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ABSTRACT

BAUMAN, WILLIAM HENRY III. Synoptic and Mesoscale Forcing of Convective
Activity Over Cape Canaveral During Easterly Flow and Nowcasting for Space Shuttle
Landings at Kennedy Space Center. (Under the direction of Steven Businger and Allen
J. Riordan.) :

Space Shuttle landings at Kennedy Space Center are subject to strict weather related
landing flight rules. Landing rules demand very accurate nowcasts (short-term forecasts
of less than 2 h) of cloud, wind, visibility, precipitation, turbulence, and lightning at the
Shuttle launches and landings.

Challenges to U. S. Air Force forecasters at Cape Canaveral Air Station and
National Weather Service/Spaceflight Meteorology Group forecasters at Johnson Space
Center to nowcast for flight rules are discussed. Application of special meteorological
techniques and technologies for supporting Space Shuttle landing operations are
examined. Consequences of research for nowcasting convective activity in the Cape
Canaveral vicinity are discussed and specifically address landing a Space Shuttle during
easterly flow regimes.

During easterly flow regimes, convective activity has been particularly difficult to
predict. Four days during the Convection and Precipitation/Electrification (CaPE)
Experiment are investigated. Data from CaPE, operational data, satellite imagery, and
numerical model analyses are used over the data-sparse region investigated in the

research. Elevated moisture in the mid-troposphere above the marine boundary layer




helps distinguish convectively active and passive days. It is shown that the moisture
distribution is related to upper tropospheric jet dynamics.

Satellite imagery reveal Rayleigh-Bernard cells in the marine boundary layer on each
day. During active days convection is organized into bands whose axes are aligned
along the wind shear in the rainband layer, consistent with a buoyancy driven mode of
wave-CISK. ‘

The Mesoscale Atmospheric Simulation System (MASS) numerical meteorological
model is used to simulate meso-o scale dynamics of an upper tropospheric subtropical
jet streak and associated transverse ageostrophic circulations. MASS is further ﬁsed to
simulate the meso-B scale water vapor distribution for application of the model to
onshore flow regimes.

Finally, 3-D graphics visualization is addressed as an alternative meteorological

interpretation system. The modeled data are displayed as 3-D meteorological fields and

compared to conventional analysis methods..
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1. INTRODUCTION

1.1. Background

Many problems can arise that adversely impact launch and landing operations for
the Space Shuttle at Kennedy Space Center (KSC). The most common impacts to these
operations include weather, ground support equipment failure, launch vehicle failure,
payload failure, or not meeting other safety criteria. Nearly 70% of all Space Shuttle
countdowns since 1981 were delayed or aborted, with about half of these due to
weather (Hazen et al. 1995). Specific weather requirements for a potential emergency
landing are the dominant cause of weather related delays to Space Shuttle launches.
The focus of this paper is not on weather impacts to launch but instead the forecasts and
nowcasts for landing at KSC required for three scenarios. The scenarios considered for
landing a Space Shuttle at KSC are: i) normal end-of-mission landing, ii) return-to-
launch-site landing and abort-once-around landing, and iii) primary landing sites on the
third revolution (3rd rev PLS) (Fig. 1.1).

Space Shuttle launches from KSC (Fig. 1.2) are subject to strict weather related
launch commit criteria, but the launch commit criteria will not be considered here since
the focus of this research is on landing. Similarly, Space Shuttle landings at KSC’s
Shuttle Landing Facility (Fig. 1.3) are subject to strict landing weather flight rules. The
launch commit criteria and landing weather flight rules were established by the National

Aeronautics and Space Administration (NASA). The U. S. Air Force 45th Weather




Squadron at Cape Canaveral Air Station (Cape Canaveral, Florida) and the National

Weather Service/Spaceflight Meteorology Group at Johnson Space Center (Houston,
Texas) make recommendations regarding landing weather flight rules which have been
assessed and modified by NASA during the 14 years of Space Shuttle flight from 1981

to present.
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Figure 1.1. A depiction of three scenarios considered for landing a Space Shuttle
at KSC. A normal end-of-mission landing, return-to-launch-site landing, abort-
once-around landing, and primary landing sites on the third revolution.

— -

Two events have led to re-evaluation and changes in weather-related rules in
support of the Space Shuttle program.. In 1986, the Space Shuttle Challenger exploded
shortly after launch on a day in which surface air temperatures were far colder than

during any previous Shuttle launch. It was determined that the exposure to these cold




temperatures contributed to the failure of the O-rings that led to the accident (report of
the Presidential Commission of the Space Shuttle Challenger accident 1986).
Aerodynamic pressures placed on Challenger from wind shears comparable to the
largest previously encountered during launch and from vehicle response maneuvers may
have contributed to the final failure of the O-ring seals (report of the Presidential
Commission of the Space Shuttle Challenger accident 1986). In 1987, an unmanned
Atlas-Centaur vehicle was destroyed by USAF Range Safety because of guidance
system failure after the vehicle triggered a four-stroke lightning flash to ground 48
seconds after launch from Cape Canaveral Air Station during convectively active

conditions.

Figure 1.2. The Space Shuttle Endeavour makes an early morning launch from
Kennedy Space Center, Florida.




Figure 1.3. The Space Shuttle orbiter Discovery lands at the Shuttle Landing
Facility, Kennedy Space Center, Florida.

Findings from the House Committee Report on the Challenger Accident stated:
“Weather, by far, is the most significant factor governing operational decisions,
orbiter damage, and landing safety. Ultra-conservative rules prevail because of the
predictable unpredictability of Cape weather.” (National Research Council 1988). One
of the recommendations from the House Committee Report on the Challenger Accident

was to: “...invent new technology and techniques to learn new ways to understand the




dynamics of Cape Kennedy weather phenomena to supplant current inadequacy to

forecast two hours ahead.” (National Research Council 1988).

The weather flight rules include constraints as shown in Tables 1.1, 1.2, and 1.3.
A full discussion of the specifics and origin of the ﬂight rules is beyond the scope of this
research. Instead a general overview will be given, and attention will mainly focus on

the nowcast problem.

1.2. Nowecasting for Space Shuttle Landings

The focus of the short term forecast problem at KSC is the impact of weather
conditions at the Shuttle Landing Facility on a normal end-of-mission landing and three
possible intact aborts (return-to-launch-site, abort-once-around, or 3rd Rev PLS) (Fig.
1.1). A fourth intact abort scenario, called transoceanic abort landing (TAL), can occur
at one 6f the contingency landing sites in North Africa or Spain (this option is not
considered further in this research). Unfavorable weather conditions for return to
launch site and abort-once-around dominate the weather considerations for Space
Shuttle launches (Hazen et al. 1995). Therefore, improvement in the KSC forecast has
the potential to reduce the weather impact on Space Shuttle launches.

Both modeling and observational studies have concluded that the patterns and
locations of Florida convection are directly related to the synoptic wind field (Byers and
Rodebush 1948; Estoque 1962; Frank et al. 1967; Neumann 1971, Pielke 1974; Boybeyi

and Raman 1992). These studies demonstrate the importance of the interaction between




the synoptic wind and the sea-breeze circulation in determining the timing and locations
of convective activity across the Florida peninsula. The sea-breeze circulation and the
normal patterns of Florida convection assume different characteristics depending on
whether the prevailing low-level flow has an onshore, offshore, or alongshore
component.

There are two basic large-scale convection-producing flow regimes over the
Florida peninsula that must be considered when discussing a KSC forecast for Space
Shuttle landings. Onshore (easterly) flow regimes along the Atlantic coast typically
generate less vigorous convection than offshore (westerly) flow regimes (Foote 1991).
Convection triggered during onshore flow is characterized by small vertical towers that
most often form in the morning and produce brief showers. These showers account for
fewer than 5% of the total lightning flashes in this area (Blanchard and Lopez 1985).
Onshore convection also affects ceilings, visibility, surface wind, and turbulence limits
for landing.

The modeling and observational studies also show that eastern Florida generally
receives rainfall earlier on days with easterly flow than on days with westerly flow.
Afternoon convection at KSC due to prevailing westerly flow is more predictable than
morning convection. The convection tends to move with a fairly regular motion from
west to east. Locations and movement of the sea breeze fronts associated with this
convection can normally be detected and monitored with Doppler radar and high

resolution visible satellite imagery (Wakimoto et al. 1993). Onshore flow convection, on




the other hand, is not necessarily associated with the sea breeze front nor an overnight
land breeze front (Reap 1994). The convection occurring within the prevailing deep
easterly flow has been difficult to detect with sétellite imagery since it is a pre-dawn
phenomena and generally consists of low (warm) cloud tops, which are difficult to
distinguish from background surface temperatures. Enhancement curves for infrared
satellite imagery have been developed by NWS/SMG and the Applied Meteorology Unit
at CCAS which have helped locate early morning convective showers. The recent
deployment of the improved Geostationary Operational Environmental Satellite (GOES-
8) has also helped this problem somewhat. Radar is a useful tool to monitor convection
development and movement, but showers located offshore and moving towards KSC
will sometimes weaken and dissipate before landfall leaving conditions safe for a Shuttle
landing.

During onshore flow, clouds and precipitation may form if low level
convergence and upward vertical motion are present in the morning along the east coast
of Florida. However, the weather can range from widespread thunderstorms to no
precipitation at all. Easterly flow regimes clearly present a special forecast challenge for
Space Shuttle landing scenarios, and it is important to try to understand why convection
occurs at KSC on some mornings and not on other mornings during onshore flow. A
small shoreward-moving shower or thunderstorm presents a distinct hazard to an orbiter
trying to land at the Shuttle Landing Facility when considéring the weather flight rules

as shown in Tables 1.1, 1.2, and 1.3. Safely landing an orbiter can depend on the




accuracy of the forecast, which must determine whether or not convection will be
present, absent, develop over the water and move onshore, dissipate, or intensify.

In addition to safety issues, other concerns such as a 1-orbit delay to land at
KSC, 24 hour delay to land KSC, or simply unacceptable weather at KSC may result in
a decision to land the orbiter at Edwards Air Force Base (California) instead of at KSC.
This can be a costly decision because a 24 hour landing delay costs about $90,000 in
man-hours at Johnson Space Center while an Edwards Air Force Base landing costs the
Space Shuttle program about $600,000 followed by a $440,000 “ferry flight” of the
orbiter from Edwards Air Force Base to KSC. None of these costs are incurred for an

on-time landing at KSC.

1.2.1. End-Of-Mission Landing

A final go/no-go decision is made for an end-of-mission landing based on a
forecast issued 90 minutes prior to landing. The end-of-mission landing occurs 60
minutes after the orbiter performs a “de-orbit burn” maneuver. The de-orbit burn
maneuver moves the orbiter from its on-orbit spacecraft configuration into an aircraft
configuration to re-enter the Earth’s atmosphere and glide to a landing (Fig. 1.4).

Once the burn has occurred, the orbiter is constrained to continue on its planned
trajectory to a landing at the Shuttle Landing Facility - there is no turning back. Thus an
accurate forecast is critical for a safe landing. The weather flight rules for the orbiter

during an end-of-mission landing are strict relative to most other aircraft, and observed




and forecast conditions for end-of-mission landing time must meet or exceed those
shown in Table 1.1. If the landing weather is observed or forecast to be worse than

these criteria the landing is postponed or the landing location is changed.

N
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Figure 1.4. . Depiction of last part of a final orbit and the de-orbit burn maneuver
by a Space Shuttle orbiter prior to a landing at Kennedy Space Center, Florida.

For a normal end-of-mission, the ceiling must be greater than 10,000 ft since the

orbiter can only fly in conditions better than standard visual flight rules (VFR) and is a
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consideration for slant-range visibility Any type of mid- or low-level cloud produced by

large-scale weather systems, even small tropical showers, can affect this flight rule.

Table 1. 1. Weather flight rules for normal end-of-mission landing at Kennedy
Space Center (after Space Shuttle Operational Flight Rules, 1995).

CRITERIA WEATHER LIMITS
CEILING > 10000 FT
OBS CLDS BELOW 10000 FT - <0.2
VISIBILITY >5SM
PEAK CROSS WIND <15 KT DAY, < 12 NIGHT
PEAK HEAD WIND <25KT
AVG TAIL WIND <10KT
PEAK TAIL WIND <15KT
GUST <10KT
TURBULENCE < MODERATE
TSTM, PRECIP, LIGHTNING > 30 NMI
DETACHED OPAQUE ANVIL
<3 HRS OLD > 20 NMI

Peak cross winds of less than 12 kt (at night) and 15 kt (during day are the limits
placed on a normal landing based on orbiter design. Phenomena that generate surface
wind changes which forecasters must consider in their landing forecast include synoptic
scale fronts, sea breeze fronts, thunderstorm outflows, and diurnal processes. Generally
the smaller the scale of the phenomenon, the more difficult it is to observe and forecast.
This effect places greater emphasis on techniques to track and forecast common Florida, -
mesoscale phenomena that are capable of producing surface winds in excess of orbiter

landing limits.
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The visibility flight rule, greater than 5 statute miles, simply allows the orbiter
pilot to see the runway for landing (better than VFR applies here also). 'Morning fog,
frequently caused by a weak land breeze, is a common occurrence at the Shuttle
Landing Facility and can quickly advect (< 2 hr) over KSC from the west where fog
forms above wetlands.

The “no precipitation” rule is required for a number of reasons including, pilot
visibility, wet (slippery) runway, damage to the orbiter tiles, and the possibility of
natural or triggered lightning. Precipitation, thunderstorms, and lightning must be
greater than 30 nmi from the Shuttle Landing Facility. The orbiter’s flight path must
have a 10 nmi horizontal clearance of lightning and 2 nmi vertical clearance of lightning.
" Lightning from anvil cloud less than 3 hr old is also a potential threat to the orbiter and
detached opaque anvil must be greater than 20 nmi from the orbiter’s flight path.
Although all Space Shuttle orbiters have had extensive upgrades to decrease the
stopping distance upon landing (better tires, brakes, nose wheel steering gear, and an
added drag chute) the runway must be dry for a safe end-of-mission landing. Also, any
precipitation striking the protective heat absorbing tiles can damage them.b At normal
landing speeds, even light precipitation can pit the tiles making them unusable for future
flights, requiring expensive and time consuming tile repair or replacement work. The
most diﬁicuit precipitation to forecast occurs from small showers and thunderstorms

that can develop well within the 90 minute landing forecast period. Thus forecasters
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must carefully track the development and movement of clouds, areas of low-level

convergence, sea breezes, and changes in thermodynamic stabilities.

1.2.2. Return-To-Launch-Site Landing and Abort Once Around Landing

The mode of abort is normally determined by the Mission Control Center at
Johnson Space Center, Houston based on the type and time of a failure. The return-to-
launch-site is the quickest option and permits the orbiter to land 25 minutes after launch
(Fig. 1.1). During a return-to-launch-site landing, the orbiter jettisons its solid rocket
boosters and the external liquid fuel tank, flies downrange to dissipate propellant, and
performs critical maneuvers under power to attain a flight path directly for KSC to land
at the Shuttle Landing Facility (National Space Transportation System News reference
Manual 1988). An abort-once-around allows the orbiter to fly once around the Earth
then make a normal entry and landing at the Shuttle Landing Facility, Edwards Air Force
Base (California), or White Sands Space Harbor (New Mexico). The abort-once-
around requires ~ 90 minutes.

Shuttle Landing Facility weather conditions for return-to-launch-site (Table 1.2),
abort-once-around and 3rd rev PLS (Table 1.3) are generally not as strict as the normal
end-of-mission conditions. Should any of these landing weather limits be violated the
launch is postponed. The ceiling rule is relaxed and allows for ceilings as low as 5,000 ft
for return-to-launch-site and 8,000 ft for abort-once-around and 3rd rev PLS (instead of

10,000 ft) and the cross wind limit is 15 kt day and night for return-to-launch-site but
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remains 12 kt at night for abort-once-around and 3rd Rev PLS. The limits for
thunderstorms, precipitation, lightening, and anvil cloud is only reduced for return-to-
launch-site as shown in Table 1.3. The weather phenomena producing these conditions
is the same as for the normal end-of-mission flight rules.

It is obvious that end-of-mission, return-to-launch-site, abort-once-around, and
3rd rev PLS weather criteria demand very accurate short term forecasts of cloud, wind,
visibility, precipitation, and lightning at the Shuttle Landing Facility prior to Space
Shuttle launches and landings. Frequent development and dissipation of convective
showers and thunderstorms, and the mesoscale impact of Cape Canaveral’s geography,
present a forecast challenge. A strategy to improve the short term forecasting capability
at KSC has been to supplement the observing systems in the Florida region, especially in
the close vicinity of KSC, to provide better mesoscale observations.

Table 1.2. Weather flight rules for return-to-launch-site landing at Kennedy
Space Center (after Space Shuttle Operational Flight Rules, 1995).

CRITERIA WEATHER LIMITS
CEILING > 8000 FT
VISIBILITY > 5 SM
PEAK CROSS WIND | <15KT DAY, < 12 KT NIGHT
PEAK HEAD WIND <25KT
AVG TAIL WIND <10 KT
PEAK TAIL WIND <15KT
GUST <10KT
TURBULENCE < MODERATE
TSTM, PRECIP,
LIGHTNING > 30 NMI
DETACHED OPAQUE
ANVIL < 3 HRS OLD > 20 NMI
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Table 1.3. Weather flight rules for abort-once-around and Primary Landing Site

for the third revolution landing at Kennedy Space Center (after Space Shuttle

Operational Flight Rules, 1995).

CRITERIA WEATHER LIMITS
CEILING > 5000 FT
VISIBILITY >4 SM
PEAK CROSS WIND <15 KT DAY & NIGHT
PEAK HEAD WIND <25KT
AVG TAIL WIND <10KT
PEAK TAIL WIND <15 KT
GUST <10KT
TURBULENCE < MODERATE
TSTM, PRECIP,
LIGHTNING > 20 NMI
DETACHED OPAQUE
ANVIL < 3 HRS OLD > 15 NMI

1.3.  Special Observing and Modeling Systems

Data available for forecasting at KSC are derived from conventional surface

observations, upper air observations, one buoy about 65 km southeast of KSC and

another about 230 km east-northeast of KSC, weather radar, and satellite imagery. In

addition to the conventional observational systems, forecasters have special in situ and

remote sensors in the vicinity of KSC and Cape Canaveral Air Station (CCAS) to

provide improved observation of mesoscale circulations and lightning activity in the

vicinity of KSC. The special sensors (Fig. 5) include the KSC/CCAS wind tower

mesonet (winds, temperatures, and dew points), cloud-to-ground lightning detection
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(LDS) system, inter- and intra-cloud lightning detection and ranging (LDAR) system,
ground-based electric field mill (GBFM) network, a 50 Mhz wind profiling radar, and
915 Mhz boundary layer profiling radars. The Doppler weather radar (WSR-88D) is
located at the NWS in Melbourne. |

Also available is a real-time display of the National Lightning Detection
Network, direct readout and display of polar orbiter satellite imagery, and rawinsondes
and Jimspheres released at CCAS as requested by the forecasters. The main
meteorological data analysis and display system at CCAS and JSC is the Meteorological
Interactive Data Display System (MIDDS) which is a McIDAS-based system integrated
into the Range Weather Operations Facility’s observing and data display systems.

Forecasting for Space Shuttle operatiqns is a joint effort between the 45 WS

meteorologists at CCAS and the NWS/SMG meteorologists at JSC. The 45 WS

~ meteorologists at CCAS are responsible for all forecasts until the Space Shuttle

launches. The NWS/SMG meteorologists are responsible for all on-orbit and landing
forecasts. Although U. S. Air Force and National Weather Service meteorologists are
geographically separated and have different responsibilities and customers, they must
coordinate extensively to ensure forecast consistency from pre-launch operations
through launch and landing with respect to weather at KSC. Meteorologists at both
locations have direct access to KSC and CCAS area meteorological data and observing

systems via MIDDS and the WSR-88D Doppler radar Principal User Processor.
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Figure 1.5. Map of the Cape Canaveral Air Station and Kennedy Space Center
vicinity showing locations of special meteorological sensors.

Even with all the conventional and special observing and data display systems

available to the U. S. Air Force and National Weather Service meteorologists, new

technology and systems are continually being developed to improve the forecast for

Space Shuttle support. In an effort improve technology transition and develop forecast

techniques for the meteorologists, NASA, the U. S. Air Force, and National Weather

Service developed the Applied Meteorology Unit in 1991. The Applied Meteorology

Unit is co-located with Range Weather Operations at CCAS and supports the 45th
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Weather Squadron, Spaceflight Meteorology Group, and National Weather Service
Forecast Office (Melbourne, Florida). The Applied Meteorology Unit is managed by
one NASA Chief and is staffed by five contractor personnel consisting of meteorologists
and computer scientists. The Applied Meteorology Unit is responsible for evaluating,
developing, and transitioning new technologies, techniques, and systems into operations
to support the National Space Program.

One of the Applied Meteorology Unit’s current tasks is to evaluate mesoscale
models for operational use by the U. S. Air Force and National Weather Service
meteorologists. The Mesoscale Atmospheric Simulation System (MASS) model is
currently being run on a daily basis in real-time by the Applied Meteorology Unit, using
a fine mesh grid over the Florida Peninsula which has a horizontal resolution of 11 km
with 22 vertical levels. The version of MASS being evaluated and run was developed
by MESO, Inc. (Kaplan et al. 1982 and Manobianco et al. 1994) and initially delivered
to Ithe Applied Meteorology Unit in March 1993. In April 1995 selected MASS model
output was made available to operational meteorologists on a limited basis to evaluate

the ability of MASS to predict convective initiation in support of space launch activity.

1.4. Efforts to Improve Nowcasts During Easterly Flow
Meteorologists supporting Space Shuttle operations have noted that the onset of
convective activity during onshore flow is especially difficult to prediét. Seemingly

similar synoptic environments are present in cases that produce conditions ranging from




18

clear skies to heavy showers. Conditions can change from safe to hazardous within
short periods (<1 hour).

A cooperative effort between the authors of this research, U. S. Air Force (45
WS), National Weather Service (Spaceflight Meteorology Group), and the Applied
Meteorology Unit is currently underway to improve nowcasts for Space Shuttle landings
at KSC during onshore flow. The research uses the enhanced data sets available from
the Convection and Precipitation/Electrification (CaPE) Experiment (Gray 1991) to
analyze and compare four days of onshore flow during which similar synoptic conditions
resulted in contrasting weather in the vicinity of KSC.

The MASS model with enhanced horizontal grid resolution is being used to
capture small convective features present in onshore flow regimes that cannot be
resolved by current operational numerical models. Assimilation of satellite, weather
radar data, and surface-based cloud observations into the MASS model is being
investigated to help overcome the general lack of in situ data over the water east of
Florida. Finally, 3-D visualization techniques are being examined and applied to analysis
and model output to help forecasters view the data more efficiently than conventional

methods. Results from these investigations will be presented in subsequent chapters.

1.5. Research Objectives
The primary objective of this research is to improve the lead time and accuracy of

forecasting the onset of convective activity at KSC during onshore flow regimes. It is
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therefore prudent to examine possible convection initiation and convection suppression
processes to meet this primary operational objective.
i) Determine the effects of large scale forcings (meso-o and synoptic) and

their role supporting convective initiation.

a) Sub-tropical jet stream dynamics
b) Interaction and proximity of the tropical upper-tropospheric
trough (TUTT)
ii) Investigate physical mechanisms for mesoscale initiation and organization

of rainbands.

a) Rayleigh-Bernard instability.

b) Static stability in the pre-convective environment.

¢) Inertial instability.

d) Conditional symmetric instability (CSI).

€) Inflection point instability (IPI).

f) Wave-convective instability of the second kind (wave-CISK).

ii) Use the Mesoscale Atmospheric Simulation System (MASS) model to:

a) Simulate the large-scale jet streak dynamics with a “coarse mesh”
(45 km) mesoscale horizontal resolution.

b) Simulate the mesoscale processes and precipitation distribution
with a “fine mesh” (11 km) mesoscale horizontal resolution nested within the coarse

mass domain.
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c) Conduct sensitivity studies of the effects of assimilation of

different moisture sources into the fine mesh domain.

iv) Use 3-D visualization techniques to interpret meteorological parameters.
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2. DATA AND ANALYSIS METHODOLOGY

2.1. Data Sources

The research presented here focuses on a series of days with easterly flow during
the field phase of the Convection and Precipitation/Electrification (CaPE) Experiment.
CaPE was a major field program conducted in central Florida from 8 July 1991 to 18
August 1991 (Foote 1991). CaPE investigations concentrated on the area
encompassing KSC and Cape Canaveral Air Station (CCAS) in part to study weather
impacts to the National Space Program. The CaPE field program resources included
eight instrumented research aircraft, four Doppler radars, forty seven Portable
Automated Mesonet (PAM) surface stations, and six Cross-chain Loran Atmospheric
Sounding Systems (CLASS) (Fig. 2.1). The CaPE data set was complimented by the
KSC/CCAS observational network (wind tower mesonet, ground-based electric field
mill network, and the lightning detection systems; see Fig. 1.5), and routinely available
operational data (hourly surface observations, twice daily rawinsondes, buoys, ships of

opportunity and satellite data).

2.2  Analysis Methodology
Easterly flow generally prevails across the Florida peninsula in the summer when
the Bermuda high ridge-axis lies through central and northern Florida (Pielke 1975).

However, during CaPE the prevailing flow was westerly, with only nine days classified
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as easterly. Of these nine days, four, 19-22 July 1991, were contiguous with good

observational coverage and are the focus of this research.
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The only conventional data over water during the period of investigation were
from occasional ships of opportunity and two buoys (Fig. 2.1) which reported every
three hours at synoptic times. Over water analyses were constructed by merging actual
rawinsonde data with “synthetic” soundings derived from the National Meteorological
Center (NMC) Nested Grid Model (NGM) analyses (NOAA, 1985). The NMC Global
Optimum Interpolation (GOI) spectral analysis was used as a “first guess” field for the

merged rawinsonde and NGM sounding data (Table 2.1).

Table 2.1.  Vertical levels in the Nested Grid Model (NGM) archive data set
and Global Optimum Interpolation (GOI) archive data set. NGM archived fields
include geopotential height (®), temperature (T), relative humidity (RH), and u
and v components. GOI archived fields include mean sea level pressure (MSLP),
temperature (T), and sea surface temperature (SST) at the surface and
geopotential height (®), temperature (T), and # and v components of wind at all
other levels. The GOI archived fields also include relative humidity (RH) from
the surface through 300 mb.

PRESSURE NGM GOI
LEVEL ARCHIVE ARCHIVE
(mb) GRID GRID
Surface MSLP, T, SST
1000 O, T,RH,u,v | ®, T,RH, u, v
950 O, T,RH, u, v
900 ®, T,RH, u, v
850 O, T,RH, u,v | ®, T,RH, u, v
800 O, T,RH, u, v
750 O, T,RH, u, v
700 O, T,RH,u,v | ®, T,RH, u, v
500 @, T,RH, u,v | ®, T,RH, u, v
300 O, T,RH,u,v | ®, T, RH, u, v ’
250 D, T,u v
200 D, T,uv
150 D, T,uv
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The General Meteorological Package (GEMPAK) (desJardins et al. 1992) was
then used to create a sounding at each NGM and GOI grid point. The NGM soundings

were merged with actual CLASS, National Weather Service, and USAF rawinsondes.

The GOI sounding analyses were gridded at 0.5° x 0.5° horizontal resolution (56 km x
56 km) and used as the first guess field for a Barnes objective analysis (Koch et al.
1983) performed on the merged NGM and rawinsonde sounding data. The resulting
Gempak data arrays, which combined all available data in a 40 km x 40 km grid, were

used for all the mesoscale analyses in this research.

2.3. Active, Passive, and Suppressed Days

On 19 July, convective showers are seen in the KSC area (Fig. 2.2a). These
showers moved northwest and were over KSC from about 1400 UTC until 1700 UTC.
By 1800 UTC an east coast sea breeze front had developed and was moving westward
towards central Florida leaving the east coast of the péninsula clear. This day is
classified as an “active” convective day at KSC.

20 July (Fig. 22.b) was the most active of the four days with bands of convective
showers moving onshore throughout the morning. Showers were occurring at KSC by
1200 UTC and moved out of the area by about 1700 UTC. Waterspouts were observed
offshore KSC and Patrick Air Force Base (45 km south of KSC) between 1200 UTC
and 1300 UTC. The convection ihat had moved onshore in the morning slowly merged
with a developing east coast sea breeze front which helped advect the showers

northwestward away from KSC.
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Convection was generally suppressed on 21 July (Fig. 2.2c). One convective
shower developed offshore Patrick Air Force Base, produced a waterspout from 1245
UTC until 1300 UTC, dissipated shortly thereafter as it moved across Patrick Air Force
Base, and convection was suppressed for the rest of the day. Convection on 22 July

(Fig. 2.2d) was suppressed all day in the KSC vicinity. Showers and thunderstorms

developed during the day inland over south Florida.

1431 UTC - 21 July 1991 1431 UTC - 22 July 1991

Figure 2. 2.  Visible satellite imagery (1 km horizontal resolution) from GOES-7
for (a) 1431 UTC 19 July 1991, (b) 1431 UTC 20 July 1991, (c¢) 1431 UTC 21 July
1991, and (d) 1431 UTC 22 July 1991.
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The terminal forecasts for KSC, shown in Table 2.2, demonstrate the difficulty
forecasting convective activity during onshore flow. The weather at KSC was
significantly different during the four days considered but the terminal area forecasts
issued by U. S. Air Force Range Weather Operations forecasters each morning varied
little from day-to-day.

Table 2.2. A timeline of the forecast and observed weather at KSC prepared by
U. S. Air Force forecasters for 19-22 July 1991. The period in which precipitation
was forecast shown by the solid lines beginning and ending with a triangle. The
type of precipitation forecast is written below each solid line. The actual time

when convection occurred is shown by the dashed line beginning and ending with
an open circle.

KSC FORECAST VS. OBSERVED WEATHER

LOCAL TIME
DATE D 6 12 18 24
A SOLATED RAIN SHOWERS & 4
19 JULY 1991 THUNDERSTORMS IN VICINITY |
"ACTIVE" e —————0
ACTUAL CONVECTIVE PERIOD
S Vo I
" " / RMS VI
ACTIVE O — — — — —— -0

A A
A

ISOLATED THUNDERSTORMS & RAIN SHOWERS IN VICINITY

21 JULY 1991

" |
PASSIVE" o -
. ACTUAL CONVECTIVE PERIOD
" RAIN SHOWERS | j
22 JULY 1991 VN Y QS H ORE A T ORMS VICINITY OFFSHORE & RAIN SHOWERS
"SUPPRESSED" | ‘ ©

" NO CONVECTIVE ACTIVITY.
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The terminal forecasts for the same four days issued by the Melbourne National

Weather Service (Table 2.3) and the actual weather observed at Melbourne were

consistent with the Range Weather Operations forecasts and KSC observations.

Table 2.3.
prepared by National Weather Service

forecasters for 19-22 July 1991.

A timeline of forecast and observed weather at Melbourne, FL

The

period in which precipitation was forecast shown by the solid lines beginning and

ending with a triangle.

The type of precipitation forecast is written below each

solid line. The actual time when convection occurred is shown by the dashed line
beginning and ending with an open circle.

MLB FORECAST VS. OBSERVED WEATHER
LOCAL TIME
DATE ) 6 4

| 4

[ 3

19 JULY 1991
IIACTIVE"

SLIGHT CHANCE
RATN SHOWERS

Y S — Y ‘
CHANCE RAIN SHOWERS

0__
ACTUAL CONVECTIVE PERIOD

20 JULY 1991

A-————-—-A
CHANCE! RA!N SHOWERS

"PASSIVE"

8RAH\J SHOWERS

“ACTIVE" o ___ oo
ACTUAL CONVECTIVE PERIOD
SLIGHT CHANCE ;
21 JULY 1991 THUNDERSTORMS CHANCE THUNDERSTORMS

22 JULY 1991
"SUPPRESSED"

THUNDERSTORMS 4
& RAIN SHOWERS

. NO CONVECTIVE /_xcnvm(

-0
ACTUAL CONVECTIVE PERIOD

SLIGHT CHANCE

»

SL(G HT CHANCE THUNDERSTORMS

It is clear that the forecasts changed little each day and the forecast matched the

observed convective periods well on 19 and 20 July (the “active” days). However, on

21 July (a “passive” day) a few weak showers moved onshore and were in the KSC
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vicinity for less than two hours, yet the forecast called for isolated thunderstorms and
rain showers in the KSC vicinity from 0400 to 2400 local. On 22 July (a “suppressed”
day) east-central Florida was devoid of convection yet the KSC forecast called for early
morning rain showers offshore KSC with a change to rain showers at KSC and
thunderstorms offshore the KSC vicinity from 0900 to 2400 lbcal. Clearly, the
forecasters did not recognize a change in the weather pattern and incorrectly forecast

the precipitation on the passive and suppressed days.

2.4  Data Analysis

The surface analyses are typical for summer with a ridge of the Bermuda high
extending westward to the southeast United States (Fig. 2.3). Surface pressures rise up
to 4 mb over the southeast United States between 19 and 20 July as the surface ridge
builds westward. Beyond 20 July at 1200 UTC (Fig. 2.3b) surface pressures remain
fairly constant as the ridge becomes quasi-stationary. Without close scrutiny, the surface
pattern appears “similar” on all four days, especially over east-central Florida. But
closer inspection reveals the surface winds in east Florida are very light with a prevailing
easterly component yet show a tendency to shift from southeast early in the period to
northeast by the end. The slight change in wind direction is a subtle hint of a total
column mass adjustment. Although the surface ridge does not build significantly after

1200 UTC 20 July (Fig. 2.3b), it does become cut-off with a weak closed circulation by
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1200 UTC 21 July (Fig. 2.3c). This is an indication of subsidence and low-level

divergence which extends southward to central Florida.

§10715/1200 SFC MEAN SEA LEVEL PRESSURE (ME)
910718/1200 SFC TEMPERATURE (F)

§10720/1200 SFC MEAN SEA LEVEL PRESSURE (MB)
9]10720/1200 SFC TEMPERRTURE (F)

]
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91072171200 SFC MEAN SEA LEVEL PRESSURE (MB)
$10721/1206 SFC TEMPERRTURE (F)

910722/1200 SFC MEAN SEA LEVEL PRESSURE [(MB)
810722/1260 SFC TEMPERATURE (F)

d

Figure 2. 3. Surface analysis for (a) 1200 UTC 19 July 1991, (b) 1200 UTC 20
July 1991, (c) 1200 UTC 21 July 1991, and (d) 1200 UTC 22 July 1991. Solid
contours denote mean sea level pressure at 2 mb intervals. Dashed contours

denote temperature at 2 °F intervals.

Surface observations are plotted as:

temperature ("F) to the upper left of the station, weather using conventional

abbreviations to the left, dew point temperature (°F) to the lower left, mean sea
level pressure (mb) to the upper right, and wind barbs where a half (full) barb

equals 5 ms” 10 ms'l).
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850 mb analyses (not shown) and 700 mb analyses (Fig. 2.4) show high
geopotential heights dominating the southwestern Atlantic and southeastern United
States with anticyclonic curvature over Florida. The ridge axis is located across central
Florida at 1200 UTC 19 July (Fig. 2.4a) and slowly migrates northward until a closed-
high develops by 1200 UTC 21 July over Georgia (Fig. 2.4c). The high center migrates
west and is located over Alabama by 1200 UTC 22 July (Fig. 2.4d). Heights rise an
average of 40 m over the southeast United States throughout the period. The building
high at 850 mb and 700 mb is consistent with a developing area of low-level divergence
over the southeast United States helping to suppress convection later in the period over
east-central Florida.

The next series of figures examines the pattern at 150 mb. It was found to be the
level which controlled the large scale dynamics over the four days investigated. The 150
mb analyses (Figs. 2.5a, b, ¢, and d) show a trough dominating the southwestern Atlantic
Ocean and Caribbean region through the period with a closed low moving westward
from east of the Bahama Islands at 1200 UTC 19 July (Fig. 2.5a) to just south of Florida
by 1200 UTC 22 July (Fig. 2.5d). The trough in this region is typical of a summertime
tropical upper-tropospheric trough (TUTT) and is normally present in the North
Atlantic, South Atlantic, North Pacific, and South Pacific (Fitzpatrick et al. 1995). It is
a cold-core trough which is found in the subtropical and tropical Atlantic region
(Whitfiled and Lyons 1992). The climatological study by Fitzpatrick et al. (1995) shows

that closed circulations called cold lows or TUTT cells form within the tropical upper-
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tropospheric trough and move south and west along the TUTT axis throughout the

summer. The long-term mean position of the TUTT axis at 200 mb during July is shown

in Fig. 2.6 (after Whitfiled and Lyons 1992).

51071971200 700 MB RELATIVE HUMIDITY %]
91071671200 760 ME GECPGTENTIAL (M!

516719/1200 700 MB TEMPERRTURE (C}

RELATIVE HUMIDITY (%)
MB GEOPGTENTIAL (M}
ME TEMPERATURE (C)

910721,1200 700 MB RELATIVE HUMIODITY iz}
91072171200 700 MB GEOFGTENTIAL (M)
910721/1206 700 MB TEMPERATURE (L)

I

81072271200 7880 MB RELATIVE HUMIDITY 1%)

810722/1200 700 MB GEOFGTENTIAL (M)
$10722,12006 700 MB TEMPERATURE (C)

Figure 2. 4. 700 mb analysis for (a) 1200 UTC 19 July 1991, (b) 1200 UTC 20
July 1991, (c) 1200 UTC 21 July 1991, and (d) 1200 UTC 22 July 1991. Solid
black contours denote geopotential heights at 10 m intervals. Large dashed red

contours denote temperature at 1 °C intervals. Small dashed black contours

denote relative humidity (RH) and green shading indicates RH >

70%.

Station

observations are plotted as: temperature (°C) to the upper left of the station, dew
point temperature ("C) to the lower left, geopotential height (m) to the upper right,
and wind barbs where a half (full) barb equals 5 ms” (10 ms'l).
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91071971200 150 MB GEGFQ

MFERATURE Q) §10720/1200 150 MB GEGFOTEN
9106715/12G0 15 /81 a

81072071200 150 M

o3
m=

MEXICO

o

GEOPOTENTIAL (M) & TEMPERRTURE (C! 0 GEOPOTENTIAL (M) & TEMPERATURE (C)
200 150 MB ISOTACHS (M/§) C 2/1200 150 ME ISOTACHS (M/5!

Figure 2. 5. As in Fig. 2.4 except for 150 mb and small dashed blue lines depict
isotachs (ms'l) that are shaded at 5 ms™ intervals beginning at 15 ms™. Solid black

contours denote geopotential heights at 20 m intervals.

A cold low observed at 150 mb from 19-22 July plays a crucial role in the
dynamics of the situation as it tightens the 150 mb pressure gradient over Florida and the
Georgia on 21 and 22 July (Fig’s. 2.5¢ and d). To uncover this feature, in a summer,
subtropical environment, it was necessary to analyze the height lines every 20 m in Fig.

5, instead of the conventional 120 m interval. The movement of the low tightens the
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pressure gradient creating a weak (20 ms'l) jet streak by 1200 UTC 22 July (Fig. 2.5d),

also captured through an unconventional analysis.

=]

______

TTMEANTUTT AXIS |
. POSITION FOR JULY |

Figure 2. 6. The long-term mean position of the TUTT axis at 200 mb during
July (after Whitfiled and Lyons 1992).

The dynamics of the developing subtropical jet streak closely follow the jet streak
model presented by Uccellini and Johnson ( 1979)? A schematic diagram of an easterly
upper tropospheric jet streak, associated transverse circulations, and vorticity patterns
are shown in Figs. 2.7a, b, and c¢. In the entrance region of the upper tropospheric jet
streak (east side), confluence and an increase in the geostrophic wind downstream
(westward) are associated with ageostrophic motion (v,g) toward the cyclonic (south)
side of the jet streak. In the jet streak exit region (west side), diffluence and a decrease
in the geostrophic wind downstream (westward) are associated with ageostrophic

motion (v,g) toward the anticyclonic (north) side of the jet streak (Fig. 2.7a).
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Figure 2. 7. Schematic diagram of an easterly jet streak showing (a) the
transverse ageostrophic component (v,;) and patterns of divergence and
convergence associated with jet entrance and exit region, (b) vertical cross sections
orthogonal to jet streak axis (J) illustrating vertical motion and horizontal
ageostrophic wind component within the plane of the cross section, and (c)
maximum and minimum relative vorticity centers and associated positive vorticity
advection (PVA) and negative vorticity advection (NVA) patterns. (After Kocin
and Uccellini 1990)

The vertical cross section through the jet exit region (Fig. 4.7b) shows the upper

tropospheric ageostrophic motion transporting mass toward the anticyclonic (north) side
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of the jet streak. The mass flux convergence on the anticyclonic side and mass flux
divergence on the cyclonic (south) side increases the pressure beneath the north side and
decreases the pressure beneath the south side. The mass adjustments concurrently force
development of an isallobaric wind that constitutes a return branch of the direct
circulation (Uccellini and Johnson 1979).

Horizontal shears generated by the jet streak will produce a vorticity maximum
on the cyclonic (south) side of the jet streak and a vorticity minimum on the anticyclonic
(north) side of the jet streak (Fig. 2.7¢c). Positive vorticity advection (PVA) will exist in
the left (south) exit region and right (north) entrance region of the jet streak while
negative vorticity advection (NVA) will occur in the right exit and left entrance regions,
respectively.

The .imp]ications of this jet streak model are that convection would be enhanced
in the left (south) exit region of the jet where upper-level divergence and PVA are
occurring and convection would be suppressed in the left (south) entrance region of the
jet where upper-level convergence and NVA are occurring. Testing this model against
the 150 mb analyses (Figs. 2.5a, b, ¢, and d) reveals very good agreement. On 19 and 20
July (Figs. 2.5a and b), the flow over central Florida is weak and diffluent. The jet
streak is still off the east coast of Florida and is not evident in the analyses (probably due
to lack of observations over the water). However, based on the position of the jet streak
and the cold low on the next two days (Figs. 2.5¢ and d) it can be assumed that the exit

region of the jet streak is affecting the Florida weather by 20 July (the most convectively
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active). On 21 July, the jet streak is centered over east central Florida indicating a
transition from left (south) exit region to left entrance region in the KSC vicinity. This
would correctly explain the occurrence of weak convection early in the morning
changing to more suppressed conditions later in the morning. Finally, on 22 July, the jet
streak has moved north and west leaving the KSC area under the influence of the left
entrance region of the jet streak and, according to the model, suggests upper level
convergence and downward vertical motion that would suppress convection.

The first morning soundings at CCAS are released daily at ~ 1015 UTC (0615
LST) and are representative of the pre-convective environment and background state in
the KSC vicinity on days with onshore flow and morning shower activity. A series of
early morning soundings analyzed show similar temperature profiles and more
contrasting moisture profiles.

Early morning soundings for 20 and 22 July (Fig. 2.8a and b) reveal a contrast
between the environments of the active and suppressed days. Deep easterlies were
present each day with mostly weak southeasterly flow from the surface through 730 mb
on 20 July (Fig. 2.8a) while the southeasterlies were confined to levels below 850 mb on
22 July (Fig. 2.8b).

The temperature profile in each sounding is similar with slightly colder

temperatures aloft on the active day, 20 July (Fig. 2.8a). The 500 mb temperatures were

about 3°C colder on both active days as compared to the passive and suppressed days of
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21 and 22 July. This provided a slightly more unstable environment during the first two
days.

Of more significance is the moisture difference seen in the dew point profiles on
the two days. The 20 July sounding (Fig. 2.8a) shows a deep moist layer from the
surface to over 500 mb. The 22 July sounding (Fig. 2.8b) is decidedly drier, with a very
shallow moist layer from the surface to about 900 mb and then dry above. The synoptic
analysis for 1200 UTC on 22 July (Fig. 2.5d) shows the 150 mb low south of Florida
with a jet streak in north Florida which may account for much of the convergence aloft
and subsidence evidenced in this sounding. Model results that are presented in Section
4.4, Coarse Grid Simulation Results, support this observation. The soundings on 19 and
21 July (not shown) displayed very similar characteristics in both temperature and
moisture. The difference in weather can be attributed to the approach of the 150 mb low
and dynamics associated with the jet streak.

Fig. 2.9 is a relative humidity (RH) time-series constructed from CCAS
soundings. Note that on all four days the 850 mb RH (green line) remains above about
68%, a level typical of the summer time tropical Florida air mass. However, the 700 mb
RH (blue line) shows rapidly increasing RH values on the first active day (19 July) with a
maximum of 76% on 20 July during the most convectively active period and then
decreasing sharply during the passive day (21 July) and remaining below 45% on the

suppressed day (22 July).
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Figure 2. 8. Standard skew T-log p diagrams of soundings for Cape Canaveral
Air Station at (a) 1015 UTC 20 July 1991 and (b) 1015 UTC 22 July 1991. Wind

barbs shown where a half (full) barb equals § ms™ (10 ms'l).
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Figure 2. 9. Time series of relative humidity (RH) computed from Cape
Canaveral Air Station soundings from 1016 UTC 19 July 1991 (0615 L) te 0015
UTC 23 July 1991 (2015 L 22 July 1991). The convective periods in the vicinity of
Kennedy Space Center are shaded. The green line denotes 850 mb RH and the
blue line denotes the 700 mb RH.

To infer more information about the water vapor distribution and static stability,
vertical cross sections of relative humidity and equivalent-potential temperature were
produced. The cross sections are based on the combined observational and numerical
model analysis grids constructed for this research (see section 2). Each cross section
was drawn approximately perpendicular to the convective rainbands (refer to Fig. 2.1 for
location). Relative humidity begins to increase and deepen between 1200 UTC 19 July
and 1200 UTC 20 July (Fig. 2.10a and b). Deep moisture from KSC southeastward into
the Bahamas is evident at 1200 UTC 20 July. The vertical extent of higher relative

humidities begins to decrease at 1200 UTC 21 July (Fig. 2.10c) and then remains
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relatively shallow through 1200 UTC 22 July (Fig. 2.10d), providing qualitative
agreement with the convective activity.

Fig. 2.11 shows GOES-7 water vapor imagery in the 6.7 um band. The 6.7 pm
imagery is most sensitive to moisture and clouds in the middle and high layers (Scofield
and Purdom 1993) with a maximum sensitivity near 400 mb (Weldon and Holmes 1986).
Thus, this wavelength is appropriate for helping define, qualitatively, the mid and upper
level moisture patterns.

The most prevalent feature in the water vapor images is the dark region
extending across central Florida at 1200 UTC 21 and 22 July (Figs. 2.11c and d). The
dark area extending parallel to the 150 mb wind maxima (see Fig. 2.5) strongly suggests
drying of the air column associated with the vertical circulation induced by the jet streak
(Anderson et al. 1982, Durran and Webber 1988).

The drying associated with the wind maxima is consistent with the suppression of
convection on 21 and 22 July and supports the importance of the dynamics in the upper
troposphere in correctly forecasting the convective activity. Water vapor imagery and
data from the advanced instrument package on the new GOES-8 satellite is an important
tool to investigate in application to the problem of nowcasting convective activity over

Cape Canaveral.
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Figure 2. 10. Vertical cross section from north Florida to near Nassau, Bahamas
for (a) 1200 UTC 19 July 1991, (b) 1200 UTC 20 July 1991, (¢) 1200 UTC 21 July
1991, and (d) 1200 UTC 22 July 1991. Solid black centours and green shaded
regions denote relative humidity at 10% intervals (shaded above 70%). Red
dashed contours denote equivalent-potential temperature at 5 °K intervals. Wind
barbs shown where a half (full) barb equals 5 ms” (10 ms”). The location of
Kennedy Space Center is shown by the vertical cyan line.




42

1200 UTC - 21 July 1991 1200 UTC - 22 July 1991

Figure 2. 11. Water vapor (6.7 pm band) satellite imagery (8 km horizontal
resolution) from GOES-7 for (a) 1200 UTC 19 July 1991, (b) 12060 UTC 20 July
1991, (c) 1200 UTC 21 July 1991, and (d) 1200 UTC 22 July 1991.

More frequent access to water vapor information with a higher horizontal
resolution would greatly improve the chances of a successful forecast during onshore
flow. To improve water vapor observations, Chiswell et al. (1995) suggest utilizing the
Global Positioning System (GPS) to provide accurate all-weather measurements of

atmospheric water vapor. Ground-based GPS receivers can provide precipitable water

vapor measurements as often as every 30 minutes.
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Currently, GPS consists of a configuration of 24 satellites transmitting radio
signals to ground based GPS receivers. GPS signals tf;hsnﬁtted by satellites towards the
ground are delayed and refracted by atmospheric water vapor (Fig. 2.12). Water vapor
is responsible for a signal delay which is nearly proportional to the quantity of water
vapor integrated along the signal path. If the ground based GPS receiver is stationary
and its position accurately known then measurements of the signal delay due to
atmospheric water vapor can be used to estimate the vertically integrated water vapor
above the receiver. Only surface pressure measurements, GPS observations, and GPS
satellite orbits are required to estimate vertically integrated water vapor (Businger et al.,
1995). During the GPS-STORM project (May 1993), Chiswell et al. (1995),
demonstrated the utility of using GPS data in meteorological analysis. The inclusion of
GPS derived precipitable water vapor (PWV) data was able to enhance the analysis of
severe weather environments. The GPS derived PWV was compared to measurements
made by co-located water vapor radiometers during GPS-STORM. Chiswell et al.
(1995) found GPS measurements of PWV to be considerably more reliable then the co-
located water vapor radiometers, especially when there was liquid water on the

radiometer (due to rain, fog, or dew).
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GPS Meteorology

Figure 2. 12 Schematic diagram of GPS meteorclogy showing GPS signals
passing from GPS satellites, orbiting at heights of ~20,000 km, through the
intervening Earth’s atmosphere to ground-based receivers, and to a low earth
orbit (LEO) satellite orbiting at a height of ~775 km. The delay of signals arriving
at ground based receivers is proportional to the intervening water vapor. Signals
propagating from the GPS satellite to the LEQ satellite are refracted by the
Earth’s atmosphere during the ~60 second periocd before the signal is occulted by
the Earth, providing a refractivity profile of the atmosphere. (After Businger et al.
1995).
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Since water vapor distribution appears critical to forecasting convective rainband
activity at KSC during onshore flow, GPS could provide an alternate method of
extracting PWV to compliment conventional rawinsonde observations. GPS receivers
placed at locations along the Florida east coast, stationary buoys, the Bahama Islands,
Cuba, and the Dominican Republic (Fig. 2.13) would vastly improve water vapor

analyses during onshore flow.
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Figure 2. 13. Map of Florida and the Caribbean region showing potential
locations of the GPS receivers (X).
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3. CONVECTIVE INITIATION AND RAINBAND ORGANIZATION

3.1 Boundary Layer Convection

In the absence of in situ data east of Florida, radar and satellite data provide the
mesoscale information needed over the water to observe the structure of the convection.
Visible satellite imagery reveal open cellular convection in the marine boundary layer on
each of the four days (Fig. 2.2), indicating upward surface heat fluxes leading to
Rayleigh-Bernard cellular convection (Emanuel 1994). During active days convection is
observed to trigger at the apex of intersecting cells, with new convection triggered by
outflow boundaries. Subsequently, convection is organized into rainbands.

Radar observations were taken during CaPE, with single-Doppler scans from
NCAR’s CP-4 radar reaching up to 120 km offshore. The CaPE radars were turned on
at ~1100 UTC each day; too late to see precipitation development for this case, but in
time to observe rainband alignment and movement. The axes of the rainbands in the
radar reflectivity scans all four days are aligned along the wind shear in the layer above
the boundary layer. A radar reflectivity plot from the CP-4 Doppler radar for 20 July at
1405 UTC is shown in Fig. 3.1. On this day, the bases of the convective rainbands were
about 925 mb and the tops were about 535 mb. The Fig. 3.1 inset shows one of the
rainbands from the radar reflectivity plot. The rainband is oriented with its length
parallel to the wind shear over the depth of the rainband (longitudinal mode). Also, the

rainbands moved perpendicular to the wind shear over the depth of the rainband. Both
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of these observations have implications for the type of instability present each day which

is discussed in the upcoming sections.

20-jul-1991,14:05:44 radar reflectivity plot.
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Figure 3. 1. Plan Position Indicator (PPI) view of reflectivity from the CP-4
Doppler radar for 1405 UTC 20 July 1991. The inset shows the rainband

alignment parallel to the wind shear vector (VT ~VB) in the rainband layer where

V., is the wind vector at the top of the rainband layer (335 mb) and V; is the wind

vector at the bottom of the rainband layer (925 mb).
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Based on previous research (Emanuel 1994) four convection initiation processes
were considered to explain the organization of the convection into rainbands. These
include CSI, IPI, wave-CISK, conventional static stability and the effects of moisture
distribution on suppressing convection initiation. A trigger mechanism must be present
during the convective periods that occurred between 19 and 22 July. But an available
trigger mechanism may not be limited to only the convective periods - one may be

present during the passive or suppressed periods as well.

3.1.1 Symmetric Instability

The role of CSI was examined relative to production and maintenance of
rainbands. Vertical cross sections of constant angular momentum (4/) and equivalent
potential temperature (6.) can be used to determine whether regions of the atmosphere
are unstable to moist symmetric overturning (Emanuel 1994). Houze (1993) states that
CSI exists when the temperature lapse rate of a moist but unsaturated environment is
conditionally unstable on a surface of constant M (the slope of the M surface must be
less than the slope of the 6, surface). Theory for symmetric instability predicts the
rainbands should be oriented parallel to the thermal wind in the overturning layer.

CSI is derived by first computing absolute momentum on an equivalent-potential

temperature surface:

ou
Y p(r-2) = (2] 5 6.
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Where the flow is inertially unstable if:

(ﬁ/[—) < 0 which implies ﬂ> 0 (3.2)
ay o dt

and parcel continues to accelerate in the direction it was initially moved.

Negative equivalent-potential vorticity (moist potential vorticity) must meet
necessary criteria for CSI (Bennetts and Hoskins, 1979). Regions of negative
equivalent-potential vorticity (P) will be unstable to moist-symmetric overturning a
condition that can be shown by evaluating potential vorticity on an equivalent-potential

temperature surface:

00
P, o ¢ +f1. 3.3
0, * & oz (Cee S ) (3.3)
00 . . . .
If —=>0 then the atmosphere is buoyantly stable and P, is negative because {, is
Z e e

negative which indicates inertial instability.

Theory for symmetric instability predicts the rainbands should be oriented parallel
to the thermal wind in the overturning layer. These bands align in a configuration called
“longitudinal roll convection” (Businger and Walter, 1988). The rainbands observed
over the Atlantic Ocean offshore KSC on all four days were oriented parallel to the
thermal wind, consistent with CSI (Snook 1992). However, vertical cross sections of

equivalent-potential vorticity (£, ) and M versus 6. were constructed for 0000 UTC and

1200 UTC each of the four days. In all cases, £, was negative where 6. increased with
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height (a necessary condition for CSI) (Bennetts and Hoskins 1979). However, the
slope of the M surfaces was greater than the slope of the 6. surfaces, a condition
indicating CSI was not responsible for the convective rainbands. An example of a cross

section for 20 July is shown in Fig. 3.2.
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Figure 3. 2. Vertical cross sections for 1200 UTC 20 July 1991 of (a) absolute
momentum (M) in ms” (blue lines) and equivalent potential temperature (.) in °K
(red lines) and (b) relative humidity (RH) in % (black lines) and equivalent-
potential vorticity (£, ) in K/mb/s (green lines) from Athens, GA (AHN) to West

Palm Beach, FL (PBI).
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3.1.2 Inflection Point Instability

IPI is a mechanism for roll formation in which the wind profile exhibits an
inflection point or shear in the cross-roll direction (Lilly, 1966; LeMone, 1973; Brown
1980). Local relative vorticity maxima are located at these inflection points. The fluid is
unstable and the flow adjusts to remove this instability. IPI theory predicts the
wavelength of convective rollsl is ~27 times the height of the inflection point and the
convective rolls move with the wind speed perpendicular to the band at the height of the
inflection point. In an unstable boundary layer, the IPI mécham’sm would be suppressed
and a parallel instability mechanism would continue to operate.

The CCAS soundings were used to produce profiles of the mean winds parallel
(along-roll) and perpendicular (cross-roll) to the orientation of the rainband. The x-axis
(u-wind component) was rotated to be aligned parallel to the convective rainbands each
day (Fig. 3.3). An inflection point is observed at about 2000-2500 m each day in the
rotated u-component plot (along-roll). Since the inflection point is in the along-roll

direction it is not probable that IPI is responsible for rainband development or alignment.
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Figure 3.3. Rotated # and v wind components from the first morning sounding
at CCAS. The x-axis is wind speed (m s™) and the y-axis is height (m). The u-
component is aligned parallel to the convective rainband and the v-component is
orthogonal to the convective rainband. Inflection point shown by blue circle.
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Also, examination of CP-4 Doppler radar imagery for 19-22 July indicates the

propagation velocity of the convective rainbands were about about 3 to 4 m s faster

than the actual wind speed at the height of the inflection point. This fact also discounts

the likelihood that IPI organized the rainbands. Since an inflection is observed in the
along-roll profile each day, the IPI could be responsible for spacing of the convective

cells along the rainbands.

3.1.3. Wave-CISK

CISK as defined by Lindzen (1974) is attained when a low-level convergence
field associated with a large-scale meteorological system lifts surface air to some critical
height (z.) where cumulonimbus convection sets in. Latent heat released in the cumulus
convection, in turn, forces the large-scale motion whose low-level convergence gave rise
to the convection. Furthermore, Lindzen (1974) defines wave-CISK as motions that do
not require Ekman pumping in order to produce CISK. This class of motions include
those associated with internal waves such as gravity, Kelvin, mixed gravity-Rossby, and
Rossby. Sun (1978) included latent heat effects in linear models following the wave-
CISK hypothesis proposed by Lindzen. These effects were of latent heat being released
in vertical columns in proportion to low-level moisture convergence and evaporative
cooling when low-level moisture was divergent. Sun determined that the orientation and
speed of the rainbands varied based on the dominance of buoyancy generated heat

release or the conversion of kinetic energy from the mean flow. If buoyancy dominates,
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then the rainbands are oriented parallel to the wind shear in the layer and remain
stationary relative to the mean flow in the rainband layer. This minimizes the tendency
of the shear to suppress convection. As previously discussed, the rainbands were
oriented parallel to the wind shear in the layer but they also were stationary relative to
the mean flow as the buoyancy mode of wave-CISK would suggest. Therefore, it is
likely that wave-CISK played a role in development, maintenance, and propagation of
the convective rainbands investigated here. Since the large-scale flow remained mostly
unchanged during the period investigated it is most likely that wave-CISK was a

dominant process aiding in production and maintenance of these rainbands.

3.2.  Static stability

All CaPE and conventional soundings were analyzed for convective available
potential énergy (CAPE), convective inhibition energy (CINE), and convective stability
indices (Lifted Index, Showalter Index, Vertical Totals Index, Cross Totals Index, Total
Totals Index, K-index)!.

CCAS soundings were chosen to represent the instabilities presented because the
rawinsondes had good exposure to onshore flow, good temporal resolution, and this is
the primary sounding used by the forecasters. The energy realized when conditional
instability is released is CAPE (according to parcel theory) and is written as:

Tparcel _ Tenv

*dz (3.4)

EL
CAPE = J‘ g —
LFC ]:,

I Refer to Peppler (1988) for a description and discussion of each of these indices and their applications.
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CAPE shows the integrated buoyant energy of moist air and represents the positive area

on a sounding where LFC is level of free convection, EL is the equilibrium level (neutral
buoyancy level), 77" is the virtual temperature of the parcel and T°" is the virtual

v

temperature of the environment. CAPE was first computed by using a surface mixing
ratio and then by using a mean mixing ratio in the lowest 100 mb. Both methods yielded

wildly varying values of CAPE. The “best” results were obtained using a mean mixing

ratio, yet CAPE ranged from a minimum of 1100 J kg to a maximum of 4500 J kg" and

both occurred on the suppressed day, 22 July. Otherwise, CAPE varied between 1800 J

kg'1 and 2900 J kg'1 for all other times with no correlation to the convective activity.
Williams and Renno (1993) completed a climatological study of conditional

instability related to CAPE for tropical sounding locations around the globe. They
indicate stored energy on the order of 1000 J kg'1 is present over large areas of the
tropics and is sustained day and night. They showed that CAPE is very sensitive to the
equivalent-wet bulb potential temperature (0,,) of the layer from which a parcel is
initially lifted. They also conducted a 0,, climatology related to CAPE for the tropical
sounding locations and found a zero-CAPE intercept (8y.) where CAPE vanishes. The
Bw. was found to be narrowly distributed from 22-23° C. They showed that for tropical
boundary layers with 0,, larger than 23° C, CAPE increases (on average) at a rate of
about 1000 J kg™ °C" of 0,, (based on the assumption of lifting from the surface). All

tropical stations analyzed in their study show systematic increases in CAPE for 0, values
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larger than the equilibrium 0,.,, suggesting tropical convection is generally unable to
maintain an equilibrium CAPE atmosphere. For each CCAFS sounding investigated,

was calculated (Wallace and Hobbs 1977) and was larger (the minimum was 22.7° C)
than the threshold value of about 23° C. This indicates finite CAPE was present on each
of the four days, yet there is no discernible pattern to CAPE or 0., and the corresponding
convective periods.

Since CAPE was present each day yet convection was not always initiated, there
must be a process or processes inhibiting release of the stored energy. A typical barrier
to look for would be a pronounced capping inversion. The convective inhibition energy
(CINE) was examined for each CaPE sounding. CINE indicates the integrated buoyant
energy needed to lift a surface parcel to the level of free convection and represents the

negative area on a sounding between the surface (SFC) and LFC and is calculated by:

LFC parcel __ rreny
e g —];—‘f;er—v dz (3 .5)

CINE =
CINE is a measure of “cap” or “lid” strength. Typical tropical values of CINE range

from 0 J kg'1 to 200 J kg™ with a mean value of 20 J kg (Williams and Renno 1993).

Although CINE values are climatologically much smaller than tropical CAPE values, a
parcel velocity of 4.5 ms™ is required to overcome a negative area of only 10 J kg™ and
a parcel velocity of 20 m s'is required to overcome a negative area of 200 J kg

(w =J2- CINE). Very small values of CINE (about 2-8 J kg™) were observed on the
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two active days (19 and 20 July) and the passive day (21 July) indicating little resistance

to a parcel rising from the boundary layer. On the suppressed day (22 July) CINE jumps

to near 57 J kg™ by the 1255 L sounding which requires parcel velocities of 10.7 m st
One can conclude that CINE, is more applicable than‘ CAPE, as a predictor for
convective activity during these four days. But it cannot be CINE alone suppressing
convection since the amount of convective activity that occurred on 19, 20, and 21 July
varied significantly from strong on 20 July to almost non-existent on 21 July. Also,
CINE was only 2 J kg'1 (requiring w = 2 m s7) during the morning of 22 July and there
was no convection at all. This would suggest another hindrance to convection (at least
on 22 July and part of 21 July). Besides the large-scale dynamics present due to upper-
level convergence from the 200 mb low, it is possible that an entrainment process acting
on the small Rayleigh-Bernard cells may supply neutral buoyancy and suppress
convection in the lowest levels of the atmosphere.

Convective stability indices are used daily by forecasters supporting space launch
activities and indicate the overall stability of a sounding expressed as a single value
(Peppler 1988). Indices of this type have the advantage of ease of computation, flexible
choice of the layer most pertinent to the particular problem or area, and a numerical
form convenient for ready use in objective studies and operational forecasting. On the
other hand, important details of the lapse-rate structure may be smoothed or completely

missed in these indices, even when the index is carefully chosen and evaluated. Indices
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are most useful only when combined, either objectively or subjectively, with other data
and considerations.

The static stability analyses indicate that the single most important factor
affecting development and maintenance of the convective showers is distribution of
water vapor. Of the convective stability indices investigated (Lifted Index, Showalter
Index, Vertical Totals Index, Cross Totals Index, Total Totals Index, K-index), only the
Cross Totals and K-Index showed a correspondence with the active, passive, and
suppressed convective events. Of these the K-Index showed the best ability to
discriminate the convective activity, but neither parameter provided a clear indication of
level of convective activity. The critical factor is 700 mb dew point depression as used
in the K-Index. Cross Totals was only marginally effective because it only addresses
water vapor at 850 mb. The K-Index time-series for the CCAS sounding (Fig. 3.4)
shows a fair correspondence to the most convectively active periods, with a maximum of
35° C during the most active period on 22 July. It does marginally well during the other
two convectively active periods, but the K-Index remains relatively high on 22 July. K-
Index probably works best on 20 July because the vertical extent of the moisture was
significant through the 700 mb level. But it fails to adequately differentiate between
active and suppressed days because the 850 mb moisture was consistently high on each
day, resulting in an elevated K-Index. The RH signal in the CCAFS soundings (Fig. 2.8)

suggest a modification to the CT, K-Index and (possibly) TT to more accurately reflect
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the water vapor distribution at levels above the usually moist 850 mb during the Florida

summer.

Cape Canaveral Air Force Station Sounding
K-Index (KI)

80-90% CHANCE TRW
60-80% CHANCE TRW

40-60% CHANCE TRW

KI(*C)

/20-40%

741991 10:16 719/91 14:18 720/91 1015 72091 15:01 72191 1015 N8 1201 721/91 1501 1NN 1035 TR/ 1500 TR9 1655 W9 00:1S
Somnding Release Date & Time (UTC)

19 JUL 20 JUL 21 JUL 22 JUL

Figure 3. 4. Time series of K-Index (KI) computed from Cape Canaveral Air
Station soundings from 1016 UTC 19 July 1991 (0615 L) to 0015 UTC 23 July
| 1991 (2015 L 22 July 1991). The probability of thunderstorms is shown by the
| horizontal shading. The convective periods in the vicinity of Kennedy Space
Center labeled. The black line denotes the KI.
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4. NUMERICAL SIMULATIONS

4.1  Description of the Mesoscale Atmospheric Simulation System

All numerical simulations used the Mesoscale Atmospheric Simulation System
(MASS) which is a hydrostatic atmospheric model based on a set of equations consisting
of 7 prognostic variables: temperature, water vapor mixing ratio, x-space w-wind
component, y-space v-wind component, surface pressure, cloud water/ice mixing ratio,
and rainwater/snow mixing ratio (MESO, Inc. 1995). The original version of MASS
used in this research was developed by Kaplan et al. (1982) as the Goddard Mesoscale
Atmospheric Simulation System (GMASS) and described by Manobianco et al. (1994).
The version of MASS used in this research was developed by MESO, Inc. and includes a
prognostic grid-scale moisture scheme, an enhanced surface energy budget, a modified
Kuo cumulus parameterization scheme that included convective scale downdrafts, and a
more comprehensive long and short wave radiation scheme (Zack et al, 1991).
Additional improvements to the MASS convective parameterization and surface physics
were made during 1992 and the early portion of 1993, followed by replacing the
objective analysis scheme (Barnes 1964) with a three-dimensional multivariate optimal
interpolation (3-D OI) scheme in 1995 which has resulted in MASS version 5.8 (MASS
5.8) that is used in this research.

The 3-D OI scheme will estimate the value of a set of gridded variables at a set

of grid points that can be created from a set of meteorological observations distributed
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irregularly throughout the analysis domain by forming an optimal linear combination of
the observations closest to the grid point (MESO, Inc. 1995). This results in an

analyzed value at the grid point (A;) from:

K

A =B +kz;wk :ij [0, -B,] (4.1)
Where K is the total number of observations allowed to influence the grid point i, the
subscript & refers to observation locations, w; is the weight associated with observation
k, rms; is the root mean square observational error for variables of the same type as
observation k, B is the first guess value, and O is fhe observed value (MESO, Inc. 1995).

MASS is intended for short-term simulations (0-48 h) over modest size domains
with a horizontal grid resolution of 10 km to 50 km (MESO, Inc. 1995). Recent
developments in computer capability have made it possible to execute MASS simulations
over a limited area for real-time applications on moderately-priced high performance
desktop computer workstations.

MASS was chosen to model onshore flow regimes at Kennedy Space Center
(KSC) for a number of reasons. First of all, the Applied Meteorology Unit (AMU),
which is co-located with Range Weather Operations at Cape Canaveral Air Station
(CCAS), has been evaluating MASS since it was delivered from MESO, Inc. in March
1993 for application as a real-time forecasting tool for use by Range Weather Operations

in support of all space launch activity from KSC and CCAS. As of April 1995, MASS




62

was being used on a limited operational basis by Range Weather Operations forecasters
while AMU evaluation continues. Second, MASS was ported to a Kubota Graphics
3400 desktop computer workstation with a DEC Alpha AXP processor which was
purchased to run MASS locally at North Carolina State University. This would help
simulate computational conditions for running MASS at CCAFS for operational
applications. Finally, the onshore flow regime forecast problem required a model that
could simulate the atmosphere over modest size domains with a horizontal grid
resolution of 10 km and a relatively short time period (0-6h). Zack et al. (1988 and
1991) showed the effectiveness of MASS in simulating convective cloud systems over

Florida and in forecasting thunderstorms at KSC.

42  MASS Scheme for Onshore Flow

MASS 5.8 was run at North Carolina State University (NCSU) in a mode as
similar as possible to the way it is run daily at CCAS for “operational consistency”.
Because the AMU had significant experience configuring MASS to run specifically for
Space Shuttle support in the Florida environment it was decided to match their coarse
mesh setup exactly and then conduct sensitivity tests using a fine mesh (nest) designed
specifically for the onshore flow regime. The nested MASS model grids used in this
research are similar to the AMU’s but the areal coverage is larger, especially to the east

of Florida.
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The coarse mesh grid covered the southeast United States, western Atlantic
Ocean, and Caribbean region with a horizontal grid resolution of 45 km (Fig. 4.1). After
the coarse mesh was run, a series of nests were run with the grid covering most of
Florida and the Bahama Islands with a horizontal grid resolution of 11 km (NCSU grid)
(Fig. 4.2). The NCSU grid domain is larger than the one used operationally at the
AMU (Fig. 4.3) because the Kubota Graphics workstation has more computational
power than the AMU’s computer and there was no operational time constraint on the
research model simulations. It should be noted, however, that a 12 hour nest simulation
took 4.2 hr to run on the Kubota Graphics workstation which (by current standards) has
a relatively slow processor and modest amount of RAM. Computers with 275
megahertz Alpha AXP processors and 128 megabytes of RAM are available for about
the same cost of the Kubota Graphics workstation when purchased in 1993. Computers
with this capability could run the larger fine mesh grids quickly enough for operational

use.

4.3  Coarse Grid Simulation Configuration

The observation-based objective analyses generated for 19-22 July 1991 were
done using a 43 km horizontal grid resolution. This was the smallest grid resolution that
could be appropriately used given the spacing of the observations in the data set. The
coarse MASS grid was run with 45 km horizontal resolution (true at 27.5° N) with 22

vertical sigma levels (identical to the AMU coarse setup). The coarse simulations were
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run once for each of the four days to determine if they could duplicate the dynamics

observed in the analyses and could be used as a first guess for 24 nested simulations.
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GRIOPOINT LOCATIONS FOR MASS MODEL CORRSE RUN (45 KM)

Figure4.1. The MASS coarse mesh grid covering the southeast United States,
western Atlantic Ocean, and Caribbean region with a horizontal grid resolution of
45 km. The line extending from Athens, GA (AHN) to West Palm Beach, FL (PBI)
denotes the axis for MASS coarse grid vertical cross sections.
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GRIDPOINT LOCATIONS FOR MODIFIED MASS MODEL NESTED RUN (11 KM)

Figure 4. 2. NCSU nest grid covering most of Florida and the Bahama Islands
with a horizontal grid resolution of 11 km. The line extending from Jacksonville,
FL (JAX) to just west of the Bahama Islands denotes the axis for MASS nest grid
vertical cross sections.
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Figure 4.3. AMU nest grid covering most of Florida Bahama Islands with a
horizontal grid resolution of 11 km.
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Operationally, the AMU uses the operational Nested Grid Model (NGM) as the
first guess data source and boundary condition source. The operational NGM has 80 km
horizontal grid resolution with data available to 50 mb. For this research, archived
Global Optimum Interpolation (GOI), with (2.5° x 2.5°) resolution, was used as the first
guess data source and boundary condition source. Archived NGM data with 190 km
horizontal grid resolution was not used because the data was only available up to 300 mb
and was not suitable as a first guess data source nor boundary condition source. The
other data sources used were the same as the AMU and included National
Meteorological Center TTAA/TTBB/PPBB format rawinsondes and surface
observations (consisting of MIDDS land report format conventional hourly surface
observations, KSC tower mesonet, and KSC buoy and ship report format).

Two changes to the model parameters that differ from the AMU setup were the
inclusion of high resolution (9 km) weekly averaged sea surface temperatures (SST) and
the use of prognostic moisture physics in the microphysics scheme (the AMU uses
diagnostic moisture physics due to computational restrictions). If any of the high
resolution SST data were missing, then the climatological SST data were used in their
place. In the diagnostic moisture scheme, no liquid or frozen water is retained in the
atmosphere while the prognostic moisture scheme incorporafes prediction equations for
cloud water and cloud ice and rain water and snow. The prognostic moisture scheme
models the atmospheric water cycle in greater detail than the diagnostic moisture scheme

but is much more computationally intensive.




68

4.4 Coarse Grid Simulation Results

One coarse grid simulation was run for each of the four days. The initialization
time was 0000 UTC and the model ran for 24 hours with output at 1 hour intervals. The
analysis of model output concentrated on 1200 UTC each day to match the
observational analyses times. A series of upper-level and surface maps were produced
and compared to the analyses. The model surface analyses (Figs. 4.4a, b, ¢, and d) were
compared to vthe surface analyses shown in Fig. 2.3. MASS clearly builds the surface
high pressure ridge westward as in the analysis and develops a closed high by 1200 UTC

22 July (Fig. 4.4d).

MASS does a good job representing the geopotential height field at 700 mb
(Figs. 4.5a, b, ¢, and d) compared to the 700 mb analyses shown in Fig. 2.4.
Anticyclonic curvature prevails over Florida with the ridge axis slowly migrating
northward until a closed high develops at 1200 UTC 21 July (Fig. 4.5¢). Similarly to the
analyses, heights from the MASS output rise an average of 40 m over the southeast
United States through the period. This height increase is consistent with development of
regional low-level divergence which helps to suppress convection later in the period.
There is some difference between the analyses and the MASS output that can be seen in
the relative humidity. Areas of high relative humidity (> 70% shaded in both sets of
figures) are more prevalent in the MASS output, but careful inspection reveals the basic

patterns of relative humidity on all four days matches well. However, the observed data
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analyses and the MASS output from the coarse grid suffers from a lack of data correctly
show the water vapor distribution which resulted in the different weather at KSC on

each day.
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Figure 4. 4. MASS surface 12 h forecasts from the coarse grid (45 km) for (a)
1200 UTC 19 July 1991, (b) 1200 UTC 20 July 1991, (c¢) 1200 UTC 21 July 1991,
and (d) 1200 UTC 22 July 1991. Solid contours denote mean sea level pressure at
2 mb intervals. Dashed contours denote temperature at 5 °F intervals. Wind
barbs indicate a half (full) barb equals 5 ms™ (10 ms'l).
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Figure 4.5. MASS 700 mb 12 h forecasts from the coarse grid (45 km) for (a)
1200 UTC 19 July 1991, (b) 1200 UTC 20 July 1991, (c) 1200 UTC 21 July 1991,
and (d) 1200 UTC 22 July 1991. Selid black contours denote geopotential heights

at 10 m intervals. Dashed red contours denote temperature at 1 °C intervals.

Wind barbs indicate a half (full) barb equals 5 ms” (10 ms™). Dashed thin black
lines show relative humidity at 10% intervals and areas > 70% are shaded green.

At 150 mb, the general position of the 150 mb tropical upper-tropospheric

trough (TUTT ) was simulated well by MASS. The cold low associated with the TUTT
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was placed too far north by MASS on 19 July (Fig. 4.6a). The diffluent area over
northern Florida and southern Georgia should have been over central Florida as shown in
the 150 mb analysis (Fig. 2.5a). The error in correctly positioning the low may have
resulted in an incorrect simulation of the omega fields generated by MASS which will be
shown in the vertical cross sections. On 20 and 21 July (Figs. 4.6b and c), the low
position was well simulated as it moved through the Bahama Islands. More importantly,
the position of the jet streak is very good at these times and helps explain the dynamics
controlling the patterns of convection. On 22 July (Fig. 4.6d), MASS placed the low too
far north and west of the analyzed position and resulted in the jet streak farther north and
west than in the analysis. But the position of the jet streak was in enough agreement
with the analysis to show confluent regime in the KSC vicinity in the left entrance region
of the jet streak. The jet streak which developed in northern Florida on 21 and 22 July
was captured well by MASS (Figs. 4.6¢c and d). The geopotential height gradient from
the model output matched the analyses very well and hence, the model developed a 20
ms™ jet streak appropriately. The jet dynamics and the movement of the cold low
throughout the model simulations depicts the change from 150 mb divergence early in
the period to convergence later. The upper-tropospheric divergence pattern on 20 July
shows divergence at 150 mb close to the jet streak left exit region in the KSC vicinity
(Fig 4.7a). In contrast, the suppressed day (21 July) shows convergence in the KSC

vicinity associated with the left entrance region of the jet streak (Fig. 4.7b).
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As in Fig. 4.5 except for 150 mb depicting isotachs (ms'l) shaded at 5
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Figure 4. 7.

divergence and blue contours denote convergence.

As in Fig. 4.6 but showing divergence (10° s™). Red contours denote
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The jet streak dynamics simulated by MASS and discussed in Section 2.4 (Data
Analysis) can be investigated by looking at vertical cross sections orthogonal to the jet as
it develops and moves westward across Florida. The cross sections were taken from
Athens, GA (AHN) to West Palm Beach, FL (PBI) and the cross section line is shown
on the coarse grid in Fig. 4.1. The cross section for 19 July (Fig. 4.8a) shows little
organization to the circulation and no jet streak is evident. On 20 July (Fig. 4.8b), the
cross section shows the jet entrance region centered at 200 mb over Jacksonville, FL
(JAX). The ageostrophic motion is rightward (northward) directed in the upper
troposphere as expected in this region of the jet streak. The transverse circulation
throughout the troposphere shows downward vertical motion near AHN associated with
the right exit region of the jet and upward vertical motion from KSC south to PBI in the
left exit region of the jet. The position of the jet streak and transverse circulation
support the convection observed on 20 July. On 21 July, the center of the jet streak is
located between KSC and JAX (Fig. 4.9a). The jet exit region is now west of KSC and
the entrance region is east of KSC. The KSC weather was defined as passive since weak
convection was observed early in the morning giving way to more suppressed conditions
later in the morning. The transition of the weather from active to suppressed closely
parallels the movement of the jet streak across the KSC area. By late morning, KSC
weather was beginning to be influenced by the left entrance region of the jet streak
(cyclonic side) resulting in upper-level convergence and downward motion south of the

jet streak. By 22 July, the KSC area weather is completely under the influence of the left




74

entrance region of the jet streak as it has moved north of JAX (Fig. 4.9b) and into
northern Florida and Georgia (see Fig. 4.6d). The transverse circulation shows leftward
(southward) directed motion in the upper troposphere and a return flow northward at
lower levels. The MASS coarse grid vertical cross sections support the analysis and jet
streak model previously discussed and indicate the model captured the dynamics very
well.

As shown in the observational analysis, water vapor distribution is related to the
large scale dynamics and low-level wave-CISK instability was an available trigger
mechanism each day. The water vapor distribution probably played an instrumental role
in the convective activity each day. The resulting observed convective rainbands had
wavelengths on the order of 14 km to 20 km which is too small for the MASS coarse
grid to resolve. So, a higﬁer resolution nest was run to evaluate the capability of MASS

to simulate water vapor distribution.
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Figure 4.8. MASS coarse grid 12 h forecasts of vertical cross sections for (a)
1200 UTC 19 July 1991 and (b) 1200 UTC 20 July 1991. The cross sections were
taken from Athens, GA (AHN) to West Palm Beach, FL. (PBI) orthogonal to the
150 mb jet streak. Red shaded areas show areas of negative kinematic omega
(upward motion) and the solid blue lines indicate areas of positive kinematic
omega (downward motion). Isotachs are shaded in gray every 5 ms” beginning at
10 ms’ and they indicate flow out of the page Wind barbs indicate the cross
stream ageostrophic circulation where a half (full) barb equals 5 ms” (10 ms'l).
Solid black lines with arrows indicate general circulation pattern. Large “J”
shows location of wind maximum.
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Figure 4.9. As in Fig. 4.8 except for (a) 1200 UTC 21 July 1991 and (b) 1200
UTC 22 July 1991.

4.5  Nested Grid Simulation Configuration
The nested MASS grid was run with 11 km horizontal resolution with 22 vertical
sigma levels (identical to the AMU coarse setup). The nested simulations were run six
times for each of the four days to determine if they could duplicate the water vapor
distribution observed in the analyses. The MASS coarse grids were used as the first

guess fields for the 24 nested simulations. The main differences between setup of the
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AMU nest and the NCSU nest were the grid domain size (Figs. 4.3 and 4.2,
respectively) and the use of high resolution (9 km) SST in this research. Because
onshore flow is the focus of this work, the nested grid was expanded eastward by 297
km and southward by 77 km and reduced on the west side by 66 km and the north side
by 22 km (Fig. 4.2). The grid domain was 66 x 66 grid points (in x and y) compared to
55 x 50 grid points used by the AMU. The initialization time was 0600 UTC and the
model ran for 12 hours with output at 1 hour intervals. The analysis of model output
concentrated on 1200 UTC each day to match the observational analyses times and the
coarse grid analysis. The initialization data sources were the same as the coarse grid

except rawinsonde data was not included since none was available at 0600 UTC.

4.6  Nested Grid Dynamics

Vertical cross sections were constructed from the nested grid similar to those
from the coarse grid to determine if the higher resolution grid could show the structure
of the rainbands and the mesoscale dynamics acting to enhance or suppress the
convection. The cross sections were taken approximately orthogonal to the rainbands
from near Jacksonville, FL (JAX) through KSC and Patrick Air Force Base (COF) to
just west of the Bahama Islands and the cross section line is shown on the NCSU nested
grid in Fig. 4.2.

The MASS nested grid 6 h forecast vertical cross section for 1200 UTC 19 July

(Fig. 10a) shows little organization in the circulation and vertical motion fields. As in
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the coarse grid simulation and observational analyses, the upper level jet streak has not
developed at this time and probably accounts for the lack of widespread convection.
Visible satellite imagery for this time (Fig. 4.11) shows a few convective showers
southeast of KSC that are beginning to organize into rainbands parallel to the wind shear
in the rainband layer. The infrared (IR) satellite image from 1200 UTC (Fig. 4.19a)
provides a wider view of the area and the general lack of organization of convection
between Florida and the Bahama Islands. As shown in the analysis, wave-CISK was a
likely trigger mechanism in the low-levels which initiated convection on this day and
aligned the rainbands as previously discussed. However, as shown in the cross section
(Fig. 4.10a) the upper level dynamics were weak (which agrees with.the analyses and
coarse grid output) and the convection on this day was relatively weak. Of the two
convectively active days, this was the weakest with a more random distribution of the
convection. The nested grid omega shown in the cross section is relatively weak with a
rather random pattern of upward and downward vertical motion which generally agrees

with the convective pattern seen in the satellite image.
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Figure 4.10. MASS nested grid 6 h forecasts of vertical cross sections for (a) 1200
UTC 19 July 1991 and (b) 1200 UTC 20 July 1991. The cross sections were taken
from Jacksonville, FL. (JAX) through KSC, Patrick Air Force Base (COF), and
West Palm Beach, FL (PBI) to just west of the Bahama Islands orthogonal to the
150 mb jet streak and convective rainbands. Red shaded areas show areas of
negative kinematic omega (upward motion) and the solid blue lines indicate areas
of positive kinematic omega (downward motion). Isotachs are shaded in gray
every 5 ms” beginning at 10 ms” and they indicate flow out of the page. Wind
barbs indicate the cross stream ageostrophic circulation where a half (full) barb

equals § ms” (10 ms'l). Large “J” shows location of wind maximum.
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DEVELOPING
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Figure 4.11. Visible satellite imagery (1 km horizontal resolution) from GOES-7
for 1201 UTC 19 July 1991.

More organized convection developed on 20 July and the MASS nested grid 6 h
forecast vertical cross section for 1200 UTC shows the strongest upward vertical motion
is located under the left exit region of the now developed jet streak as shown in the
observational analyses, coarse grid simulation, and now the nested grid simulation (Fig.
4.10b). The upward vertical motion is the strongest and deepest at this time compared
to the other three days and appears organized with a banded structure. The visible
satellite imagery (Fig. 4.12) shows four developing convective rainbands. One is just

northeast of KSC, one offshore and adjacent to COF, and two other southeast of COF.

Although the wavelength of the rainbands simulated by MASS is not identical to those
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seen in the satellite image, the model still does a good job indicating the existence of the
rainbands through the vertical motion fields. Furthermore, the vertical cross section
indicates a substantial region of upward vertical motion south of PBI which is most
likely associated with the area of convection that can be seen on the IR satellite image
(Fig. 4.19b). The cross section shows the jet streak in about the same position as the
coarse grid simulation (near JAX and at about 200 mb). Although the flow is disrupted
by the vertical motions, it is still generally leftward throughout the jet-level region that
indicates divergence at the upper levels enhancing convection that was most likely

triggered by the low-level wave-CISK.

Figure 4.12. As in Fig. 4.11 except for 1200 UTC 20 July 1991.
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On 21 July, the convection was considerably weaker than either 19 or 20 July.
One rainband developed near and offshore COF and moved into the KSC vicinity about
1500 UTC. The MASS nested grid 6 h forecast vertical cross section for 1200 UTC 21
July (Fig. 4.13a) shows the center of the jet streak has propagated to northeast Florida
(Fig. 4.6¢). The weather in KSC vicinity is transitioning to a more suppressed state due
to the influence of the left entrance region of the jet streak. During this transition,
convection in the KSC vicinity is most likely to occur before the arrival of the jet streak
left entrance region. The satellite image for this time (Fig. 4.14) shows some small
showers north of KSC but in much of the region convection is suppressed except for the
low-level Rayleigh-Bernard cells in the boundary layer. The small convective rainband
that moves into the KSC vicinity about 1500 UTC quickly dissipates at that time and
convection offshore and near KSC is suppressed for the rest of the day. Some weak
convection is evident south of PBI in and between the Bahama Islands and southeast
Florida (Fig. 4.19c) that may be related to the weak area of upward vertical motion
shown in the vertical cross section south of PBI.

On 22 July, the MASS nested grid 6 h forecast vertical cross section for 1200
UTC the jet streak at about 200 mb (Fig. 4.13d) and can be seen in northwest Florida at
150 mb (Fig. 4.6d). The jet streak entrance region is now affecting the KSC weather by
producing upper level convergence and subsidence. Although little downward vertical
motion is seen in the cross section, the upward vertical motion is considerably weaker

than on previous days and covers a much smaller area. The visible satellite image for
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this time (Fig. 4.15) shows only the Rayleigh-Bernard boundary layer convection present
with the suppressed conditions. The strongest upward motion is at the southern most
part of the cross section where strong thunderstorms were occurring at this time (Fig.

4.19d) and were associated with the upper-level cold-core low.
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Figure 4.13. As in Fig. 4.10 except for (a) 1200 UTC 21 July 1991 and (b) 1200
UTC 22 July 1991.
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Figure 4.15. As in Fig. 4.11 except for 1200 UTC 22 July 1991.
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4.7  Nested Grid Moisture Enhancement Sensitivity Studies

Rawinsonde observations are normally the prime source of water vapor
measurements ingested into numerical models. These observations are of poor quality
for initialization of a mesoscale model. First, the horizontal spacing between rawinsonde
observations averages about 400 km while most mesoscale models have a horizontal
resolution on the order of tens of km. Second, accurately measuring the relative
humidity at a particular level depends on whether the sonde passes through a cloud or an
adjacent cloud-free region. Third, rawinsonde moisture sensors can have a slow
response to saturated layers that leads to an underestimation of relative humidity.
Finally, rawinsondes can underestimate moisture when areas of small scale precipitation
(convection) are located between rawinsonde release sites.

The representation of relative humidity in MASS is critical for determining how
well the model can forecast water vapor distribution during onshore flow. Since
rawinsonde data is not a sufficient source of moisture for MASS, the model allows for
enhancement of synthetic moisture in the initialization. The MASS synthetic relative
humidity scheme (MESO, Inc. 1995) allows for enhancement of manually digitized radar
data, satellite imagery, and visual observations of clouds (surface observations). Since
these synthetic sources of data do not measure or report relative humidity values, the
vertical profile of relative humidity must be inferred at a given location. This information

is then used to enhance the rawinsonde data for use in the model.
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To insert these moisture sources into MASS, one of the MASS modules ingests
a model-ready initialization file and changes the relative humidity field based on the
information inferred from the three sources of moisture data. The module then outputs a
new initialization file containing the updated relative humidity fields but leaves all other

variables unchanged.

4.7.1 Enhancement with Manually Digitized Radar (MDR)

When the manually digitized radar (MDR) data is enhanced into MASS the areal
coverage reported by each radar site and the echo level are analyzed onto the model
grid. Gridded analyses of areal coverage of precipitation and the radar VIP levels
(National Oceanic and Atmospheric Administration 1982) provide estimates of rainfall
rates for MASS. The VIP levels are assigned a value at the nearest MDR grid point
(having 40 km horizontal resolution). To help reduce the spreading of isolated
convection on the grid and before the values are assigned to the MASS grid, the data is
processed to set VIP = 0 when VIP levels < 2 surround convective cores with VIP > 4
and are adjacent to a grid point with VIP =0. To estimate cloud tops when infrared

satellite imagery data is unavailable, MASS will use the MDR data and the relationship:
0.91
6, =0.7-011(VIP) (4.2)

where Oy is the top of the model domain or 100 mb (MESO, Inc. 1995).
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4.7.2 Enhancement with Infrared Satellite Imagery
The infrared (IR) satellite imagery is used to determine the amount of cloud
cover in each grid box. The scheme incorporated in MASS is a simplified version of the

one used by Hamill et al. (1992) where a cloud is detected if:

A"Z:)bszzz'lr_T

obs

>T

thresh (43 )
where T, estimates the temperature which the satellite would observe under clear skies,
T, is the IR temperature the satellite observes, and T is an uncertainty in the
estimate of 7., and because T, is likely to be large when clouds are present in a
relatively dry, unstable atmosphere (MESO, Inc. 1995). With use of the IR data, the
height of the top-most cloud layer is calculated by matching cloud top temperatures with
atmospheric temperatures from the rawinsonde analysis. The cloud base in one of two
ways. If surface data is available and the cloud coverage is > 80%, MASS assumes the
cloud base coincides with the highest broken or overcast cloud base at the nearest
surface station. If surface data is unavailable or cloud coverage is < 80%, MASS
assumes the cloud base to be 500 m below cloud top (MESO, Inc. 1995). The satellite
imagery can also dry cloud-free areas. This is a critical procedure that significantly
affected the results of moisture enhancement in this work and will be discussed later.
The maximum relative humidity is set to 75% above cloud tops. Any point where the

satellite determined cloud fraction is < 100% but > 5% the relative humidity at any given

level cannot exceed the value calculated from:
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(3.0+ C0A33)
RH="—— (4.4)
40

where C is the areal cloud coverage (between 0 and 1.0) and RH is the relative humidity
(RH = 1 at saturation). At any point having a satellite-determined cloud fraction of <
5%, the relative humidity at any given level cannot exceed the mean plus one standard
deviation of the relative humidity from the clear skies category in the statistical database
(MESO, Inc. 1995). The final part of the satellite data enhancement is a scheme after
Adler and Negri (1988) to locate convective towers. This scheme in MASS finds all of
the IR temperature minima and then calculates a slope parameter for each. Each

convective tower is assumed to represent a 64 km’ saturated region.

4.7.3 Enhancement with Surfaced Based Observations

Surface observations are placed into cloud/weather categories based on the
height of each cloud layer, the cloud coverage, and the preceding hours’ weather. Cloud
bases < 1250 m above ground level are classified as low cloud, cloud bases > 1250 m
and < 4700 m above ground level are classified as middle cloud, and cloud bases > 4700
m above ground level are classified as high cloud. The cloud coverage is classified as
scattered, broken, or overcast. The weather is also classified into three categories:
either precipitation, no precipitation, or fog. After the surface observation is classified,
the relative humidity in a co-located sounding is interpolated to 32 levels starting at the

surface and incremented every 25 mb. Datasets were created and used to derive the
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statistical prediction equations of relative humidity values for each level in each
cloud/weather category. A root mean square error is used to identify levels which have
a satisfactory correlation and when the error is < 15%, the levels meeting the criteria are
blended into the rawinsonde analysis using the Barnes (1964) analysis scheme (MESO,

Inc. 1995).

4.7.4 Moisture Enhancement of the NCSU Nest Grid

Sensitivity studies were conducted using the nested grid and were based on
moisture enhancement from three different sources using five different schemes. First, a
baseline nest was run using the AMU grid and parameters with no moisture
enhancement. The baseline run was compared to a basic (no moisture enhancement) run
using the NCSU nested grid which included high resolution (9 km) SST data. The AMU
baseline run and the NCSU basic run water vapor distribution agreed quite well when
comparing relative humidity and average convective precipitation output. Relative
humidity at 700 mb was nearly identical over Florida bﬁt the AMU baseline missed some
higher values just east of Florida, an omission that‘ is probably due to smaller grid domain
used in the AMU baseline. The AMU baseline run produced less precipitatidn (averaged
over 6 h) than the NCSU basic run but generally placed it in the same region.

The rest of the NCSU nested runs consisted of adding one moisture source at a
time to each simulation and then adding all moisture sources to the last simulation. The

moisture sources that were introduced include the MDR data with 40 km resolution,
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GOES-7 infrared satellite imagery with 4 km resolution, and cloud observations from
conventional surface observations. Fig. 16a, b, ¢, and d shows the MDR data that was
enhanced into the nest, Fig 17a, b, ¢, and d shows the satellite data, and Fig 18a, b, c,
and d shows the surface observations.

To gauge the effects of moisture enhancement into MASS, the model-generaited
700 mb 6h forecast of relative humidity (RH) was compared to the 4 km IR satellite
images valid at the same time (not shown). Although comparing the 700 mb RH and IR
satellite imagery is not the ideal way to evaluate the model forecast, it is the best method
available since the 700 mb RH analyses are too coarse to show the small scale water

vapor distribution from the MASS nested grid.

4.7.4.1 No Moisture Enhancement - Basic Run

The first nest was run without any moisture enhancement (basic run) and the 6 h
forecast for 19, 20, 21, and 22 July (valid at 1200 UTC) is shown in Figs. 4.20a, b, c,
and d. The only moisture sources for the basic run were from the MASS coarse grid
first guess fields and the 0600 UTC surface observations (not the surface cloud

observation scheme as previously described).
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On 19 July, a region of convection can be seen in the satellite imagery from south
of KSC to the Bahama Islands in Fig. 4.19a which is well represented by the high RH
values in Fig. 4.20a in the same vicinity. Another convective area is seen in Fig. 4.19
southeast and south of Florida which the model represented quite well with the RH field.
The satellite image also shows convection off the southwest coast of Florida which the
model did not simulate in the RH field.

On 20 July, the developing rainbands of this active day in the KSC vicinity can be
seen east of Florida in the satellite imagery (Fig. 4.19b). There is also convection south
of West Palm Beach (PBI) and near Key West (EYW) off the southwest coast of
Florida. The basic run (Fig. 4.20b) has high RH values associated with the rainbands
near KSC and the convection off the southwest coast of Florida. The model did not
simulate the high moisture south of PBI evident in the satellite imagery.

On 21 July, the satellite imagery reveals a general high moisture region in the
southern part of the nest domain from the Bahama Islands westward to south of EYW
(Fig. 4.19¢). MASS did not simulate high moisture in the RH field anywhere in the
southern part of the nest domain (Fig. 4.20c). MASS did produce high RH values along
the Florida east coast near KSC and north of PBI. Although not resolvable by the
satellite image, some very small showers occurred near Patrick Air Force Base around

1200 UTC which is just south of KSC and also just north of KSC.
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91072170835 MANUALLY DIGITIZED RADAR 810722/0B35 MRNUALLY DIGITIZED RADAR

Figure 4.16. Manually Digitized Radar data with 40 km resolution enhanced into
MASS NCSU nest run for (a) 0635 UTC 19 July 1991, (b) 0635 UTC 20 July 1991,
(c) 0635 UTC 21 July 1991, and (d) 0635 UTC 22 July 1991. Nest grid domain is
shaded light yellow. MDR reflectivity echoes gray shaded and outlined. MDR
reflectivity echoes, tops, and movement as shown in National Weather Service
Radar Code User’s Guide, Federal Meteorological Handbook No. 7 (National
Oceanic and Atmospheric Administration 1982).




93

0600 UTC 21 JULY 1991 0600 UTC 22 JULY 1991

Figure 4.17. GOES-7 infrared satellite imagery with 4 km resolution enhanced
into MASS NCSU nest run for (a) 0600 UTC 19 July 1991, (b) 0600 UTC 20 July
1991, (¢) 0600 UTC 21 July 1991, and (d) 0600 UTC 22 July 1991. Nest grid
domain is outlined in white dashed box.
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Figure 4. 18. Surface cloud observations enhanced into MASS NCSU nest run for

(a) 0600 UTC 19 July 1991, (b) 0600 UTC 20 July 1991, (c) 0600 UTC 21 July
1991, and (d) 0600 UTC 22 July 1991. Nest grid domain is shaded light yellow.

Cloud observations are plotted as: amount of low cloud in tenths to upper left of
station and height of low cloud bases in hundreds of feet to lower left of station,

amount of middle cloud in tenths above center of station and height of middle

cloud bases in hundreds of feet below center of station, amount of high cloud in

tenths to upper right of station and height of high cloud bases in hundreds of feet

to lower right of station.
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1200 UTC 21 JULY 1991 1200 UTC 22 JULY 1991

Figure 4. 19. GOES-7 infrared satellite imagery with 4 km resolution for (a) 1200
UTC 19 July 1991, (b) 1200 UTC 20 July 1991, (¢) 1200 UTC 21 July 1991, and (d)
1200 UTC 22 July 1991. Nest grid domain is outlined in white dashed box.
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On the suppressed day at KSC (22 July), the satellite image shows most of
Florida to be convection-free except for the southwest corner and over the open waters
southwest and south of Florida (Fig. 4.19d). Very strong convection is occurring in the
soutﬁem Bahama Islands south of Nassau (MYNN). MASS shows general agreement
with the satellite observations and there is little moisture at 700 mb over most of Florida
(Fig. 4.20d). There are some values of RH > 70% south of Florida and near the Bahama
Islands but no high RH southwest of Florida. The model did well for the KSC vicinity
but missed the high moisture over the water. Without any moisture enhancement into
the model it might be expected to perform relatively poorly where there is no moisture
data with which to initialize the model.

The vertical cross sections from the basic run (Fig. 4.21a, b, ¢, and d) indicate
the relative humidity is greater than 70% every day in the boundary layer, a result which
is confirmed by the analysis (see Figs. 2.9a, b, ¢, and d vertical cross sections). Also, the
cross sections clearly show significant deep moisture on both of the active days (Figs.
4.21a and b).

On 19 July (Fig. 4.21a), the cross section shows the moisture layer is quite deep
from COF northward to JAX but more shallow south of PBI. The satellite image for
this time (Fig. 4.19a) shows active convection from COF south which indicates MASS
probably did not simulate a deep enough moist layer representative of this convection.

The cross section on 20 July (Fig. 4.21b), clearly stands out from the rest as

having deep moisture throughout the entire cross section. Although the relative
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humidity is not depicted as bands of convection as in the cross sections of vertical
velocity, it does show this day had the greatest extent of moisture both vertically and
horizontally which is in general agreement with the analysis (Fig. 2.9) and the satellite
image at the same time (Fig. 4.19b).

The cross sections for the passive and suppressed days (Fig. 4.21c and d) show a
significant reduction in moisture throughout the model depth. The relative humidity on
21 July (Fig. 4.21c) is extremely shallow but still maintains a significant horizontal extent
along the cross section axis. This follows the perception that this was a transition day
with some shallow weak convection in the morning followed by drying and suppression
of the convection a few hours later.

Finally, on 22 July (Fig. 4.21d), the model atmosphere has become significantly
drier with relative humidities > 70% confined to about 600 mb and below. It is
interesting to note the increase in moisture from about PBI south at 450 mb (= 60%) as
well as the area > 70% at the southern most portion of the cross section. The satellite
image (Fig. 4.19d) shows some convection east of PBI and significant convection
associated with the 150 mb cold low from offshore southern Florida into the Bahama

Islands (through the southern part of the cross section).
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Figure 4.20. MASS 700 mb 6 h forecasts of relative humidity (RH) from the basic
(no moisture enhancement) of the NCSU nest grid for (a) 1200 UTC 19 July 1991,

(b) 1200 UTC 20 July 1991, (c) 1200 UTC 21 July 1991, and (d) 1200 UTC 22 July

| 1991. Dashed black contours and green shaded regions denote relative humidity
at 10% intervals (shaded above 70%).




99

b

T \wwﬁ& T
. L (% 0" )

A= I e (O
35@&&“4 C} /m
E = (e
N
GSC;“\/‘“MS @‘ q ) o [ 30 m‘/
e
g5 e —
:s%ﬁ%%:ullliu\ﬁ|| TTllllilwﬁmla

JAX 910720/0€00F00E RELATIVE HUMIDITY (%) NG MOISTURE BOBUS

NN

20

L~ 10,
I
oy )} Go
) %«—’—\\_\— 2 \
qstﬁ_\ﬁ\"\ “ — (403
) 5 I G
/ and> ‘ 2

)
f(

Iax 910721/0600F006 RELATIVE HUMIDITY (%) NO MOISTURE BOGUS

d

1

i Lo/ \ /

:/\l \\‘:EV/IJ/‘—\)\ 10
256 /! L 20

: e |
as§/7/ n/,’—\\_/

E . P
o A ., > -
ssé’—*ﬁ __,__D\m/ %:\\\ '
::E\ 80 RQ <s0 p}’;k_\__
85| 8 70 @M < .ﬁ(’éﬂ%
ssg g EO o]
5. 29 Jon. 4 K‘%ﬁﬁmuluu llIIIIIIII}lllIf%ﬁﬁWJ

JAX

910722/0€00FGGS RELATIVE HUMIDITY (X} NG HOISTURE BOGUS

Figure 4.21. MASS nest grid 6 h forecasts of vertical cross sections from the
basic (no moisture enhancement) of the NCSU nest grid for (a) 1200 UTC 19 July
1991, (b) 1200 UTC 20 July 1991, (c¢) 1200 UTC 19 July 1991, and (d) 1200 UTC
20 July 1991. The cross sections were taken from Jacksonville, FL. (JAX) through
KSC, Patrick Air Force Base (COF), and West Palm Beach, FL (PBI) to just west
of the Bahama Islands orthogonal to the 150 mb jet streak and convective
rainbands. Solid black contours and green shaded regions denote relative
humidity at 10% intervals (shaded above 70%).
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4.7.4.2 Manually Digitized Radar (MDR) Moisture Enhancement - MDR Run

The MDR moisture enhancement shows only subtle differences compared to the
basic run on 19 July and does a slightly better job depicting convective activity as shown
in the 700 mb MASS 6 h forecast of the relative humidity field (Fig. 4.22a). There are
two main areas of interest where the MDR moisture enhancement did better. The first
area is off the southwest coast of Florida near EYW where convection is observed on
the 1200 UTC satellite image (Fig. 4.19a). The second area is along the Florida east
coast from just south of KSC to south of PBI which has an expanded area of 60%
relative humidity and three areas of relative humidity > 70%. This is in much better
agreement with the convection shown on the satellite image (Fig. 4.19a) than without
the MDR moisture enhancement.

On 20 July (Fig. 4.22b), the MDR enhancement was not much different than the
basic run. The general pattern of moisture distribution at 700 mb was about the same
except the MDR data resulted in the higher values of relative humidity covering a

slightly larger area north, east, and west of KSC. As in the basic run, the MDR

enhancement did not result in a depiction of high relative humidity at 700 mb associated

with the convection south of PBI (Fig. 4.19b). This could be because the MDR data
assimilated into MASS at 0635 UTC (Fig. 4.16b) only showed two isolated and weak
areas of precipitation from just southeast of Florida to the Bahama Islands.

There was little difference between the basic run and MDR assimilated run on 21

July (Fig. 4.22c) except for increased levels of relative humidity from PBI south and
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west to EYW which was a result of convection detected by radar in that area at 0635
UTC (Fig. 4.16¢).

On 22 July (Fig. 4.22d), the 700 mb relative humidity field is significantly
enhanced across the southern part of the nest grid. This is in good agreement with the
satellite image from the same time (Fig. 4.19d) where there is a large convective area
associated with the 150 mb cold low. The basic run (Fig. 4.20) only showed a couple
isolated pockets of high relative humidity associated with this convection. The MDR
from 0635 UTC (Fig. 4.16d) clearly showed a large convective complex in the southern
region of the nest grid which would account for the increased relative humidity depicted
by MASS with the MDR enhancement. There was no change in 700 mb moisture in the
KSC vicinity between the basic run and the MDR run.

The vertical cross sections from the MDR run (Fig. 4.23a, b, ¢, and d) are very
similar to the basic run with the exception of some greater resolution in the relative
humidity distribution including some higher values of relative humidity in some of the
higher concentrations of moisture.

On 19 July (Fig 4.23a), there is virtﬁally no difference due to MDR enhancement
except for an expanded area of higher relative humidity between COF and PBI between
800 mb and 650 mb which is a result of the convection depicted by the MDR at 0635
UTC (Fig. 4.16a) offshore east Florida. As in the basic run cross section, most of the
relative humidity is shallow (below 600 mb) except north of KSC where there was no

convection at 1200 UTC.
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On 20 July (Fig. 4.23b) the MDR run significantly enhanced the relative humidity
distribution depicting three distinct cores of relative humidity exceeding 80%. A more
banded-like structure can be inferred from this vertical cross section compared to the
basic run. This could be due to the banded appearance of the radar data from 0635 UTC
(Fig. 4.16a) that was assimilated into MASS. The structure of the rainbands aligned
from southwest to northeast is evident in the radar imagery as well as the 1200 UTC
satellite imagery (Fig. 4.19b).

The cross section for 21 July (Fig. 4.23¢) is also very similar to the basic run
cross section as far as placement of the relative humidity regions > 70%. The only
influence the radar data had on the relative humidity field output by MASS is to depict a
slightly deeper extent of the moisture south of PBI associated with the convection
detected in that region at 0635 UTC (Fig. 4.16¢).

Inclusion of the radar data on 22 July made a significant difference in depicting
higher relative humidities in the cross section south of PBI (Fig. 4.23d).associated with
the large convective complex seen on the satellite image at 1200 UTC (Fig 4.19d) and
detected by radar at 0635 UTC (Fig. 4.16d). The weaker area of convection shown on
the 0635 UTC radar between Florida and the Bahama Islands may be influencing the
high relative humidities in the KSC vicinity. As shown previously, the convection was
suppressed in the KSC vicinity all day and MASS is generating unrealistically high values

of relative humidity here.
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Figure 4.22. As in Fig. 4.20 except for the manually digitized radar (MDR)
moisture enhancement of the NCSU nest grid.
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Figure 4.23. As in Fig. 4.21 except for the manually digitized radar (MDR)
moisture enhancement of the NCSU nest grid.
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4.7.4.3 Infrared Satellite Imagery Moisture Enhancement - Satellite Run
The effect of the satellite imagery enhancement was very significant each day but
the model results were mixed. On 19 July, there was a considerable amount of existing
convection northeast of KSC and south of PBI into the Bahama Islands (Fig. 4.17a)
which was assimilated into the model initialization. This resulted in modél relative
humidities cdvering a larger area and with higher values at 700 mb (Fig. 4.24a)
compared to the basic and MDR runs. It is also much closer to the depiction of
convection in the 1200 UTC satellite imagery (Fig. 4.19a) which shows convection
south of PBI into the Bahama Islands. But there is also convection which has developed
south of KSC at 1200 UTC which is missed by the model. MASS 700 mb relative
humidities in the vicinity of this convection ranges from < 40% to about 55%. This
region of existing convective activity is much drier in the satellite run than either the
basic run or the MDR run. This is because the scheme MASS uses to enhance satellite
imagery can cause drying in the model atmosphere when no cloud is detected at the
initial time (see section 4.6.2).
| The scheme that causes the drying of the model atmosphere is very evident in the
relative humidity field at 700 mb on 22 July (Fig. 4.24b). Almost the entire nest grid
domain has relative humidity values < 70% except for an isolated area northeast of KSC
and west of EYW. This moisture field is totally unrepresentative of the convective
activity seen in the satellite image at 1200 UTC (Fig. 4.19b) but it is also obvious why

this occurred. The satellite image used to enhance the moisture into the model (Fig.
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4.17b) is almost completely void of convective cloud at 0600 UTC which would tend to
dry the model atmosphere from it’s state before the data enhancement. This clearly had
a detrimental effect on the model forecast for this most convectively active day by
grossly underestimating the water vapor.

The model forecast of 700 mb relative humidity for 21 July (Fig. 4.24c) was
about as good as the basic and MDR runs. This was the transition or passive day and
the 0600 UTC satellite image (Fig. 4.17c) used in the data enhancement looked about
the same as the 1200 UTC satellite image (Fig. 4.19¢c). Most of the convection at both
times was confined to the southern part of the nest grid and although the relative
humidity values are generally < 70% at 700 mb, there are large areas of relative humidity
> 60% indicating the satellite imagery helped moisten a larger area in the model forecast
compared to both the basic run and MDR run.

On 22 July (Fig. 4.24d), the satellite enhancement increased the relative humidity
in the model simulation over south Florida and into the Bahama Islands compared to the
basic run. This is the same region were moisture was enhanced by the MDR run. This
region of high relative humidities at 700 mb represents the large convective area in this
vicinity associated with the 150 mb cold low and can be seen on the satellite image at
1200 UTC (Fig. 4.19d). This convection was present when the satellite imagery was
assimilated into the model initialization at 0600 UTC (Fig. 4.17d). The KSC area
relative humidity was unchanged from the basic and MDR runs indicating relatively dry

air at this level.
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Figure 4.24. As in Fig. 4.20 except for the infrared satellite imagery moisture
enhancement of the NCSU nest grid.

The vertical cross sections from the satellite run are shown in Fig. 4.25a, b, c,
and d. The 19 July cross section shows more widespread moisture distribution both

horizontally and vertically compared to the basic and MDR runs. The relative humidity
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exceeds 90% near JAX at about 600 mb which is unlike the other runs and the regions of
relative humidity > 70% are deeper. The moisture south of PBI also has larger coverage
of higher values (> 80%) in the satellite run. This pattern would be expected after
examination of the 0600 UTC satellite image (Fig. 4.17a) which indicates middle to high
cloud between KSC and JAX as well as some convection south of PBI into the
Bahamas. MASS failed to correctly position the moisture since the convection at the
model forecast time was mostly occurring south of KSC and also south of PBI at 1200
UTC (Fig. 4.19a).

Because of the lack of clouds at 0600 UTC 20 July (Fig. 4.17b), the satellite data
enhanced into MASS acted to dry the model atmosphere which can clearly be seen in the
cross section for this day at 1200 UTC (Fig. 4.25b). There is a significant lack of high
relative humidities anywhere in the cross section on the most convectively active day.
Even though it was previously shown that the most significant upward vertical motion
was occurring at this time and the jet streak dynamics supported convection, the satellite
data enhancement proved to seriously adversely affect the model solution of water vapor
distribution.

On 21 and 22 July the satellite run cross sections (Figs. 25¢ and d) are nearly the
same as in the basic and MDR runs which indicates shallow moisture (below 650 mb)
generally from KSC southward on 21 July and shallow but scattered moisture on 22

July.
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Figure 4.25. As in Fig. 4.21 except for the infrared satellite imagery moisture

enhancement of the NCSU nest grid.
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4.7.4.4 Surface Cloud Observation Moisture Enhancement - Surface Run

As discussed in section 4.6.3, the data from the surface observations are not
directly assimilated into MASS but are incorporated through a fairly complex scheme
including a classification system, dataset comparison, and statistical prediction equations
to interpolate the surface data to a co-located sounding. Examination of the relative
humidity fields in both the 700 mb forecast (Figs. 4.26a, b, c, and d) and the vertical
cross section forecast (Figs. 4.27a, b, ¢, and) show little difference from the basic run
with no moisture enhancement. There are minor differences in relative humidity values
(within 10%) but the placement of the relative maximum and minimum values are nearly

identical.

4.7.4.5 MDR, Satellite, and Surface Cloud Observation Moisture Enhancement
Combined - Combined Run

The last sensitivity test was to enhance all three synthetic moisture sources into
the model fogether to see if the results would be superior to only using one of the
sources at a time. Singularly, the MDR run gave the best results and the surface run had
the least effect while the satellite run rendered mixed results.

On 19 July (fig. 4.28), the combined run produced the best results compared to

- the 1200 UTC satellite image (Fig. 4.19a). The highest values of relative humidity

correspond very well with the main convective areas in the Bahama Islands and
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southeast, south, and southwest of Florida. MASS still simulated very low relative

humidity fields at 700 mb where convection was occurring southeast of KSC and high

NEST RUN WITH SURFACE 0BS MOISTURE BOGU NEST RUN WITH SURFACE OBS MOISTURE BOGUS
810719/0600F00C6 700 ME RELATIVE HUMIDITY (%) 910720/0600F006 700 MB RELATIVE HUMIDITY (%)

w

3750 ¢ o
NEST RUN WITH SURFRCE OBS MODISTURE BOGUS NEST RUN WITH SURFARCE 0BS MDISTURE BOGUS
910721/0600F006 700 ME RELATIVE HUMIDITY (%) §10722/0600F006 700 MB RELATIVE HUMIDITY (%)

Figure 4.26. As in Fig. 4.20 except for the surface cloud observation moisture
enhancement of the NCSU nest grid.
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Figure 4.27. As in Fig. 4.21 except for the surface cloud observation moisture

enhancement of the NCSU nest grid.
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relative humidities north of KSC where convection was not occurring. These two
regions of error appear to be most similar to the satellite run and correspond with the
moisture distribution seen in the 0600 UTC satellite image (Fig. 4.17a).

On 20 July (Fig. 4.28b), the 700 mb relative humidity was very similar to the
convection pattern seen in the satellite image at 1200 UTC (Fig.‘ 4.19b). The relative
humidity pattern most closely matches the MDR run but the higher moisture over
southeast Florida may have been enhanced by the satellite data.

The 21 July combined run also showed promising results (Fig. 4.28c). The 700
mb relative humidities were considerably lower than any of the single parameter runs
which was much more representative of the 1200 UTC satellite image (Fig. 4.19c¢).
MASS depicted a few small regions of relative humidity > 70% south of KSC but some
weak convection did occur around 1200 UTC. Each of the other runs depicted either
higher relative humidities or larger coverage of similar values of relative humidity. On
this day the three different sources complimented each other well.

On 22 July (Fig. 4.28d), similar results were obtained as the moisture distribution
was better than any single moisture enhancement run. The KSC vicinity remained
relatively dry at 700 mb but the large area of convection in the southern part of the grid
domain was very well represented. This is mainly due to the MDR and satellite data
combined which, individually, did not cover as large an area with high moisture content

at 700 mb.
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Figure 4.28. As in Fig. 4.20 except for the combined MDR, satellite, and surface
cloud observation moisture enhancement of the NCSU nest grid.

Finally, the vertical cross sections for the four days from the combined run (Figs.
4.29a, b, ¢, and d) did very well representing the vertical (as well as horizontal) moisture

| distribution.
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On 19 July (Fig. 4.29a), the moisture associated with convection south of PBI
was deeper and of greater magnitude over a larger area than any of the other runs. This
is indicative of the MDR and satellite schemes working together. With infrared satellite
data available, the MDR cloud height relationship is not used and the cloud base and top
height determination defaults to the satellite imagery data, but the magnitude of the
relative humidity is obtained from both sets of data. As in all the runs, there was a large
and deep area of high relative humidity from COF to JAX but the only convection at
1200 UTC was just at the northern edge of the grid domain near JAX. However,
looking at the water vapor satellite imagery (Fig. 2.10a) indicates relatively high
moisture content north of KSC which may account for the mid-level moisture generated
by MASS based on rawinsonde data used in the coarse grid run.

The 20 July cross section (Fig. 4.29b) is most interesting as it is the only cross
section from this day to clearly indicate the existence of four distinct rainbands.
Although the MASS forecast does not place the depicted rainbands in the same location
as shown in the satellite image (Fig. 4.19b), there are three individual rainbands located
north of KSC, between KSC and PBI and adjacent to PBI with some weak convection
near JAX.

The cross sections for 21 and 22 July (Figs. 4.29¢ and d) also were the most
representative model forecasts indicating shallow moisture on 21 July, mostly south of
PBI, and mostly dry above 550 mb except for the relatively deep moisture at the

southern end of the cross section depicting convection associated with the 150 mb low.




116

P=ho &0

\

= ey

n
o

WP Pa a1 P4

o
@

2
&

o
&

65

. C PAFB PRI
JAX 916722/0EC00F00E RELATIVE HUNIGITY (%) MOR. SAT, SFC CLD MOISTURE BOBUS

Figure 4.29. As in Fig. 4.21 except for the combined MDR, satellite, and surface
cloud observation moisture enhancement of the NCSU nest grid.
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4.8  Model Precipitation Results

The precipitation fields generated in MASS come from the grid scale moisture
physics module using the prognostic moisture scheme. By using the prognostic moisture
scheme, conservation equations for cloud water and cloud ice (g.) and rain water and

snow (g,) added to the MASS basic set of prognostic equations. These equations are:

0 0 0 . O
—_q_c— =m (—‘u qC i qC - Gp qc + I)gci - Pced - Paut - Brcr + (Qc)d' (4'5)
or ox ay oc P b ~ - g H_,J
. ~ Y . Cloud Microphysics Lateral
Horizontal Vertical Effects Diffusion

Advection Advection

%:’"(‘“%“’%‘)“" 0. 2040 pp by (0), @O

ot ox Oy F oo, op i)
v J — e ——s . Cloud . Lateral
Horizontal Vertical Fallout Term Microphysics Diffusion
Advection Advection (Precipitation) Effects

Equation (4.6) simulates the amount of precipitation from the fourth term (fallout term).
The mass-weighted mean of the terminal velocity (v;) must be parameterized and is based
on whether or not the temperature of a layer is above or below 0°C. The fallout term is
integrated from the top of the model atmosphere downward and any condensate
reaching the bottom of the model’s lowest layer (the surface) is accumulated as

precipitation (MESO, Inc. 1995).
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Since it was shown in previous sections that the enhancement of moisture by
combining the MDR, satellite, and surface observations produced the best moisture
distribution results, only precipitation resuits from the combined run are shown.

The cumulative convective precipitation is shown in Figs. 4.31a, b, ¢, and d. The
precipitation was totaled over six hours = 3 h of 1200 UTC on each of the four days.
Most of the simulated precipitation is located over the Bahama Islands on 19 July (Fig
4.31a) with an area extending westward towards Florida north of PBI. This is in good
agreement with the 1200 UTC satellite image (Fig. 4.19a) which shows convection
widespread over the Bahama Islands with an area of convective showers extending
northwestward to north of PBI as well as some isolated convection near the southeast
Florida coastline. Offshore KSC and between KSC and PBI MASS simulated three
small areas of convective precipitation which is representative of the shower activity
shown on the reflectivity display from the CP-4 radar (Fig. 4.32a). As previously
shown, the convection was not quite as organized as on the most active day, yet
convection did develop offshore KSC as small convective cells which is what the MASS
simulated precipitation emulates offshore KSC.

On 20 July the MASS simulated precipitation clearly shows an organized pattern
in the form of two rainbands east and northeast of KSC (Fig. 4.31b). This is an excellent
simulation based on the convective cloud structure seen in the satellite image (Fig.
4.19b) as well as the CP-4 radar reflectivity (Fig. 4.32b). Although not well developed

at this time, there is one obvious rainband indicated on radar with a second one
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developing as shown in the figure. MASS also correctly simulated the convection along
the southeast Florida coast plus the large convective region northwest of EYW. MASS
simulated 27 mm of precipitation over 6 hours in the core of the convective complex
northwest of EYW where MDR indicated a maximum of VIP 5 with 49,000 ft echo tops
between 0935 UTC and 1335 UTC.

On the transition or passive day, MASS simulated considerably less precipitation
than either of the two active days. Fig. 4.31c shows the MASS simulated convective
precipitation scattered through the Florida Keys, Bahama Islands, and along and just
offshore the east-central Florida coastline. The satellite image (Fig. 4.19¢) confirms the
convection in the southern part of the nest grid domain but does not show convection
where MASS simulated precipitation from KSC south to near PBI nor offshore east-
central Florida. The CP-4 radar reflectivity does show some very small showers near
and just north of KSC plus offshore. These showers are so small the 4 km infrared
satellite image could not detect them. But MASS did simulate an area much larger in
éoverage over east-central Florida and on the order of the larger convection occurring
elsewhere at the same time, concluding MASS produced too much precipitation in the
KSC vicinity.

On 22 July (Fig. 4.31d), MASS simulated a few small pockets of precipitation in
the KSC vicinity yet there was no precipitation on this suppressed day, confirmed by CP-
4 radar (Fig. 4.32d). MASS did correctly simulate the precipitation occurring bet§veen

southeast Florida and the Bahama Islands associated with the 150 mb cold low.
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Figure 4.31. MASS 3-6 h forecasts of cumulative convective precipitation from
the combined moisture enhancement (MDR, satellite, and surface observation
data) of the NCSU nest grid for (a) 09-15 UTC 19 July 1991, (b) 09-15 UTC 20
July 1991, (c) 09-15 UTC 21 July 1991, and (d) 09-15 UTC 22 July 1991. Contours
of simulated precipitation accumulation are drawn and labeled every 3 mm.
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Figure 4.32. Plan Position Indicator (PPI) view of the 0.3° elevation angle scan of
reflectivity from the CP-4 Doppler radar for (a) 1305 UTC 19 July 1991, (b) 1306
UTC 20 July 1991, (c) 1228 UTC 21 July 1991, and (d) 1257 UTC 22 July 1991.
Reflectivity scale (dBZ) is shown.
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5. VISUALIZATION

Traditional meteorological data analysis has been two-dimensional, black and
white hardcopy. Only within the past few years have meteorologists moved from the
traditional analyses to full color graphics on computer systems. However, for the most
part, the data is still viewed in two dimensions. Significant skill is required to take the
two-dimensional horizontal or vertical cross sections of isolines and put the information
together to develop a “mental picture” of the atmosphere.

Use of visualization in meteorology is generally limited to research applications
because fhe hardware and ‘soﬁware required for visualization has been, until recently,
cost prohibitive for most users. As the cost of high power computer graphics
workstations drops and more user-friendly software is developed, this powerful tool will
be rﬁore accessible to operational users.

The Application Visualization System (AVS) (Advanced Visual Systems, Inc.
1992) was used for three-dimensional (3-D) graphics visualization in this research. AVS
is a state-of-the-science tool that has been used to help meteorologists examine
numerical model output including both analysis and verification (Schmidt and Snook
1992), quality control three dimensional data fields (Hartsough 1992), and visualize
complex circulations in the Earth’s atmosphere in four dimensions (Wylie 1993).

Since the key features presented in this research have been development of the
subtropical upper tropospheric jet streak and water vapor distribution, the visualization

will focus on these fields as well. MASS model output from both the coarse and nested
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simulations will be shown using the same grids as the other MASS output shown in
Section 4.

The GEMPAK grids produced from MASS are ingested into AVS via a software
package called GEMPAK Visualization System (GEMVIS) (Hagedorn 1993).
GEMVIS was designed for interactive analysis and three-dimensional visualization of
atmospheric data.

Once the grids have been ingested into AVS, the user has the capability to view
the data from any perspective by rotating the image on the screen via a mouse and
keyboard controls. Two examples of different perspectives are from the MASS coarse
grid for 20 and 22 July 1991. The first view is from the south side of the grid domain
looking north (Figs. 5.1a and b). The upper tropospheric jet streak is depicted as a 15
ms™ isosurface. Everywhere the gray shaded surface is observed indicates winds > 15
ms”. This view clearly shows the depth and orientation of the developing jet streak

between the active (20 July) and suppressed (22 July) days. It also shows that the left

exit region of the jet streak is above the KSC vicinity on 20 July (Fig. 5.1a) and the left

entrance region of the jet streak is above the KSC vicinity on 22 July (Fig. 5.1b). This

view is far superior to a two-dimensional vertical cross section because it gives the
meteorologist the opportunity to see the vertical extent and orientation of the jet streak
from any perspective without having to choose a cross section which may or may not

capture the feature of most interest.




124

[158 m /s Isesurfece — MASS 45 km Grid 951072000f18]

150
200

~
g
|

EXIT ENTR

i
/ |
400 | v
500 !
-~
g 860 !f

800

é”f“.‘lf = P !f

[15 m/s Isosurface — MASS 45 km Grid 951072200f17]

Figure 5.1 MASS coarse grid 12 h forecast visualized with the Application
Visualization System (AVS) for (a) 1200 UTC 20 July 1991 and (b) 1200 UTC 22
July 1991. The gray shaded areas represent the 15 ms” isosurface. The cyan
arrow represents the jet streak. The jet streak maxima is shown by the “J” and
“EXIT” depicts the jet streak left (south) exit region while “ENTR” depicts the jet
streak left (south) entrance region. The vertical scale (mb) is shown on the left.
The red dashed arrow indicates upward vertical motion and the blue dashed
arrow represents downward vertical motion based on the jet streak model
presented in this research.
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A perspective from above the grid domain better shows the horizontal extent of
the jet streak (Figs. 5a and b). This view also helps the meteorologist better see what
region of the map lies under jet streak to better discern how the transverse circulations
and vertical motions are situated relative to the location of interest. As in the previous
figure, it is evident that the KSC vicinity is under the influence of the left exit region of
the jet on 20 July and the left entrance region on 22 July. This agrees with the
conventional analyses presented in the previous sections but it is easier and faster to view

the 3-D fields as presented here.

[16 m/5 Isosurface — MASS 45 km Grld 91072200(13]

Figure 5.2 As in Fig. 5.1 except the view is now from a higher angle looking
down on the grid domain. The dark red line is drawn vertically to help show
position of KSC relative to the jet streak.
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The nested grid is first shown as a side view from the south side of the domain
looking north (Figs. 5.3a and b). The 6 h MASS nested grid forecast of the 75% relative
humidity isosurface shows how significantly deeper and more widespread the moisture
was distributed on the active day (Fig. 5.3a) versus the suppressed day (Fig. 5.3b).

From this perspective it shows the deepest moisture east of KSC over the Atlantic Ocean

150 . a

AR

S
[?6% EH Isosurface — MABS Nested Grid 91072008f06]

LOOKING TOWARDS NORTH

[?5% RH Isosurface — MASS Nested Grid 91072206{08]

Figure 5.3 MASS nested grid 6 h forecast visualized with the Application
Visualization System (AVS) for (a) 1200 UTC 20 July 1991 and (b) 1200 UTC 22
July 1991. The gray shaded areas represent the 75% relative humidity isosurface.
The dark red line is drawn vertical to help show position of KSC on the grid. The
vertical scale (mb) is shown on the left.
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on 20 July with mid-level moisture (about 800-350 mb) west of KSC. On 22 July, the
moisture appears to be more evenly distributed throughout the lower troposphere.

A top-down perspective will help determine the horizontal extent of the moisture
distribution. It is obvious that the greatest expanse of moisture on 20 July (Fig. 5.4a)
extends from the southwest corner of the grid domain through central Florida and
offshore KSC. However, a very large area of moisture in the lowest part of the
troposphere can also be seen in the eastern most part of the grid domain from the
Bahama Islands northward. This view also shows the breadth and depth of the moisture
is most significant from KSC eastward implying this region is most likely to experience
convection, as it did. On 22 July, (fig. 5.4b) shows most of the moisture is confined to
the southern part of the grid domain. As previously noted, this area experienced a
significant amount of convective precipitation due to the proximity of the upper

tropospheric cold low.

Any gridded meteorological field can be displayed with AVS. These few
examples demonstrate the effectiveness of 3-D visualization to allow quick interpretation
of meteorological fields. Forecasters would significantly benefit from the availability of
real-time 3-D visualization capabilities to use as an analysis tool. This, in turn, could

help provide a better nowcast in support of Space Shuttle launch and landing operations.




[75% RH Isosurface — MASS Nested Grid 91072008{06]

LOOKING TOWARDS NORTH

[?5% RH Isosurface — MASS Nested Grid $1072206{08]

Figure S. 4
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As in Fig. 5.3 except the view is now from a higher angle looking
down on the grid domain.




o
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6. SUMMARY AND CONCLUSIONS

To ensure safe landings of the Space Shuttle, flight rules demand very accurate
nowecasts (0-2 h forecasts) of clouds, precipitation, lightning, turbulence, and winds at
the Shuttle Landing Facility at KSC for Space Shuttle launches and for landings at
mission end. Rapid small scale development and dissipation of convection caused by the
mesoscale impact of Cape Canaveral’s geography result in a forecast challenge.

The general pattern of convection over the Florida Peninsula is directly related to
the synoptic wind field and the interaction of sea breeze fronts. Experience has shown
that short term forecasting of convective activity in the vicinity of KSC during onshore
flow is a particularly challenging problem since it is frequently not associated with sea
breeze and land breeze activity. Seemingly similar synoptic regimes are present in cases
that produce conditions ranging from clear skies to heavy showers.

Through analysis of four days of onshore flow data taken during the CaPE
experiment, this research has shown that the onset of convective activity can be
particularly difficult to predict without looking at some very specific parameters. The
data presented has shown that, in general, similar synoptic environments are present in
the KSC vicinity on all four days that produce two active, one passive, and one
suppressed convective day at KSC. To discern the critical features that show there are
some significant dissimilarities between each of the four days a careful regional analysis

was required.
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Low-level convection is initiated at the apex of Rayleigh-Bernard cells and most likely
organized into longitudinal rainbands by mixed mode wave-CISK. The orientation of
the rainbands is determined by the shear in the rainband layer and buoyancy is the
primary energy source to maintain the rainbands.

The dynamics of a developing subtropical jet streak at 150 mb were precipitated
by an increased pressure gradient in the upper troposphere due to the northwestward
movement of an upper-level cold core low into Florida from the Bahamas Islands which
was associated with the tropical upper tropospheric trough. This led to a shift from an
upper-level divergent pattern to an upper-level convergent pattern. Based on these
dynamics, the total column mass adjustment over central Florida supported upper-level
divergence with coupled low-level convergence on the convectively active days of 19
and 20 July. On 21 and 22 July convection was suppressed and the regime was opposite
of the two active days. Rawinsonde observations supported the regional analysis and
showed that early in the period the flow at low levels was more predominantly
southeasterly while later in the period it was more easterly or east-northeasterly. This
reflected a more confluent lower branch of the deep circulation early in the period
gradually transforming into a more diffluent lower branch of the deep circulation later in
the period. It is the transverse circulations associated with the uppér tropospheric jet
streak that distinguishes between the active and passive days.

The use of water vapor imagery supported the observed wind maxima aloft and

resulting upper level convergence and downward vertical motion. Although water vapor
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imagery should not be used as a stand-alone tool, it can be used in conjunction with the
other analysis methods identified and discussed to help predict location and timing of
convection during easterly flow regimes.

The need for improved measurement of water vapor downstream from KSC was
discussed. It was shown that the Global Positioning System can provide accurate all-
weather measurements of atmospheric water vapor with higher. temporal and horizontal
resolution. It may be possible to improve KSC nowcasts by placing GPS receivers at
fixed locations downstream of KSC to measure water vapor.

The MASS model was used to simulate the large scale dynamics by running the
model with a 45 km (coarse) grid. MASS correctly simulated the movement of the
upper tropospheric cold low which was responsible for development of the 150 mb jet
streak. The jet streak-associated transverse ageostrophic circulations were well
simulated by the model.

Nested MASS model simulations successfully simulated the patterns of
convective precipitation and distinguished active and passive days. Enhancing the
initialization of the nested simulations with synthetic relative humidity sources showed
that:

@A) manually digitized radar data increased the moisture in the model

atmosphere every day.
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(i)  infrared satellite imagery increased the moisture in the model atmosphere
only when could was present but (incorrectly) decreased the moisture when cloud was
not present.

(iii)  surface cloud observations showed little change in the moisture
distribution.

(iv)  all synthetic relative humidity sources combined provided the best
moisture initialization.

Three-dimensinal visualization techniques allow quick interpretation of any
meteorological field. The fields can be easily rotated and viewed from any angle on a
computer screen with a mouse and keyboard controls. This can eliminate the necessitity
for numerouos horizontal and vertical cross sections which may or may not correctly
show the meteorologist the correct area of interest. By using 3-D visualization, the
meteorologist can see an entire domain at once and focus attention immediately on the

region of primary concern to the forecast.
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7. RECOMMENDATIONS AND FUTURE RESEARCH

It is recommended that a climatological study of onshore flow days at KSC be
undertaken. Using this research as a guide, the climatological study should verify the
role of the subtropical jet during weak summertime regimes and the resulting trends in
water vapor distribution on active and suppressed convection. A climatology of onshore
flow will test the hypothesis that subtropical wind maxima must be scrutinized and
related to the water vapor distribution when assessing convective instability triggers and
static stability indices.

Installation of GPS receivers downstream of KSC will improve data analysis as
well as a mesoscale model. The convective rainbands that formed during the easterly
flow event investigated were on a scale much smaller than normally resolved by current
hydrostatic mesoscale models. Mesoscale data are currently limited in horizontal
resolution to the spacing of the rawinsonde network which is used to initialize mesoscale
models like MASS. Kuo et al. (1993) indicated that assimilating precipitable water
vapor observations into mesoscale models significantly improves precipitation forecasts
(Businger et al., 1995).

To make continued progress in short-term forecasting for Shuttle activity,
ongoing research in the application of new data sources (GOES-8, WSR-88D Doppler
radar) in operational forecasting is recommended. Integrated moisture data and

refractivity profiles from ground and space-based Global Positioning System (GPS)
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receivers represent promising new data resources (Businger et al. 1995). Assimilation of
GOES-8, Doppler radar and GPS data into mesoscale numerical models of increasing
resolution (e.g., Zack et al. 1988) may result in tangible improvement in our ability to
nowcast convective activity in the vicinity of KSC.

Further development of visualization techniques should be undertaken to help
meteorologists view atmospheric data in 3-D. Interpretation of 3-D data can allow the
meteorologist to more quickly determine areas and parameters to focus on. Software
needs to be developed to provide meteorologists with a more “user friendly” interface to

access 3-D visualization.
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