. 4.16a of the control experiment
at 3 h shows a pattern strikingly similar to results from Fovell and Ogura (1988) and
strongly indicative of crossover flow. The inflow at low levels (from right to left) is
plainly evident, as is the midlevel © o deficit at a height of 4 km. At low levels, the air
flows along lines of constant 0 o but when the inflow encounters the cold pool and begins
to rise, it begins to cross isopleths of O o This thermodynamic pattern, where 0 e is not
conserved in the front-to-rear flow, is a strong characteristic of the crossover zone. In addi-
tion, this region of flow normal to the O e isopleths is associated in the model with a
strong positive correlation of vertical velocity and 0 e’ another strong indication of cross-
over zone “mixing.”

A similar cross section through the enhanced moisture domain shows significant
differences (Fig. 4.16b). The 0 e isopleths indicate that the thermodynamic character of
the inflow channel is rather well maintained as it rises above the cold pool. Vertical veloc-
ity and © e are correlated as in the control case, which indicates that overturning of the
environment is still taking place. It appears, though, that whereas the form of the over-
turning in the control experiment is a typical crossover zone, the physical manifestation of
the overturning in the enhanced moisture case is a deep layer inflow.

Bryan and Fritsch (2000) observed layer inflows into midlatitude MCSs and con-
ceived of a thermodynamic state that could explain the long-term existence of this abso-
lutely unstable state. They use the term “MAUL” (moist absolutely unstable layer) to
indicate a saturated layer in which the lapse rate is greater than the saturated lapse rate.
They applied these conditions to rawinsonde and model data to show that MAUL regions
were well correlated with deep layer inflow. The gray regions in Fig. 4.16 are zones
where the environment was analyzed to satisfy MAUL criteria. The size of the MAUL in

the enhanced moisture case is significantly larger than that in the control case, which
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exhibits MAUL conditions near cloud base only. The large MAUL region in the enhanced
moisture experiment lies near the center of the inflow channel and is very similar in size
and shape to those found by Bryan and Fritsch. Although not shown, the cross section for
the 23 December case resembles the 14 December enhanced moisture case, including a
deep ascending inflow channel and a significant MAUL. Figure 4.17 shows time-height
cross-sections for the three cases to indicate a lower bound on the lifetime of the simulated
MAUL. For the layer mode cases, the structure and timescale are also similar to those in
Bryan and Fritsch, with MAUL conditions typically lasting between 20 and 40 minutes at
fixed locations. Figure 4.17¢ bears a particularly close resemblance to Figure 17 in Bryan

and Fritsch (2000).

4.6.4 Possible mechanisms that could bring about the layer mode

The experiments have shown a tendency for layer overturning, as identified by tra-
jectory analysis, to be correlated with midlevel environmental humidity. Three possible
mechanisms that might bring about the layer mode of MCS inflow are suggested: two
speculative external factors pertaining to the creation of enhanced midlevel humidity and
one factor internal to the simulated MCS arising from enhanced moisture.

Moistening and cooling of the upper part of a subsaturated environmental inflow
layer would reduce the static stability of the inflowing layer of air, enabling the gust front
to produce more lifting for a given amount of work. The closer to saturation the air
becomes, the more immediately relevant the value of moist static stability. When a layer
of air is near saturated and moist neutral it is easily lifted by a cold pool. The question
arises how the inflow layer could become nearly saturated and moist neutral in the case of
convection over the warm pool. Two possibilities are suggested.

One proposed mechanism that could produce a moistened lower tropospheric layer
with a moist adiabatic lapse rate is mixing by cumulus congestus or cumulonimbus of
moderate depth. Johnson et al. (1999) and Mapes (2001) present evidence from TOGA
COARE that vertical mixing by such clouds has a measurable impact on the large-scale
thermodynamic stratification of the atmosphere over the warm pool. If the layer of air

approaching an organized MCS passes through a field of moderate convection, the humid-
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ity of the layer would be raised by upward eddy transport of humidity from near the ocean
surface. In addition, moderate convection would homogenize the 0 e in the inflow layer,
though the time scale for shallow cumulus overturning is O(12 h).

A second method for producing a nearly saturated moist neutral inflow layer is
more complicated but plausible. The inflow layer might moisten by passing through a
preexisting region of stratiform precipitation such as in Figure 4.18. Figure 4.19 shows
another example of probable inflow layer moistening from Houze and Rappaport (1984),
who described a tropical oceanic mesoscale convective system in which the inflow to the
convective region passed under a precipitating portion of the anvil of the system. Thus,
the cloud system itself modified the environmental inflow. It is also conceivable that the
environmental inflow could pass under the precipitating anvils of other mesoscale systems
in the neighborhood of the MCS in question. As the warm pool becomes populated by
numerous mesoscale cloud systems during the westerly onset and westerly wind burst
periods, this scenario becomes more likely. Moistening and cooling by precipitation parti-
cles falling from an anvil into the upper part of a subsaturated inflow layer would reduce
the static stability of the inflowing layer of air. Melting and evaporation of the precipita-
tion particles would cool and moisten the layer of inflow air. Subsidence below the anvil
cloud base would largely compensate the evaporative cooling, so the net effect on the dry
static stability could be quite small. This mechanism by itself would leave 0 e unchanged.

Since tropical oceanic convection typically exists in log-ﬁormal populations in
which a few large precipitating cloud systems are accompanied by numerous middle-sized
and small convective clouds (Lopez 1976, 1977, Houze and Cheng 1977, and others), it
seems plausible that the two mechanisms for moistening the environment could work in
concert.

The model pressure perturbation and momentum fields suggest another aspect of
the effect of the moistened inflow layer on whether layer or parcel lifting occurs. This
process is internal to the mesoscale convective system. Perturbation pressure is calculated
relative to the horizontal mean at the initial time. This is reasonable, since the initial hori-

zontal variability is much less than that later in the simulation. System-relative u-velocity
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is calculated by subtracting the propagation speed from the total u-field. Weaker evapora-
tive cooling in the cases of high midlevel humidity is evident in the perturbation pressure
field, which appears to modulate in some manner the slope of the inflow layer. The slope
of the inflow for the 14 December sensitivity experiment is 3-4°, a value in excellent
agreement with the system observed on that day (Kingsmill and Houze 1999a), while the
slope is steeper in the control case. The amount of evaporation affects the strength of the
cold pool, as reflected in the pressure perturbation field. The positive perturbation associ-
ated with the cold pool is both more intense and deeper in the control case where more
evaporation occurs (Figure 4.20). The pressure gradient associated with the cold pool at
the surface and with the hydrostatic low above the cold pool is associated with the sloping
descending rear inflow regions visible in the plots of zonal velocity. A deep layer of air
entering the system in the enhanced moisture run appears to be rising whereas for the con-
trol case, inflow air attempts to ascend but seems partially blocked by the system rear
inflow that steeply descends. The plots of storm-relative zonal velocity may not be com-
pletely reliable as indicators of whether inflow obeys the parcel or layer flow models, but
the plots qualitatively agree with the trajectory calculations in showing that increasing the
midlevel relative humidity tends to have a significant impact of the character of the inflow.
Because of the relationship between pressure (i.e. buoyancy) and momentum, a detailed
forcing analysis would have to be performed to determine the root cause of the airflow
slope. The implication of the more gradually sloping cold pool is that the mesoscale circu-
lation takes on a greater share of the overturning of the atmosphere when the midlevel
environment is moistened. That is, the conversion of potential energy by the layer lifting
that is made possible when the environment is moistened may be a more efficient mecha-
nism than isolated parcel lifting for overturning the tropical atmosphere over large spatial

regions.
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Figure 4.2. (a) 0800 UTC 14 December 1992 horizontal cross section of 850 mb wind and
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Figure 4.3. Model-derived radar reflectivity for the 14 December 1992 control
experiment: (a)-(c) 1 km horizontal cross sections taken at hourly intervals and (d)-(f) -
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of the convective system.
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(a) 1627 UTC (c) 1627 UTC

horizontal distance (km)

20 41 62
horizontal distance (km)

Figure 4.4. Airborne dual-Doppler radar data obtained by a NOAA P3 aircraft during the
TOGA COARE field project on 14 December 1992 (flight track in yellow). Filled
contours indicate radar reflectivity and superimposed vectors indicate the measured
horizontal wind velocities. (a) and (b) are horizontal cross sections taken at 4.4 km above
mean sea-level. (¢) and (d) are vertical cross sections taken through the red lines in (a) and
(b), respectively.
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Figure 4.5. The horizontal span of the initial tracer distribution, indicated by the box and

overlaid on the 1 h surface wind field.
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Figure 4.6. Two perspectives of 12 trajectories, each calculated over 4.5 hours of model

time, for the 14 December 1992 control simulation. See Fig. 3.4 for explanation.
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Figure 4.9. Airborne dual-Doppler analysis of part of a convective system observed on 14
December 1992. (a) Vertical cross section of u velocity at 1627 UTC taken along a line
A-A’ in Figure 4.4. Yellows and browns indicate positive u; greens and blues correspond
to negative u. Vertical cross sections of (b) u velocity and (c) horizontal divergence at
1635 UTC taken along a similar, shorter line while the system is still quite convective in
nature. Regions of green indicate convergence; yellows and browns indicate divergence.



60

1IN -108

800

750

700

650

600

550

500

uc

oumw % o
%05 080090000
6%@

° oo
& .o
i

Decembher 92 date

800

750

700

650

600

550

500

Figure 4.10. Time-longitude diagrams of cloud clusters colder than 208 K between 1 © and

10 °S. Oval size is proportional to cloud cluster size. Rectangle A encloses simultaneous

cloud clusters moving both east and west, and rectangle B shows a strong eastward-

moving cluster (Adapted from Chen ez al. 1996).



61

4°S

6°S

8°S

158°E 160°E 162°E 164°E- 166°E

Height (km)

0 25 50 75 0 25 50 75

Horizontal distance (km)
Figure 4.11. Airborne radar reflectivity and dual-Doppler analysis of the southern part of a
large MCS for 1700 UTC on 14 December 1992. (a) Reflectivity overlaid on IR cloud
temperature (K), and vertical cross sections of radar reflectivity and u velocity taken
through predominantly west-east orientation at (b) and (¢) 1700 UTC and (d) and (e) 1715
UTC, respectively.
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Figure 4.12. Representative equivalent potential temperature, 6 e (K), profiles in the
inflow region of the simulated mesoscale convective systems for the 14 December control
(solid line), the 14 December enhanced moisture (dashed line), and the 23-24 December
(dash-dot line) experiments at the initial model times.
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Figure 4.18. P-3 tail radar scan from 1630 UTC on 14 December 1992 indicating inflow
passing through a region of robust stratiform precipitation. (a) reflectivity. (b) radial
velocity, with cool colors indicating motion toward the aircraft and warm colors away.
Aircraft is pointed toward the south, with MCS inflow from right to left. Positive radial
velocities at low levels likely indicate gust front presence.
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Figure 4.19. Evolution of the vertical structure of a tropical Atlantic squall system radar
echoes from Houze and Rappaport (1984) to illustrate possible moistening of an inflow
layer. Arrows indicate the storm inflow passing through a region of stratiform
precipitation prior to rising into the convective region.
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Figure 4.20. Vertical cross sections for the 14 December 1992 control and enhanced mid-

level moisture experiments, taken along the same line as the cross sections in Figures 4.3

and 4.13. (a) and (b) System-relative inflow (u) overlaid on the shaded total hydrometeor
field (ice + liquid) at 3 h. Contour interval is 2.5 m st (c) and (d) Perturbation pressure

field overlaid on the shaded hydrometeor field at 4 h. Contour interval is 25 Pa. Different
times correspond to a similar stage of the convective life cycle. Negative values are

shown dashed.
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Chapter 5

Momentum Transport Processes over the Warm Pool

Chapters 3 and 4 have discussed how organized, layered low-level inflows can
arise under conditions where the midlevels are particularly moist. The layer mode of con-
vective overturning appears to accompany a degree of mesoscale organization higher than
of an ensemble of isolated updrafts. This chapter will demonstrate that the simulated
organized tropical convection under the westerly onset and strong westerly regimes exhib-
its certain robust signals of low-level and midlevel momentum transport associated partic-

ularly with the extensive stratiform regions.

5.1 Character of the large scale momentum field

Chapter 1 describes how the large scale flow over the tropical western Pacific
warm pool region during the southern hemisphere summer is largely determined by the
phase of the ISO. Gill (1980) provides an idealized description of the surface wind over
the propagating KR wave pattern: a strong westerly region of the KR wave structure
between the gyres and a westerly onset region west of the transition from easterlies to
westerlies.

The Gill model arises from the atmospheric response to an idealized stationary
equatorial heat source but differs significantly from the ISO. First, the steady-state
response is unable to capture the location of the most heavily precipitating deep convec-
tion relative to the wave pattern. Organized convection is observed to be in the region of
westerlies rather than in the area of convergence where the easterlies transition to wester-
lies, as the idealized model might predict. Second, the vertical structure present in the
tropical wind field is not produced by the idealized model. In the observed zonal wind
shown in Figure 5.1, the westerly onset phase occurring in mid-December is characterized
by a layer of easterlies overlying the weak surface westerlies, producing an easterly zonal
shear below 550 mb. In the strong westerly region of late December, the maximum in
westerlies is located at 750 mb, producing a shallow layer of westerly shear below this jet

and an strong easterly shear through the depth of the troposphere. Finally, because the
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Gill model is a steady-state response, the idealized circulation suggests no propagation
mechanisms for the wave pattern, specifically how the region of strong low level wester-
lies becomes established at a given location as the ISO progresses.

The large scale vertical wind profile has a significant effect on the degree of
mesoscale organization the convection attains and on the consequent momentum trans-
port. Shear at low levels interacts with the horizontal vorticity generated by the cold pool
(Rotunno et al. 1988) and is an important factor in explaining the long duration of MCSs,
while upper level shear is important for its ability to advect solid condensate far from the
deep convective region, enabling the creation and maintenance of broad regions of strati-
form precipitation (e.g. Biggerstaff and Houze 1991). Thus, not only does the nature of
the large scale flow itself determine the momentum transport, the flow also determines the
degree of mesoscale organization, which can further influence the transport. The degree
of mesoscale organization may be influenced by other aspects such as sea surface temper-
ature, since the most extensive MCSs tend to be observed over the western Pacific and

Indian Ocean warm pools (Chen et al. 1996).

5.2 Numerical model configuration

Details about the model and experimental setup were presented in Chapter 2. The
experimental configuration is virtually identical to the thermodynamic part of the study,
except the initial midlevel zonal momentum profile was modified in the 14 December

1992 simulation to bring it into better agreement with observations.

5.3 Comparison of the westerly onset and strong westerly simulations

5.3.1 Case descriptions

Conditions typical of the strong westerly flow regime, easterly shear throughout
the depth of the troposphere above a strong low-level westerly jet, dominated the warm
pool during the late December period of TOGA COARE. This time period was convec-
tively active and characterized by numerous MCSs in the region of strong low-level west-
erly winds, satisfying the definition of super cluster conditions (Nakazawa 1988; Mapes

and Houze 1993; Chen et al. 1996). Large, long lasting regions of stratiform precipitation
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observed over this time period indicate a significant degree of mesoscale organization,
possibly enabling the convection to affect the momentum character of the large scale flow
over a significant area.

MMS5 data from simulations over the TOGA COARE Large Scale Array under
both flow regimes provide initial and boundary conditions for ARPS. The MMS5 was ini-
tialized at 00 UTC on 14 December 1992 and 12 UTC on 23 December 1992, in the man-
ner previously described in Chapters 2-4. Domain-mean profiles of the MMS5 wind field
in Figure 5.2 show reasonable agreement with observed wind field in Figure 5.1 for the
two cases. However, the vertical structure in the 14 December profile lacks the strong
midlevel easterly jet corresponding to the onset phase of the KR wave that is present in the
observations shown in Figure 5.1. To bring the MMS5 data into better agreement with the
observations, easterly momentum was added in the form of a Gaussian profile, centered at'
5.5 km, with standard deviation of 750 m. The peak magnitude of the added wind field
was 12 m s™'. The Gaussian profile was added to all of the MM5 wind fields prior to pre-
processing by ARPS so that the modified wind field would be used for both initial and
boundary condition data in the simulation discussed in this chapter.

Figures 4.2 and 3.2 show the general low level flow profile for the simulation
domains. The MCS simulated in the 14 December case (Fig. 4.2) occurs in a region of
low level westerlies characteristic of the onset period. Figure 3.2 shows that the MCS
under strong westerly conditions is dominated by mesoscale convergence and strong west-
erlies over the southwest portion of the ARPS domain. The northeasterly winds ih the box
are an effect of the Rossby gyre located toward the north of the westerlies (see Fig. 3.1 and
Fig. 8j in Chen et al. 1996). The domain has been extended further south and west relative

to the simulation in Chapter 3 to include convection in the pure westerlies.

5.3.2 Svnopsis of simulations

Chapters 3 and 4 discuss in detail the simulations of both cases and the comparison
with observational data collected during TOGA COARE. The discussion here emphasizes
the later stages of the MCSs after significant wake stratiform precipitation and mesoscale

organization develops. A region of mesoscale forcing ultimately leads to the broad band
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of convection shown in Figure 5.3b. New cells are periodically triggered, and the system
strengthens and becomes more organized until about 3 h, when it begins to weaken as the
cold pool propagates to the east at a faster speed than the convection, effectively outrun-
ning the convection (Figs. 5.3f-5.3h). Lacking new convective cells triggered by a cold
pool, significant wake precipitation remains for the next two hours (Figures 5.3¢c and
5.3d). The latter stages of the MCS do not have a strong linear pattern commonly associ-
ated with organized convection; nevertheless, studies have shown that such a signal is not
a necessary condition for a significant degree of mesoscale organization (Houze et al.
2000). It will be shown that an organized mesoscale flow underlies the complicated
reflectivity pattern in Figure 5.3c. ‘

The broad, northwest-to-southeast oriented region of convergence at 1 km height
implied by the wind vectors in Figure 5.4a forces initial convection in the 23-24 December
strong westerly simulation. After three hours (Figure 5.4b), two extensive regions of pre-
cipitation, oriented from northwest to southeast, are present in the northern subdomain.
The individual bands move toward the northeast, likely with the mean flow, while new
convection is triggered in a nearly continuous manner on the leading edge of the cold pool.
Even after five hours, the system is still quite strong (Figure 5.4c). In the 14 December
case, after triggering convection early in the simulation, the cold pool rapidly propagates
far from the MCS, and only the wake precipitation area remains. Here in the strong west-
erly case, however, the cold pool is weaker and propagates more slowly (Fig. 5.4e and
5.4f, subdomain N), triggering new convective elements which coexist with the decaying
stratiform region. The significant convergence pattern indicating the forcing of the south-
ern system is initially just west of the southern subdomain. Convection over the southern
domain attains a squall line-like pattern and rapidly moves toward the east-northeast in a
manner similar to the 14 December system. The initial and boundary conditions appear to

impose on the simulation the more organized mesoscale circulation present in the MMS

fields.
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5.3.3 Mean flow evolution

MCSs in both cases strongly affect the horizontal momentum at low levels. From
a visibly smooth pattern of northwesterly flow, the wind field develops a complicated
structure over the course of the 14 December simulation. The boxed region in Figure 5.3b
shows an example where strong convective regions, characterized by large values of
reflectivity, are generally associated with enhanced westerlies. This feature may also be
seen at later times in the simulation. In the stratiform wake regions behind (to the west)
the convective zone, the westerlies tend to be suppressed, as is visible over the regions
outlined by the dashed boxes in Figure 5.3g and 5.3h. The evolution of the wind field in
the strong westerly regime shows a related behavior in Fig. 5.4b and 5.4c, with westerlies
increasing in strength over the convective region. Unlike the damping of the westerlies
over the wake region in the onset case, the westerlies in the 23-24 Dec. simulation appear
to actually increase there, just as they do in the active convective region.

Traditionally, momentum transport by convection has been addressed by assuming
that the convection has some semblance of a linear shape and then analyzing the transports
in the line-normal and line-parallel components. In this study, only the zonal component
is addressed because the MCS geometry is not always easy to define and because the larg-
est variability is normally in the zonal direction. Additionally, upscale feedback processes
are most useful when framed in terms of the zonal component, since the KR wave struc-
ture is predominantly defined by variations in the zonal wind. Perturbation velocity best
expresses the evolution of the flow field and its tendency to become more easterly or west-
erly with time. In the case of initial horizontal inhomogeneity, perturbation velocity is
best defined by

u'(x,y,z,t) = u(x,y,z,t)— Ug,
where Ug = u(x, y, z,t = 0) is a fully three dimensional base state. The traditional
choice for the base state, where it is defined to be a horizontal average of the initial field,
introduces perturbations (spatial fluctuations) into the initial #' field and makes the inter-
pretation of evolution considerably difficult. This study considers either the total zonal

wind field u(x, y, z, t) or the perturbation #' as defined above.
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Figure 5.5 illustrates the time evolution of {u') for both cases, with the { ) oper-
ator indicating averages at the respective times taken over the boxes in Figure 5.3g, 5.3h,
5.4e, and 5.4f, which have been superimposed over the cold pools. The boxes roughly
represent the stratiform wake region and are chosen to be well behind the 10-20 km wide
convective region where LeMone (1983) found the bulk of convective momentum flux.
As long as the boxes are kept roughly within the wake area and well away from the active
convective elements at the front of the line, the averages are relatively insensitive to mod-
erate changes in box size and location. The evolution of the momentum field in the con-
text of organized precipitating mesoscale regions explains why the wake region of the
MCS is the focus. Because of the way #' is defined, the initial profiles are zero. Vertical
profiles of {u') from the onset case in Figure 5.5a show an increase with time in easterly
perturbation momentum from just above the surface to a height of 5.5 km, approximately
the level of the easterly jet maximum. Above this feature is a shallow, 2.5 km layer of
westerly perturbation momentum, overlaid by strong easterly tendencies that span the
remaining depth of the troposphere. The strong westerly domains, in contrast, show
increases in low level perturbation momentum from the surface to about 5 km (Figures
5.5b and 5.5¢). Above local minima from 5.5-7 km over the northerly subdomain (Figure
5.5b), the westerlies tend to increase with time, while a deep layer of easterly tendencies
overlay the low level westerly tendencies in the southern subdomain (Figure 5.5¢). These
statistics confirm quantitatively the wake features visible in the Figure 5.3 and 5.4 wind
fields that suggest the momentum tendencies in the two flow regimes differ in some fun-
damental way. The next two sections address particulars about how the zonal momentum
structure is modified by MCSs in the westerly onset and strong westerly regimes of the
ISO.

5.4 Momentum transport during the westerly onset phase

5.4.1 Evolution of the zonal wind component

Figure 5.6 shows the hourly evolution from 3-6 h of the 14 December experiment.

The initial #' field is uniformly zero, and the velocity structures that subsequently develop
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result directly from the convection or the boundary condition forcing. By 3 h, the vertical
cross section of #' in Fig. 5.6 shows that the flow in the upper part of the domain associ-
ated with the convective region is strongly divergent (See Box A), though asymmetrically
so, with easterlies being significantly stronger and covering more area than the westerlies.
The asymmetry arises when the convective updrafts act upon the deep layer of westerly
shear from 5.5 km up to nearly 13 km, biasing the momentum features toward easterlies.
Box B outlines a small transient region of easterlies being transported upward, a feature
consistent with the results of Houze et al. (2000), who found that during the onset phase
the convective updrafts consistently carried easterly momentum upward, in a direction
opposite that found in the stratiform region. This transient feature is likely responsible for
the easterly bias in the divergence structure.

The cross sections in Figure 5.6 from 3-4 h show a feature in typical of lines of
convection. In the hour between these figures, both #' and perturbation pressure cross
sections show that the cold pool propagates from X=158 km to X=200 km. At3 h, u' at
low levels just to the west of the cold pool edge are colored red and have approximate
magnitudes of 10 m 571, while the easterly perturbation flow in blue just above the cold
poolis 8 ms™'. An hour later, the lower levels behind the cold pool edge have positive
values of as large as 14 m s”!, while the area above these positive perturbations has nega-
tive values of 12 m s™!. A perturbation pressure gradient associated with the strong con-
vective region has apparently accelerated the inflows. A strong cold pool produces a low
level pressure perturbation maximum, and strong latent heating a hydrostatic minimum
above, resulting in an eastward-directed pressure gradient acceleration in the cold pool
and westward-directed acceleration above (between X=75 m and X=160 m in the 3 h field
of Fig. 5.6). The perturbation pressure pattern produces increased low level westerlies and
further strengthens the midlevel easterly jet, implying a local evolution of the momentum
field which is countergradient in nature. Because the convective region weakens signifi-
cantly between 3 h and 4 h, the hydrostatic pressure minimum associated with strong
latent heating (at X=120 km) is significantly reduced, likely weakening the front-to-rear

flow acceleration. Although the pressure gradient acceleration, averaged over a suffi-
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ciently large domain, becomes zero, the system may through it generate momentum
locally which can then be transported vertically by updrafts and downdrafts. The easterly
momentum being transported upward in the convective region is likely partly environ-
mental, partly system-generated.

Most relevant to the organized mesoscale aspect of the system is the downward
transport of midlevel easterly momentum that is apparent from 4-6 h in Figure 5.6. The
values of #' become negative at or just below the easterly jet maximum (5.5 km) and
descend to the surface. The magnitude is not particularly strong (4-6 m s'l), but the area
affected is significant. The transition at the surface from westerly to easterly perturbation
flow (represented by the arrows in 5 h and 6 h vertical cross sections) occurs somewhat
abruptly and in a manner similar to the single-Doppler radar observations from Houze et
al. (2000), where easterly flow periodically “pulses” down into the boundary layer. A sig-
nificant degree of mesoscale organization is prerequisite to the low level downward trans-
port of easterly momentum, as the transport does not occur until a broad region of

stratiform precipitation becomes established.

5.4.2 Momentum forcing structure

The structure of the momentum forcing can shed further light on the relative

importance of the different terms. The time-averaged u-momentum equation is
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where p is pressure; w is vertical velocity; F,, is subgrid scale mixing. The forcing terms

b

are calculated from 2 minute model data dumps, and the averaging operator is

with T,-Ty, the averaging time for the calculation, being 30 minutes.
In the westerly onset case, the system-wide downward transport of midlevel east-

erlies does not take place until an organized pattern of mesoscale descent is present.
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Although the model reflectivities at 4 h and 5 h become somewhat disorganized, reflecting
the decaying character of the convection, the horizontal cross section of the VAD field in
Figure 5.7, taken at an altitude of 2.4 km, shows a highly organized pattern. The VAD
forcing in the boxed region results from weak downward velocities typical of wake pre-
cipitation regions, with magnitudes in this case in the 0.5 m s! range. The spatial extent
of these downward velocities is impressive, and a rough calculation provides an estimate
of 6300 km? with significant (at least 0.25 m s™') downward vertical motion. This large,
robust area of mesoscale descent provides the means of transporting significant easterly
momentum, either environmental or system-generated, toward the surface. The VAD
cross section in Figure 5.7 indicates that the large region of mesoscale descent coupled
with the large scale zonal momentum field is responsible for the negative values of near
the surface late in the simulation.

The latter stages of the convection are of most interest, since that is when the sig-
nificant region of easterly perturbation momentum becomes established at low levels.
West-east cross sections of VAD, HAD, PGA, and TEN, taken at a late stage of the con-
vection and averaged over a 40 km strip, are given in Figure 5.8, with arrows indicating
the downward easterly momentum transport implied by Figure 5.6. SGS is omitted, as in
Yang and Houze (1996), since the turbulence term is only appreciable near strong convec-
tive updrafts and regions of detrainment in the upper troposphere. Figure 5.8a confirms
that the vertical transport term is strongly negative below the easterly jet maximum (z =
5.5 km) in the region where the low level easterlies near the surface increase. Because the
low level westerlies are maximum between 1-2 km rather than at the surface, the VAD
term is positive between the surface and the westerly maximum, as the descent attempts to
transport this positive momentum downward. Mapes and Wu (2000) also show regions of
positive u-eddy tendency (e.g. their Figure 3c) at low levels during the westerly onset
phase, which increase in magnitude as the ISO transitions to the strong westerly phase.
The HAD pattern (Fig. 5.8b) below the easterly jet maximum (5.5 km) is partially out of
phase with the vertical transport term, a result similar to that found by Trier et al. (1998).

Between X=75 and X=225 km, the TEN term in Figure 5.8d shows that the sum of the
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negative HAD forcing and the positive values of VAD in the same region results in a slight
negative term, indicating that easterly momentum, particularly over the west side of the
domain, descends all the way to the surface, as indicated by the arrow. The strong pertur-
bation pressure field at 3 h in Figure 5.6 suggests that the convective inflows might be
accelerated in the early stages of the simulated MCS. By the decaying stage of the con-
vection shown in the forcing cross sections, the PGA field has become quite disorganized
but still comparable in magnitude to the transport terms. Regions of weak low level forc-
ing between X=0 and X=150 km in Fig. 5.8¢ are likely associated with the elevated posi-
tive hydrostatic pressure perturbation visible at 5 h and 6 h in Figure 5.6. This elevated
perturbation pressure maximum appears to be a hydrostatic response to the melting layer

just above.

5.5 Momentum transport during the strong westerly phase

5.5.1 Evolution of the zonal wind component

In the strong westerly regime, above the low level westerly maximum, the u-

~ momentum shear is deep, monotonic, and easterly — much simpler than the complex east-
erly jet structure present during the onset phase. The height of maximum environmental
westerlies is already rather low at the beginning of the simulation, and vertical cross sec-
tions of the full # field indicate that this jet slopes downward toward the east (arrows in
the vertical cross sections in Figure 5.9), resulting in an enhancement of low-level zonal
velocity. The westerly jet structure maximum just below 2 km in the northern subdomain
cross section is nearly horizontal at the initial time, while from 3-6 hours it dramatically
slopes downward toward the east. The southern subdomain cross sections show a similar
structure but with a deeper mid-level inflow layer. Houze et al. (2000) documented a sim-
ilar structure and suggested that the flow-feature likely resulted from simple downward
transport of momentum possibly combined with the MCS-generated perturbation pressure
field accelerating the inflow toward the convective region (similar to but more general

than the mechanism suggested by Smull and Houze 1987).
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The cross sections of #' in Figures 5.10 and 5.11 provide further evidence of the
downward sloping mid-level inflow structure over the northern and southern subdomains.
Figure 5.10 documents the evolution of #' over the northern subdomain at successive
hours from 3-5 h. As before, ' as defined is initially zero everywhere. The cross sec-
tions taken through the mostly stratiform region of the MCS show a widespread, contigu-
ous hydrometeor pattern (shaded field in the lower frames of Figure 5.10). Upward
transport of momentum near the active convection is evident in the boxed region in the
vertical cross section of #' at 4 h. This region contains a significant, elevated pocket of
westerly velocity perturbation. These pockets of enhanced positive #' are produced at
early times in the vicinity of strong convective updrafts (boxed region in Figure 5.11 at
3 h) and result from upward vertical transport, as do the pockets of easterlies at3-4 hin
Figure 5.6 for the westerly onset case. By 3 h into the simuiation, the pressure field over
both subdomains is generally smooth with small perturbations associated with the cold
pool and convective heating maxima. The negative region of #' at 3 h (x =380 km, z =
5 km) is clearly a pressure-driven inflow arising from the hydrostatic perturbation low

pressure.

5.5.2 Momentum forcing structure

As was done for the westerly onset case, the spatial structure of the momentum
forcing determines the processes responsible for the increase in zonal velocity at low lev-
els, from the surface to 1 km. The VAD forcing term over the northern and southern sub-
domains, averaged over the half hour interval from 4.5-5 h and plotted in Figure 5.12,
shows in the dashed boxes broad regions of positive forcing at a height of 1 km, which in
the stratiform wake region is well correlated with the vertical velocity pattern. The height
of maximum westerlies lies lower than the vertical velocity maximum (peak just below
the melting level), but enough overlap is present to produce this transport signal in both
regions. The late stage of the system is characterized by a broad region of organized
mesoscale descent, a significant area of which is covered by vertical velocities stronger
than 0.25 m s'\. Above the area of mesoscale descent are regions of significant updrafts

with magnitudes of ~2 m sl indicating an organized mesoscale aspect of the system, both
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in structure and life cycle. This region of elevated mesoscale ascent slopes upward toward
the rear of the MCS in the same fashion as midlatitude squall lines (Houze 1993). The
systems observed during the strong westerly phase of TOGA COARE tended to be larger
and more organized than those observed during the westerly onset phase (Chen et al.
1996; Houze et al. 2000), so it is plausible that the regions of mesoscale vertical motion
are larger, too. In the model, the mesoscale descent arises from the melting, sublimation,
and subsequent partial evaporation of aggregates falling over the broad stratiform area.
West-east cross sections for VAD, HAD, PGA, and TEN for the northern subdo-
main are given in Figure 5.13. Results parallel those for the westerly onset case, though
the forcing terms are generally opposite in sign, with the vertical transport term being neg-
ative in regions of the low level velocity perturbations. The peak of the westerlies lies
between 1-2 km, so the positive forcing is confined below this maximum (between X=20
km and X=120 km), and because the mesoscale descent is broad and robust, so too are the
transport terms. Above the low level westerly maximum is a deep layer of easterly shear
extending through much of the troposphere, both in the observations (Figure 5.1) and in
the large scale MMS5 fields (Figure 5.2). In the layer from 2 to 5 km altitude, just above
the low-level jet maximum, the VAD term is negative (Figure 5.13a). This signal results
from the pattern of organized mesoscale descent superimposed over the deep layer of east-
erly shear. The mesoscale vertical velocity transitions from downdraft below the melting
level to updraft above. This broad region of elevated ascent abové the melting level
explains the VAD term becoming positive from 5 to 9.5 km (boxed region in Fig. 5.13a),
where robust organized stratiform updrafts act in concert with the deep layer of easterly
shear to increase the westerly momentum. In the 14 December case, the stratiform updraft
quickly decays and is small relative to the downdraft over the period in which the forcings
are calculated. In addition, the stratiform updraft is imposed over a region of only weak
shear, explaining the negligible VAD signal there. Together with the mesoscale downdraft
transport at lower levels, this pattern results in a +/-/+/- VAD structure in the vertical. I
speculate that the top most region of negative VAD results from transport by the stratiform

updraft of front-to-rear inflow. In contrast, a mesoscale downdraft acting by itself on an
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easterly jet structure, as it does in the 14 December onset case, tends to produce a simple -/
+ dipole as seen on either side of the easterly jet (~4.5 km altitude) in Figure 5.8a. The
region of negative VAD below 1.5 km in Figure 5.8a results from downward transport of
low-level westerlies, which are maximum just above the surface.

As in the westerly onset case, the HAD pattern from X=10 km to X=120 km is
largely out of phase with the VAD term and has a -/+/-/+ structure in the vertical. At the
surface, the VAD term slightly dominates the out-of-phase HAD forcing. The PGA term
at this late stage of the convection is quite disorganized, though positive forcing is signifi-
cant below 4 km between x=65 km and x=100 km, indicating acceleration of the system
rear inflow. The net forcing is disorganized, the boxed region in Figure 5.13d showing the
only robust signal of a superposition of the pressure-driven descending rear inflow and the
upward VAD transport in the wake region. Trier et al. (1998) also found that the magni-
tude of the net forcing was generally much smaller than that of individual forcing terms.
The weak NET signal at low levels indicates that at this particular time the downward
transport of westerly momentum by the organized wake downdraft is mostly balanced by
the other forcing terms.

Forcing terms over the southern subdomain exhibit similar behavior. The VAD
term in Figure 5.14a has a +/-/+ structure, the low-level positive over negative the result of
negative vertical velocities on a low-level westerly jet structure. HAD is out of phase,
with the region of positive values decisive in establishing a positive zone of TEN (box in
Figure 5.14d). The PGA term at this stage is rather weak. The out of phase structure of
VAD and HAD in these simulations appears to result from the sloping nature of the
descending inflow layers that is brought about by pressure accelerations during the vigor-
ous convective stage — a purely horizontal inflow passing through a mesoscale region of
descent would presumably produce a vertical but not a horizontal transport signal. This
Interpretation is consistent with the squall line rear inflow paradigm of Smull and Houze

(1987).
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5.6 Inferred modification of the large scale momentum structure

This analysis does not discriminate between transport of system-generated
momentum sources and transport of ambient flow momentum, and because of the small
size of the domain a definitive conclusion as to how an MCS occurring under each regime
affects the large scale momentum structure cannot be drawn. The simulation results in the
onset phase show that the active convective region is dominated by the pressure gradient
acceleration which increases westerly momentum near the surface and easterly momen-
tum at midlevels, producing a countergradient momentum transport relative to the large
scale inean monotonic easterly shear between the surface and 550 mb (visible in Figure
5.1). However, the upward transport of easterly momentum in the convective region is
downgradient, at least in the zone of westerly shear from 5.5-12.5 km, since the transient
features in Figure 5.6 (box B) that transport easterly momentum upward would tend to
decrease the mean shear profile. The latter stages of the convection are characterized by a
broad region of wake precipitation composed of decaying convective elements with
downward vertical velocities below the 0 °C level. These gentle velocities, coupled with
the large scale flow profile, produce a negative downward transport of momentum in the
region where the easterlies increase with height. The nature of the transport in the precip-
itating wake region is downgradient, though evaluating the significance of downgradient
or countergradient is made more challenging when the flow field is nonmonotonic, as is
the case in the westerly onset phase. For complicated flow profiles, it may in fact be con-
ceptually more practical to say that the momentum associated with the jet descends
(Mapes and Wu 2000) rather than to address the evolution of shear itself.

It is clear that for the westerly onset case simulated here the net effect of the MCS
on the large scale momentum field lies somewhere between the effects of the convective
and wake components. Unfortunately, the net effect cannot be meaningfully assessed
using these simulation results, since the strongest convective and most organized wake
stratiform circulations do not exist simultaneously. Analysis is further complicated by the
nature of the boundary conditions, in which points near the boundary are forced to the

external solution.
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Hougze et al. (2000) postulate that the descending easterly MCS inflows at low lev-
els act as a drag on the large scale propagating Kelvin-Rossby wave pattern and are a neg-
ative feedback to the large scale flow structure. The downward transport of easterly
momentum is opposite to the tendency of the large scale wave to increase westerly
momentum at lower levels and would tend to retard the propagation of the wave structure.
In this simulation, momentum transport terms calculated at low levels over the organized
stratiform wake region seems to support those findings. The net partitioning of convective
and stratiform momentum forcings remains unknown, however. One external manifesta-
tion of negative feedback may also be present in enhanced low level convergence resulting
from the interaction of low level onset westerlies with the downward transported easterly
momentum visible at 5 h and 6 h in Figure 5.6. This interaction could conceivably result
in low level convergence that might initiate new convection west of the original MCS, in a
direction counter to that of the propagating wave pattern. Although the downward trans-
port of easterly momentum is captured by these simulations, the domain is not large
enough to capture the interaction between this momentum perturbation and the large scale
flow; however, it seems reasonable to assume that a larger domain might capture new con-
vection initiated on the west side of the decaying MCS.

Unlike for the simulated westerly onset case, where it was difficult to assess the
net momentum forcing from competing portions of the MCS, in the strong westerly simu-
lation both convective and stratiform regions act to strengthen the westerlies at the lowest
levels. Like a typical line of convection, the cold pool in the strong westerlies simulation
produces a positive pressure perturbation at the surface, and a hydrostatic minimum aloft,
aresult of latent heating in the convective region. The pressure field accelerates the low
level westerlies. The organized mesoscale downdraft is able to transport downward the
strong preexisting environmental westerlies and any westerlies produced by the MCS-
generated perturbation pressure pattern. In the strong westerly region simulation, the
pressure generation term plays more of a role than the vertical transport in strengthening
the low level westerlies. This process is envisioned to be a synergistic one where the MCS

as a whole is able to increase the low level momentum more than the simple sum of sepa-
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rate convective and wake stratiform regions. Pressure perturbations associated with the
convective region act to accelerate the air flowing through the stratiform wake, and this
momentum is transported downward by both pressure forces and organized mesoscale
downdrafts. The stratiform wake region acting along will produce transport, but only of
environmental momentum features; the convective region alone will generate momentum
but will not be able to transport it downward. It seems logical that both regions together
produce the optimum increase in low level momentum.

For the strong westerly regime of the ISO, vertical momentum transport is postu-
lated to act as a positive feedback to the large scale flow structure by attempting to
amplify westerlies at the lowest levels (Houze et al. 2000). The simulation implies a defi-
nite increase in zonal momentum at levels just above the surface, resulting from a combi-
nation of vertical transport and pressure gradient acceleration. The resulting enhanced
convergence at the gust front on the eastern edge of the system implies a positive feedback
to the propagating Kelvin-Rossby pattern, since the triggering of new convection would
be occurring along the same direction as the wave propagation. Furthermore, it is sur-
mised that the same sign of the low level system-generated momentum and vertical trans-
port aids in producing stronger surface fluxes of heat and moisture and more widespread

convection typical during the strong westerly phase.

5.7 Summary

The manner in which warm pool convection affects the large scale momentum
fields is dependent on the large scale flow which is itself a function of the phase of the
ISO. This observation allows the convection to be thought of as a feedback control on the
amplitude and propagation characteristics of the large-scale Kelvin-Rossby wave pattern.
The important aspect of this study is to emphasize how the degree of mesoscale organiza-
tion may influence the establishment of strong low level westerlies as the ISO progresses.
In this study, convection occurring during the westerly onset phase appears to act as a neg-
ative or neutral feedback on the propagation of the wave pattern, depending upon the par-

titioning of momentum forcing between convective and stratiform portions of the MCS.
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Unfortunately, convective and wake stratiform elements do not coexist in the 14 Decem-
ber simulated convection, so the net effect is difficult to determine. The convective
updrafts transport upward easterly momentum associated with the midlevel jet, acting to
smooth the momentum profile. On the other hand, the pressure accelerations associated
with the tilted updraft/downdraft structure attempt to increase the mean shear at low and
midlevels, although it must be noted that a variety of storm orientations were observed on
this day, which for some updraft orientations would not produce the countergradient flux
seen in the simulation. In the wake region, midlevel easterly momentum is brought down-
ward to low levels, acting counter to the low level westerlies which the propagating wave
pattern is attempting to establish. This is the robust downward transport signal docu-
mented by Houze et al. (2000). Increased easterly momentum at low levels would tend to
generate new cells on the west side of existing convection, according to the Houze et al.
(2000) conceptual model, which might act as an additional mechanism to retard the onset
of the strong low level westerlies.

Organized mesoscale descent, which plays such a strong role in the onset simula-
tion, is present in the strong westerly phase but has a less significant effect in modifying
the environmental momentum, since little overlap is present between the westerly jet and
mesoscale descent structures. More important is the momentum associated with the rear-
to-front inflow and the westerly momentum being transported upward by front-to-rear
ascent organized on the mesoscale. In the strong westerly phase, the convection transports
westerly momentum downward, implying enhanced convergence on the east side of the
existing MCS, which results in stronger forcing for new convective elements in the same
direction as the propagation of the wave structure and would constitute a positive feed-
back process.

The correlation w'u' in the boxed regions of Figure 5.15 synopsizes the effect that
the stratiform wake region and overall mesoscale organization might have on the large
scale flow. The positive values of w'e' in Figure 5.13a indicate a region of easterly
momentum being transported downward in the westerly onset phase, while the broad

zones of predominantly negative w'u' in Figures 5.13b and 5.13c¢ indicate downward
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tfansport of westerly momenturn during the strong westerly phase. Although not specifi-
cally of interest, an area of negative w'u' to the south of the boxed region in Figure 5.13a
results from upward transport of convectively-generated easterly inflow visible the hour
before in the vertical momentum cross section at 4 h in Figure 5.6. Mean profiles of w'u/'
over the model domain and the stratiform region shown in Figure 5.16 demonstrate that
the stratiform transport signal (and the flux convergence, indicating momentum tendency)
is reflected in the domain-mean, implying the possibility of upscale feedback. The layer
of positive w'u' from 1-4 km indicates downward transport of easterlies. Similar behavior
is present in the strong westerly regime, as seen in Figure 5.17. The stratiform regions
show strong, deep negative layers of w'u' at low levels, indicating downward transport of
westerlies. The entire domain also shows this signal, though averaging over such a large
area reduces its magnitude.

The net effect of the MCS on the environmental momentum is ambiguoué for this
simulation because of the system’s rapid movement toward the east and the fact that the
system-relative low level inflow is easterly. As explained in Chapter 3, TOGA COARE
radar data and time-longitude plots of satellite-tracked cloud clusters support the possibil-
ity of both eastward- and westward-moving MCSs. The conceptual cartoon in Figure 5.18
illustrates differences between eastward- and westward-moving MCSs. The westerly
onset simulation is best described by Fig. 5.18a, where the system-relative inflow is from
the east, and local pressure gradient accelerations associated with the convective region
accelerate the ascending and descending branches of the inflow, as discussed in Sec. 5.4.1.
This acceleration is countergradient, since the ascending branch attempts to further accel-
erate the midlevel easterly MCS inflow, while the descending branch accelerates the low
level westerlies. In the organized stratiform wake region, a broad mesoscale downdraft
transports downward easterlies associated with the midlevel jet plus system-generated
momentum. As the schematic indicates, momentum tendencies from the pressure-driven
inflow and that from the vertical transport over the wake region are for this MCS orienta-

tion of opposite sign, making the net effect difficult to discern.
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The analyses of Houze et al. (2000) imply that Figure 5.18b might better represent
momentum behévior for a westward-moving MCS. As in the easterly-moving case, an
organized region of descent interacts with the easterly jet structure to transport easterlies
downward. Here, however, the downward transport acts in concert with the pressure field,
which accelerates the inflow downward and toward the west. For the westward-moving
MCS, both the active convective and stratiform parts of the circulation act in the same
sense to increase easterly momentum at low levels. This is the MCS orientation that best
fits the Smull and Houze (1987) rear inflow paradigm.

Figure 5.18c shows a conceptual sketch of the MCS inflows as they appear in the
strong westerlies simulation. The drawing is nearly a mirror image of Fig. 5.18b and indi-
cates the tendency of the stratiform wake and convective region to act in the same manner
toward increasing the low level westerlies. The convective region accelerates the westerly
inflow toward the east and downward, while momentum associated with the inflow is
transported downward by mesoscale downdrafts. Mid-level inflow momentum is also
transported upward by broad mesoscale ascent that by the later stages of the westerly

onset simulation has decayed and is not present.
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Figure 5.1. Time-height plot of 5-day running mean of zonal wind (ms') from rawinsonde
observations within the intensive flux array (IFA) from November 1992 to February 1993.

(Adapted from Chen et al. 1996).
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Figure 5.2. Mean zonal velocity over the MMS domain for 14 Dec. and 23-24 Dec. cases.
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Figure 5.3. (a)-(d) Model-derived radar reflectivity and wind vectors at specified times
taken at 1 km altitude for the 14 December 1992 experiment. (e)-(h) Surface potential
temperature (contour intervals of 1 K). Solid box in (b) identifies enhanced westerlies in
the convective region. Boxes in (g) and (h) roughly denote the stratiform region over
which mean statistics in Fig. 5.5 are calculated.
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Figure 5.3. (Continued).
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Figure 5.4. (a)-(c) Model-derived radar reflectivity and wind vectors at specified times
taken at 1 km altitude for the 23-24 December 1992 experiment. Northern and southern
subdomains are indicated by “N”” and “S.” Dashed lines NN-NN" and SS-SS’ indicate
cross sections shown in Figure 5.9. Divergence (10'3 s'l) at 1 km is overlaid in (a). (d)-(f)
Surface potential temperature. Boxes in (e) and (f) roughly denote the stratiform regions
over which mean statistics in Fig. 5.5 are calculated.
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Figure 5.4. (continued).
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Figure 5.5. Evolution of mean profiles of #', as defined in the text, for the 14 and 23-24
December 1992 experiments. For each case, calculations are made over the stratiform

regions denoted by the moving boxes in the potential temperature cross sections of Figs.
5.3 and 5.4. ‘



96

>
&
T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
X (km) X (km)
20 E
16
’_é‘ 12
B
2 8
4
"
ol |
0

X (km)

Figure 5.6. Cross sections of model quantities at hourly intervals from 3 h to 6 h for the 14
Dec. 1992 simulation. The top panels in each column show filled contours of perturbation
zonal velocity u', as defined in the text, taken through a horizontal cross section of height
z=1 km. Middle panels are vertical cross sections of #', taken through the dashed line
A-A’ at y=150 km. (Continued...)
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Figure 5.6. (Continued). The contour interval for «' is 2 m 5’1, with shades of red
indicating positive (westerly) perturbations and shades of blue negative (easterly)
perturbations. Contours of the total hydrometeor content (contour levels of 107,104,103
kg kg'!) are overlaid on the top and middle frames to indicate the general location of the
convection. The lower frames show contours of perturbation pressure along A-A’,
overlaid on shaded total hydrometeor content (levels of 107>, 104, 1073 kg kg‘l). The
contour interval is 25 Pa. Boxes A and B are described in the text. Arrows emphasize
perturbation flow.
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Figure 5.7. Horizontal cross section of the 30 minute time-mean (5-5.5 h) VAD
momentum acceleration term taken at an altitude of 2.4 km for the 14 December 1992
simulation. Contour values are [-17,-7,-3,3,7,17m s h'l]. The box emphasizes a
region of organized downward transport of easterly momentum.

98



Height (km)

, \E
N /\"f"% naY
100

150 200
X (km)

Height (km)

20]

o0

300

16]

=
N

Figure 5.8. Vertical cross sections of 30 minute time-mean (5-5.5 h) momentum forcing
terms for the 14 December 1992 simulation, averaged over a strip from y=120-160 km
(Figure 5.6, top panels) overlaid on the total hydrometeor field (107, 104,103 kg kg'l).
(a) VAD; (b) HAD; (c) PGA,; (d) TEN. Contour values are [-17,-7,-3,-1,1, 3,7,
17ms’! h‘l]. Arrows indicating perturbation flow are superimposed over the forcings.
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Figure 5.10. Cross sections of model quantities at hourly intervals from 3 hto 5 h over the
northerly “N” (shown on Figure 5.4) for the 23-24 Dec. 1992 simulation. The top panels
in each column show filled contours of perturbation zonal velocity u', as defined in the
text, taken through a horizontal cross section of height z=1 km. Middle panels are vertical
cross sections of #', taken through the dashed line A-A" at y=500 km. (Continued...).
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Figure 5.10. (Continued). The contour interval for #' is 2 m s™!, with shades of red
indicating positive (westerly) perturbations and shades of blue negative (easterly)
perturbations. Contours of the total hydrometeor content (contour levels of 107, 1074, 1073
kg kg'l) are overlaid on the top and middle frames to indicate the general location of the
convection. The lower frames show contours of perturbation pressure along A-A’,
overlaid on shaded total hydrometeor content (levels of 1073, 104, 103 kg kg'l). The
contour interval is 25 Pa. The dashed boxes are described in the text. Arrows emphasize
perturbation flow.
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Figure 5.11. As in Figure 5.10, but taken at 3 h and 4 h over the southerly subdomain “S”
(shown in Figure 5.4) for the 23-24 Dec. 1992 simulation. Cross section is taken through
y = 100 km.
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Figure 5.12. Horizontal cross section of the 30 minute time-mean (4.5-5 h) VAD
momentum acceleration term taken at an altitude of 1 km for the 23-24 December 1992
simulation. (a) Northern subdomain. (b) Southern subdomain. Contour values and units
are as in Fig. 5.7. The boxed region emphasizes organized downward transport of
westerly momentum.
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Figure 5.13. Vertical cross sections of 30 minute time-mean (4.5-5 h) momentum forcing
terms for the 23-24 December 1992 simulation, averaged over a 50 km-wide strip centered
at'y = 500 km in the northern subdomain (Figure 5.10, top panels) overlaid on the total
hydrometeor field (107, 10, 10~ kg kg'). (a) VAD; (b) HAD; (c) PGA; (d) TEN.
Contour values and units are as in Figure 5.8. Boxed regions are alluded to in the text. An
arrow indicating perturbation flow is superimposed over the VAD forcing.
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Figure 5.14. Vertical cross sections of 30 minute time-mean (4.5-5 h) momentum forcing
terms for the 23-24 December 1992 simulation, averaged over a 50 km-wide strip centered
at y = 100 km in the southern subdomain (Figure 5.11, top panels) overlaid on the total
hydrometeor field (107, 104, 1073 kg kg'1). (a) VAD; (b) HAD; (c) PGA; (d) TEN.
Contour values and units are as in Figure 5.8. Boxed regions are alluded to in the text. An
arrow indicating perturbation flow is superimposed over the VAD forcing.
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Figure 5.15. Horizontal cross sections of w'u' at 5 h for both experiments. (a) 14
December 1992, taken at a height of 2.5 km. (b) and (c) 23-24 December 1992, over the
northern and southern subdomains, at a height of 1 km. Contour values are [-16, -4, -2, -1,
1,2, 4, 16 m? s2]. Boxes bound regions of w's', positive in (a) and negative in (b) and
(c), thought characteristic for each flow regime.
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Figure 5.16. Vertical profiles of (w'#') and F, = —%(w'w for the 14 December 1992

simulation at 5.5 h. Averages are taken over the indicated domains. (a) Entire model
domain. (b) Stratiform region only. The stratiform region is similar to the region enclosed
by the dashed box in Fig. 5.3h.
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Figure 5.17. Vertical profiles of (w'u') and F, = —%(w'u') for the 23-24 December

1992 simulation at 5 h. Averages are taken over the indicated domains. (a) Entire model
domain. (b) Stratiform region of the northern subdomain. (c) Stratiform region of the
southern subdomain. The stratiform regions are denoted by the dashed boxes in Fig. 5.4f.
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Figure 5.18. Conceptual cartoon for inflow momentum structure and generation. Darkly-
shaded region represents active convection. Lightly-shaded region represents stratiform
bright band. Horizontal arrow indicates mid-level environmental inflow, elevated
easterlies over the westerly onset regime (a, b) and strong westerlies just off the surface in
the strong westerly regime (c). Dashed lines are flows accelerated by system-generated
pressure gradients. Broad arrows represent a broad region of mesoscale downdraft and
updraft.
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Chapter 6

Conclusions

6.1 Discussion
6.1.1 Nature of MCS inflow

Chapter 4 has shown that the frequently employed parcel model of tropical con-
vection is not always applicable. Over the western Pacific warm pool, tropical oceanic
convection frequently occurs in super clusters. Groups of very large mesoscale convective
systems occur in the vicinity of each other and the inflow into one system may be influ-
enced by the presence of one or more of its neighboring systems.

The parcel model envisages high 0 e air ascending from near the surface of the
earth to great heights in entraining convective-scale bubbles or plumes. Air from just
above the PBL, with lower 0 e’ mixes into convective downdrafts and sinks. The cross-
over zone (Zipser 1977) embodies this concept in the dynamics of an individual mesoscale
system. This pure parcel view of convection does not always agree with Doppler radar
data, which show that organized deep convective systems over the western tropical Pacific
warm pool often have layers of ascending inflow ~0.5-4 km in depth (Kingsmill and
Houze 1999a, b).

Trajectory analysis of the cloud model output gives insight into when and where
parcel and layer lifting occurs in convection characteristic of that occurring over the west-
ern Pacific warm pool. The model simulation of a convective system occurring in an envi-
ronment containing numerous preceding, pre-existing, and concurrently developing
mesoscale convective systems (TOGA COARE 23 December case with unmodified envi-
ronment) shows moistened air flowing into the mesoscale updraft in a pronounced layer-
lifting configuration. In our control run (TOGA COARE 14 December case with unmodi-
fied environment), parcel convection prevails in the strong updrafts, and crossover-zone-
like mixing occurs. Only the air in the lower part of the inflow actually rises in the deep
convective updrafts of the mesoscale convective system. Model trajectory statistics for

this experiment (TOGA COARE 14 December case with moistened environment) indicate
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that a significant amount of air from the upper part of the inflow layer rises in the updraft
along with air from just above the surface. That is, the layer-lifting theory better describes
the convective updrafts.

The model calculations show that a moist midievel region is associated with the
layer-lifting mode of inflow. Mechanisms are proposed to explain how this moistening
might occur in nature. In the first hypothesized mechanism, inflow air undergoes vertical
mixing by moderate cumulus and cumulonimbus (Johnson et al. 1999) before entering the
updraft of the system. This process would moisten the layer and furthermore render it
approximately moist neutral, since the midlevel 6 e would be increased. In the second
proposed mechanism, evaporation of pre-existing stratiform rain, acting in concert with
stratiform subsidence, increases the humidity of the inflow layer without a major change
in its dry static stability. This mechanism does not change the layer 0 e Radar data pre-
sented in this dissertation (Figs. 4.18 and 4.19) and the ubiquity of active phase convection
in the satellite record provide evidence that this mechanism is a possible if not likely
source of midlevel moistening. Regardless of the exact mechanism responsible for the
moistening, the increased humidity and nearly moist adiabatic lapse rate imply that when
the inflow layer meets the cold pool it quickly reaches saturation and the relevant static
stability becomes the moist static stability. Then the inflow layer responds to the lifting by
the leading edge of the cold pool as a nearly moist neutral layer and is easily lifted over it.
Thus layer lifting is favored when the inflow layer has been moistened and has also
attained uniform (and possibly elevated) O .

Results are consistent with the midlatitude MCS layer inflows investigated by
Bryan and Fritsch (2000), who argue that regions of moist absolutely unstable layers
(MAULSs) are symptomatic of deep, layer-like inflows. MAULSs in the present study are of
similar spatial extent and temporal duration. Requiring a MAUL for layer inflow appears
to be a rather strict condition, and our results indicate that a MAUL is a sufficient but not
necessary condition to produce the layer mode — moist neutral conditions should also
produce an organized layer pattern. The mechanism envisioned by Bryan and Fritsch to

produce the layer mode is weak, organized mesoscale ascent experienced by the inflow
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prior to reaching the convective region. Although their mechanism is different from the
two suggested in this study, the final result, achieving a condition of saturation or near-sat-
uration through a deep layer, is strikingly similar.

The simulations further suggest that the cold pool itself changes significantly when
the inflow layer is moistened. The pressure perturbation pattern resulting from the forma-
tion of the cold pool of the mesoscale convective system has an influence on the nature of
the inflow. The environmental moisture field affects the pressure perturbation field
through the degree of hydrometeor evaporation and subsequent cold pool strength.
Enhanced midlevel moisture results in a weaker cold pool and is associated with a weaker
pressure gradient and weaker rear-to-front flow. In the control case (drier environment),
evaporative cooling is stronger through a deeper layer, and the resulting rear-to-front
velocities are strong over a deeper layer relative to the enhanced-moisture run, appearing
to "block" the front-to-rear inflow and preventing the establishment of a sloping layer-
type updraft.

Moistening the inflow layer (while retaining its dry static stability) affects both the
cold pool itself and the ability of the inflow to respond to the cold pool. The moistened
inflow leads to a weaker, shallower cold pool, less inclined to block the inflow. At the
same time the higher humidity allows the air trying to rise over the cold pool to quickly
saturate so that the reference lapse rate in the static stability changes to the moist adiabat,
and the whole layer is more easily able to rise over the cold pool barrier.

Only portions of mesoscale convective systems occurring under specified thermo-
dynamic and flow regimes have been investigated in this study, and the spatial and tempo-
ral domain of the simulated convection is only a subset of the domain of the entire
mesoscale convective system. For the first proposed moistening mechanism, a robust
region of stratiform precipitation along the inflow path is vital; for the second, moderate
convection is required. Under the proposed mechanisms, not only is the concurrent pres-
ence of stratiform precipitation and active moderate convection important, so too is the
temporal development of the ongoing convective population in the region. For moistening

to occur, an initially dry inflow layer might pass through a region of precipitation from
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older, decaying convection along its path into a newer, more vigorous system. It might
also pass through moderate convection that is precursor to a future mesoscale system. The
simulations and the observations both support the idea that, to support this moistening, the
convection must both contain a significant region of stratiform precipitation in its own
right but must also be at least a "second generation" system in that the presence of the
decaying convection as well as developing convection is necessary to moisten the inflow.
This implies a degree of organization, in both time and space, which is beyond the convec-
tive/stratiform structure of a single mesoscale cloud system. The response of the simu-
lated convection to an increase in the midlevel relative humidity should be thought of as
both a sensitivity to large-scale environmental conditions and a sensitivity to the degree of
mesoscale organization. By moistening the midlevels, the importance of organized
mesoscale flow has been implicitly acknowledged.

The nature of MCS inflow is portrayed in this paper as being either parcel/cross-
over or layer-like. These two seemingly dichotomous terms describe not the process of
convective overturning but rather its physical manifestation. Between the two pure modes
(crossover and layer) may exist a spectrum of possibilities. The stochastic nature of the
conceptual model could account for an entire spectrum of solutions between the two
modes discussed, the result of which is tied to ambient conditions and the degree of
mesoscale organization. The fact that w'0 0> 0, which marks a strong signal of over-
turning in the control case, is also evident in the enhanced moisture experiment indicates
that a similar process may be occurring, even though the bulk behavior of the inflow air in
the two cases is significantly different. In this context, the layer lifting mode might be con-
sidered as a logical extension of the stochastic aspect of the conceptual model (Zipser

1977), even though the physical manifestations of the overturning process differ.

6.1.2 Character of MCS momentum transport

Chapter 5 discusses the potential impact of simulated momentum transports on the
large scale Kelvin-Rossby wave structure. In a simulation representing the westerly onset
phase of the ISO, midlevel easterly momentum is brought downward by the stratiform

region and acts to counter to the low level westerlies which the propagating wave pattern
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is attempting to establish, and though the domain size is too small to be determined con-
clusively, it may be inferred that the resulting enhanced low level convergence triggers
new cells on the side of the convection opposite its direction of propagation. The increase
in low level westerlies effected by MCS vertical transports and pressure acceleration dur-
ing the strong westerly simulation would act as a positive feedback on the KR wave pat-
tern.

The mechanisms proposed to explain the large scale Kelvin-Rossby wave structure
and the MJO generally rely on .parameterizations to represent convection and hence do not
explicitly resolve the organized tropical MCSs investigated in this study. The mechanisms
in these theories are quite sensitive to the particular parameterization used. The behavior
of warm pool convection is complex, with momentum transport signals which can be quite
different from convective to stratiform region. When thinking about these studies, it is fit-
ting to be curious about the effect on the character of the large scale wave pattern of treat-
ing the convection as a simple response to moisture convergence or as a series of
entraining plumes. This study suggests that the momentum transport character of the con-
vection is modulated by the degree of mesoscale organization attained, which implies that
an entraining plume model (for example) might miss aspects of the convection related to
its mesoscale organization.

The real atmosphere has complications not found in the idealized Gill (1980)
model which likely arise from the nonstationarity of the wave pattern and the distribution
of heating imposed by the convection on the large scale atmosphere. The pattern of latent
heating is significantly dependent upon the degree of mesoscale organization, meaning
horizontally extensive regions of significant stratiform precipitation and mesoscale circu-
lations (Houze et al. 2000). Compared to widespread convective cells, a large MCS will
have its maximum heating at higher levels, since the broad region of stratiform precipita-
tion is characterized by a deep layer of cooling at lower levels. So too is the momentum
transport dependent upon the degree of mesoscale organization. Organized convection is

able to generate significant momentum which can then be transported, along with the
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momentum of the large scale environment, downward by the expansive regions of mesos-

cale descent associated with the stratiform precipitation area.

6.2  Synthesis

This study should be thought of as exploratory rather than absolutely conclusive,
and due caution must be taken so as not to draw overreaching conclusions from the
numerical simulations. In the observed tropical atmosphere, midlevel environmental
humidity is systematically correlated with breadth and depth of convection and to a certain
extent its overall degree of mesoscale organization. Kingsmill and Houze (1999a, b) dem-
onstrate this and the prevalence of the layer mode of inflow into organized convection.
However, they do not provide definitive proof that the two (enhanced midlevel humidity
and layer inflow) are linked. The mode of inflow in this study appears to be strongly cor-
related with midlevel environmental humidity. Increasing midlevel humidity so that it is
more reflective of an environment supporting organized convection brings about the layer
mode, and the simulation executed with a pre-moistened environment exhibits a strong
layer mode signal.

This study shows that midlevel humidity is likely correlated with the nature of the
inflow. A separate and prerequisite issue is how this moistening comes about, and two
possible mechanisms are proposed in this study. The inflow might pass through a region
of stratiform precipitation or through a region of moderate-depth cumulus. The first
mechanism seems plausible, given the ubiquity of convection during the westerly onset
and strong westerly phases. Indeed, looking at the satellite record, it would be difficult to
deny that this occurs. Would this process be able to produce the systematic moistening
present in the observations? This study cannot answer that question. Both proposed
mechanisms moisten the midlevels, though only the cumulus increases the midlevel O o 1IN
a manner fully consistent with the observations.

As stated in Section 6.1.1, the terms “crossover” and “layer” are simply the physi-
cal manifestations of the overturning of the environment, but it is difficult to infer which is

a more efficient means of overturning. The layer mode indicates a horizontal scale of
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overturning larger than that of the crossover zone. The crossover zone is associated with
convective scale updraft and downdraft couplets spaced some distance apart, while the
overturning in the layer inflow occurs over a broad sheet of air and implies a substantial
degree of mesoscale organization. The more organized overturning of the layer mode
probably implies a more extensive overturning but not necessarily a more efficient one. If
the second proposed mechanism is to be believed, the inflow has already experienced
some degree of shallow overturning, leaving less to be accomplished by the deep convec-
tion. Perhaps that is one reason why the overturning in the layer mode is more gradual
than the parcel/crossover mode, since it is characterized by less violent mixing between
parcels of different .

This dissertation has demonstrated that, in addition to actuating an organized mode
of thermodynamic overturning, highly organized convection also has a significant effect
on the momentum fields. The simulated MCSs develop extensive regions of weak, orga-
nized stratiform descent, which is able to transport midlevel momentum downward. In
nature, the midlevel jets appear to undergo pressure gradient accelerations, which
enhances the jet momentum and the resulting vertical transport. This enhancement effect
is present in the simulated convection only to a limited degree. Large scale downward
motion causes the momentum to descend in a manner analogous to the layer mode of the
low level inflow. Certainly the midlevel inflow layer is not undergoing significant over-
turning as it descends, but the form of the descending structure can be best described as
layer-like.

The low and midlevel inflows seem linked to the large scale environment differ-
ently. Low level layer inflow which ascends into the convective regions appears to be
most closely associated with the thermodynamic overturning of the environment, a result
that makes sense given the fact that the high 0 e air at low levels are the primary fuel
(ignoring cloud top radiative cooling) for the convection. Midlevel inflow layers undergo-
ing descent in regions of stratiform are tied to momentum redistribution of the environ-
ment. This is made possible to a significant degree by the collocation in height of peak

MCS stratiform descent with the environmental jet maximum.
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The momentum vertical transport signals demonstrated over the stratiform region
seem reasonably robust for both Kelvin-Rossby flow regimes. Enough drawbacks are
present in the methodology that the net MCS character cannot be determined from these
simulations. Furthermore, since both easterly and westerly low level layer inflows have
been shown to occur in nature, it is likely that the momentum transport will be dependent
upon the direction of low level system-relative inflow. For example, the simulated 14
December 1992 system discussed in Chapter 5 had exhibited low level inflow from the
cast, while systems observed on that day had inflows from both the west and the east. In
the best observed system, with inflow from the west, the easterly midlevel inflow
appeared to experience an acceleration as it was descending, likely a response to system-
generated pressure gradient. The simulated system, with its easterly inflow, experienced a
westerly pressure acceleration, opposite to that observed but in agreement with MCS the-
ory. The system-generated “rear” inflow was a different sign than the midlevel environ-
mental inflow. The previous argument that the systems with westerly inflow tended to
occur in the later, more organized stages of the MCS, seems to extend here to the possibil-
ity that a more mature MCS will have a less ambiguous momentum transport signal than a
corresponding young piece of convection.

Applying the methodology used in this study to understand upscale feedbacks is
predominantly a matter of inference. The inferences can be well reasoned, but they
remain inferences and are limited because they are often inconclusive. The momentum
transport portion of this work is subject to this criticism — that, while stratiform MCS
transports are shown to be in signiﬁcént agreement with observations, the experimental
framework is unable to show conclusively the net MCS effects. It is likely that a method-

ology that encompasses a larger spatial domain would overcome this problem.
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Appendix A

Treatment of Ice-phase Microphysical Processes

This appendix will list the changes made to the standard LFO scheme. If reading
this section in earnest, a reference copy of Lin et al. (1983) would be most helpful. The
equation numbers listed refer to the Lin et al. (1983) paper.

As discussed in the body of the chapter, the density of snow and hail/graupel are
replaced by the density of water, so the slope parameters, equations (5) and (6) in Lin et al.

become

The expressions for the terminal velocity of snow and graupel as a function of
melted drop diameter are different, too. Omitting the density correction term for snow,

equation (8) becomes

4
Ups = Dy

and reformulating the hail/graupel term (equation 9) to obey a simple power relationship

similar to the rain and snow fields gives

) eDf(p())l/Z

The mass-weighted mean terminal velocities of snow (equation 12) and hail/grau-

pel (equation 13) become
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The following five expressions are hail/graupel source and sink terms which are
changed as a consequence of the reformulation of the hail/graupel terminal velocity.

These relations presented here replace equations 40, 41, 43, 46, and 47 in Lin et al. (1983):
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Table A.1 lists the parameters used for the three schemes discussed in the study.

Table A.1: Parameters used by the three ice phase microphysical parameterization
schemes discussed in this study.

Scheme | Ngs | Ngg Ps Ph/g a b c
21151 0.8 | 15293 | 0.25 | 1400 | 0.5

0.8 178.8 | 0.42 | 617.2 | 0.54

LFO 0.03 | 0.0004 | 0.1 | 0913

Potter/ 0.03 | 0.04 1.0 1.0 | 2115
Yang
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Appendix B
Trajectory Calculation Methodology

To diagnose the nature of inflow into the simulated convection, the method of
Doty and Perkey (1993) is used to compute trajectories from the ARPS output. The calcu-
lation of each trajectory segment is performed in two stages, denoted below by subscripts
1 and 2. The superscript i is the time step number, At is the trajectory integration timestep

that was 6 seconds in this study. Stage 1 of the calculation estimates the new parcel posi-

tions:
i+1 1
i+1 i
yi =y tv/Ar.
i+1 i

The initial velocities are defined as
1 1 1
up = u(x,y,z)
1 1 1
vi = vix,y,z)-
1 1 1
wy = wi(x,y,z)
Stage 2 estimates the wind components at the new parcel position calculated above,

i+1 i+1 i+1

uy = upy(xp Lyp .z )
~ i1 i+1 i+1

Vo T V(X LY Lzp )
_ i+1 i+1 i+1

Wy = Wz(xl Y1 22 )

and an average is computed from the old and new velocity component values,



B u1+u2
(uy = 3

B v1+v2
W = —

w1+w2

(W) = =52

The final position is obtained by using these mean wind components:

x;+1 = x1 + (uyAt
¥y | = (A
27 =2+ (wyae
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