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tions in the patterns of surface, 500 mb relative humid-
ity, precipitable water, and thunderstorm forecasting di-
agnostics such as the lifted and K indices. These were the
response to the organized mesoscale updrafts in the sea-
breeze frontal zone (up to 50 cm s~1) as resolvable with
this mesh size. These initial case studies indicated suffi-
cient model skill to proceed onward to operational testing.

During 1987, we conducted an Experiment Forecasting
Program (EFP), believed to be the first extended opera-
tional test of a mesobeta-scale meteorological model to
forecast point-specific thunderstorm occurrences (Lyons
et al., 1992a). The model was installed on the Univer-
sity of Minnesota CYBER 205 computer. Since the large
number of competing users prevented our meeting dead-
lines when running in a 3-D mode, the final configuration
was a 2-D plane, east-west across central Florida at the
latitude of KSC. The Az was 7.5 km. There were 28
vertical levels extending from 4 m to 6500 m. The run
time was 180 seconds once access to the machine became
available. The model was initialized using the 1200 UTC
KSC rawinsonde ascent, along with an empirical estimate
of soil moisture. The model produced various output,
including height/time cross sections of wind, mixing ra-
tio and potential temperature at several locations, and
(space-time) XT sections of key parameters such as the
t-component of the wind (for tracking sea breeze pene-
tration), maximum frontal vertical motions, and a variety
of thunderstorm prediction diagnostics. Extensive radar,
lightning, ground, satellite, and mesoscale wind network
data were catalogued for over 50 forecast days. A ‘blind
test’ was conducted to ascertain the degree to which re-
liance on the model output guidance could improve the
forecast for thunderstorms at X68 during the period, 1660
UTC through 0000 UTC. Forecast verification was based
on thunder being heard by the X68 observer. The blind
tester first prepared a forecast using the suite of synop-
tic and mesoscale data routinely available to a KSC fore-
caster through 1600 UTC. Forecasts were then remade,
using the model output as guidance, for the probability of
thunder at X68, the time of first thunder, the onset time
and penetration of the East Coast sea breeze (ECSB), the
maximum temperature at X68 during the afternoon, etc.

Since our principal focus was the prediction of thun-
derstorms, especially at X68, we tabulated the frequency
of thunderstorms during the EFP days. Fully 95% of each
of these days (here defined as 1400-0000 UTC) had at least
one thunderstorm cluster over peninsular Florida. In the
much smaller KSC Strip-(an east-west band 83 km high
and 450 km wide), 82% had a thunderstorm. This num-
ber drops to 69% over the area within 25 miles of X68.
The point thunderstorm frequency was 42% at X68 itself.

The strongest emphasis was placed on the blind test
forecast experiment. The questions addressed here were
twofold: (1) how accurate are model-assisted SB thun-

derstorm forecasts, and (2) are there significant improve-
ments over the same forecast made by existing conven-
tional methods? In simple terms, does the availability
of guidance from a mesoscale numerical model buy one
anything? An evaluation of the forecasts can be derived
from signal detection theory, and considerations of the
Probability of Detection (POD), the False Alarm Rate
(FAR), and the Critical Success Index (CSI). A perfect
set of forecasts is represented by POD = CSI = 1.0 and
FAR = 0. The blind tester’s forecasts without and with
the model guidance are detailed in Table 1. For X68 fore-
casts, substantial improvements in POD (0.48t00.91) and
CSI (0.42 to 0.70) were recorded. There was a slight ten-
dency to overforecast thunder at location X68, as noted
by a FAR increase from 0.10 to 0.23 (still relatively low
values). Substantial improvements also were noted for
thunderstorms within 25 miles of X68 and in the KSC
Strip. In addition to noting categorical Yes/No forecasts,
we evaluated the ability of the forecaster to predict the
timing of the onset of thunder at X68. During 1987, ten
thunder events were predicted within 30 minutes. The
average model onset time of the ECSB was 1441 UTC
versus an observed 1445 UTC. There was little bias, as
17 days were too early versus 15 days too late. Fourteen
days were predicted within £0 minutes. The largest er-
ror was three hours (on a day when, in retrospect, the
soil moisture coefficient employed appeared far too wet).
The maximum temperatures at X68 were within 2°C on
each of the 54 days. The blind tester was able to improve
the timing forecasts in 62% of the cases (24 out of 39
forecasts were better, with 7 remaining the same). The
EFP demonstrated the validity of the assertion by Koch
(1988) that the mesoscale numerical model helps fill the
gap between the nowcast’s extrapolations and the guid-
ance which might be available from the synoptic forecasts.
As also pointed out by Koch, the utility of such a model
is strictly limited to those situations where synoptic-scale
effects and pre-existing mesoscale circulations are not im-
portant in the evolution of the sea breeze. Yet, by be-
ginning with a comparatively simple model and applying
it under ideal conditions, we at least are able to demon-
strate that the mesoscale model has a place within the
operational forecasting techniques of the 1990s.

The comparative homogeneity of the sea breeze in the
north-south direction allowed the 2-D simulations to pro-
vide useful simulations of the larger-scale (%10 km) con-
vective response to sea-breeze forcing. Had today’s ad-
vanced workstations been available for the EFP, a ded-
icated platform could have produced full 3-D forecasts
at Ax = 3 km over the KSC region. However, in 1987,
the EFP was constrained to use the 2-D model configura-
tion due to the then limitations in computing resources.
Would the results have been different if the 3-D configu-
ration had been used to produce the forecast guidance?
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Table 1: Results of the 1987 Experimental Forecast Program Blind Test. The Signal Detection Theory False
Alarm Rate (FAR) is defined as the ratio of false alarms to the total number of observed non-occurrences of the
event. This is different from the National Weather Service False Alarm Rate (FAR). which does not incorporate
the correct forecasts of non-occurrence and therefore does not credit the forecaster with any skill in forecasting the
non-occurrence of an event. A perfect set of forecasts is shown by POD = CSI = 1.0 and a FAR = 0.

POD = Probability of Detection | FR = False Alarm Rate ]| CSI = Critical Success Index
W/0O Model W/Model W/0 Model | W/Model || W/O Model ‘W/Model
AT X68 0.478 0.913 0.100 0.233 0.423 0.700
25 Miles of X68 0.543 0.833 0.167 0.176 0.500 0.769
KSC Strip 0.756 0.854 0.333 0.111 0.705 0.833

On the scale of the main sea-breeze storms with relatively
simple synoptic situvations and straight shorelines, 3-D is
not a critical requirement. On the other hand, to resolve
smaller-scale features, such as localized flows onto Merritt
Island, the main island on which KSC is located, a 3-D
approach appears warranted. Thus, in the EFP, smaller-
scale convective storms such as those triggered by conver-
gence onto Merritt Island and Cape Canaveral were not
resolved.

In a follow-up study, the effect of horizontal mesh
size and dimensionality in resolving local wind patterns
over the KSC region was investigated using RAMS. On 7
November 1988, light northwest flow around a high pres-
sure system dominated central Florida. An early morning
land breeze soon gave way to a well defined ECSB by
1000 LST, which penetrated about 10 km inland. The
3-D, non-hydrostatic, non-condensing implementation of
the RAMS model included three nested grids (9 km, 3
km, and 1 km Ax) over central Florida. Figure 12a shows
the RAMS wind field at 1200 LST, as resolved by the 9
km (coarse) grid. The ECSB is clearly defined. Yet de-
tailed analyses of the 50-station KSC mesonetwork winds
revealed, in addition to the ECSB front, strong regions of
localized convergence onto Merritt Island and, to a lesser
extent, Cape Canaveral. This was accompanied by dif-
fluent flows from the Indian and Banana River estuar-
ies often referred to locally as river breezes. Figure 12b
shows the RAMS-computed wind field as resolved by the 1
km innermost mesh with the observed features duplicated
with considerable fidelity. The peak upward vertical mo-
tions in the local circulations resolved by the model were
similarly a strong function of mesh size, ranging from only
about 30 em s~! at 9 km to 177 cm s~* (in the ECSB
front) at 1 km. Organized mesoscale updrafts on the or-
der of 50 cm s™! were sustained over Merritt Island for

several hours. Figure 12c shows the east-west/vertical mo-
tion streamlines in an east-west plane through the K5C
region. Again, at 9 km, only the ECSB circulation is re-
solved, whereas at Ax = 1 km the complex flow patterns
resulting from the ‘heated islands’ embedded within the
main sea-breeze cell are clearly in evidence.

Such intense and persistent regions of organized meso-
scale ascent and descent have major potential impact upon
mesoscale air pollution dispersion. The LPDM was em-
ployed to visualize the dispersion of a plume into the
ECSB inflow released from a 2 m high railway bridge over
the Indian River. Figures 13a and b show this plume
six hours after the start of the release at 1100 L5T. In the
plan view, the plume appears to bifurcate into two distinct
branches. An elevated perspective from the southwest
helps clarify the mechanisms involved. The plume ini-
tially advected inland to the southwest within the ECSB
inflow layer. Upon reaching the strong updrafts of the
ECSB front, it then was transported aloft in this narrow
(1-2 km wide) chimney of updrafts. Part of the plume was
re-entrained back into the ECSB inflow by strong subsi-
dence over the Indian River. It them underwent ‘second
trip fumigation’ over the shoreline some 20 km south of
the source. The other branch of the plume was trans-
ported sufficiently far aloft to enter the return flow en-
hanced gradient wind and headed east-southwest. The
schematic in Figure 13c illustrates these features. At-
tempts to model such a plume using diagnostic wind fields
from surface layer wind measurements would be largely
unsuccessful. During 1993, a prototype operational Emer-
gency Response Dose Assessment System, using RAMS
on a workstation, will be installed to predict KSC region
winds (using Ax = 3 km) and will be applied to drive
local LPDM-based dispersion models.

In the above case, clouds did not form because of the
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Figure 12: Impact of model horizontal mesh size on resolving structure in coastal wind fields. (a) At Ax = 9 km,
the large-scale Florida east coast sea breeze (ECSB) is well defined in the RAMS model results, but little
impact of the complex coastline around the Kennedy Space Center is defined. (b) The model run with a Ax
= 1 km over KSC, in addition to the Atlantic sea-breeze front on the mainland, distinct areas of convergence
over Merritt Island and Cape Canaveral are predicted. (c) Streamlines of the UW flow in an east-west plane
through XSC showing only the circulation of the ECSB. (d) The UW streamlines over KSC at Ax = 1 km
reveal a much more complex structure induced by the islands and estuaries of the KSC region.
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Figure 13: (a) Plan view at 1700 T.ST on 7 November 1988 of an LPDM-predicted particle plume from a continuous
release, beginning at 1100 LST from a 2 m source located over the Indian River. (b) The same plume, but seen
from a southwesterly perspective, revealing the vertical translocation and bifurcation of the plume induced
by the regions of organized mesoscale vertical motion. (c) Schematic of the bifurcating plume shown in the
previous figure. The plume from the low-level source initially moves inland in the ECSB inflow. It rises rapidly
in the strong updrafts in the sea-breeze front over the Florida mainland. Sume of the plume matter subsides
back into the sea-breeze inflow due to strong subsidence over the Indian River and then impacts the surface
as it moves inland again some 20 km south of the source. The other branch of the plume, ejected higher into
the gradient flow, drifts almost due eastward as it exits the region.

unusually dry nature of the air mass. During the May
through September period, thunderstorms other than those
triggered by the larger-scale sea breeze impact the KSC
region. The Merritt Island Thunderstorm (MIT) has been
identified as a storm which often develops in late morning
due to the localized convergence onto the 10 km wide
island (Lyons et al., 1992c). Analyses of satellite, radar,
lightning, and wind convergence data suggest that on as
many as 66% of sea-breeze days the island affects local
convective cloud formation. On 13% of the days stud-
ied, thundershowers, separate and distinct from the larger
sea-breeze convective lines found inland, formed over the

island. The MITs formed earlier, but were shorter in du-
ration and had less rain, lightning, and wind gusts than
their ECSB counterparts which move over the island later
in the day. Yet their localized nature — and often marginal
state of electrification — cause significant forecast prob-
lems. Work hours lost during the summer months within
8 km of the major launch complex due to overly conserva-
tive, yet prudent lightning warnings can amount to 10%
of labor costs.

Current forecast experiments with newer nested grid
versions of RAMS, using explicit representations of cloud
microphysics suggest that multiscale convective responses
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to complex coastal topography can indeed be successfully
resolved (Lyons et al., 1992b). Using a 9-3-1 km nest,
the conditions over central Florida were simulated for 27
August 1987. This day, which had very light southeast-
erly flow in the boundary layer, was typical of those days
experiencing MITs. A high resolution satellite image at
0930 LST showed the developing ECSB clouds, .as well
as the already precipitating MIT clouds over the KSC is-
lands which were drifting inland. RAMS simulated this
region. Using a visualization package (savi3-D, available
from SSESCO, Minneapolis, MN) the RAMS predicted
clouds were displayed as pseudo-satellite imagery. As ev-
ident in Figure 14, there was a strong similarity between
the observed and simulated. Other aspects of the MIT
storm (height, radar reflectivity, rainfall, duration, etc.)
maiched the actual weather patterns with encouraging
skill. This experiment suggested that in order to resolve
both the ECSB and MIT convection using explicit micro-
physics, RAMS should be corfigured in 3-D and have a
Ax < 2 km.

Figure 14: (a) LANDSAT image at 1430Z UTC on 27 Au-
gust 1987 showing convection on the ECSB as well as the
developing Merritt Island Thunderstorm, and (b) visual-
ization of RAMS-predicted convective clouds at approxi-
mately 1600 UTC.

The RAMS simulation of the MIT storm ran with a
17:1 ratio to real-time using an IBM RS/6000-320H work-
station. Yet with advances in software efficiency, and es-
pecially price/performance ratios for workstations, such
simulations can be made in less than 1/3 real time, paving
the way for operational applications (Lyons et al., 1992d).

3.5 Lake Michigan

Models such as RAMS are now becoming widely used
to provide meteorological input into local and regional
acid deposition and photochemical oxidant models. The
Lake Michigan Ozone Study (LMOS) conducted a major
monitoring program during the summer of 1991. LMOS
aims to derive regional emission control strategies with
the assistance of an advanced photochemical grid model
initialized using prognostic meteorclogical and emissions
models. During the 1980s, the LMOS domain experiences
213 days when one or more monitors recorded ozone in ex-
cess of 120 ppb. During the summers of 1987-1988, the
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Figure 15: RAMS predicted surface layer (28 m) wind streamlines at the four mesh sizes (80, 16, 4, and 1.33 km)
used for the LMOS domain simulations of the 22 July 1987 ozone episode. A lake-breeze front is present along
the western shoreline, penetrating only a few km inland by 2100 UTC. The inflow layer was no more than
200-250 m deep.
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number of exceedance days (< 120 ppb hourly-average
ozone) at individual monitors varied from 0 to 26 days.
Sites within 20 km of the lakeshore experience exceedances
4.5 times more frequently than inland sites as well as have
higher ozone maxima. Analyses show that high ozone
episodes typically occur when 2 slow moving anticyclone
is located south and east of the region. These are also fa-
vored conditions for lake breeze development. Lyons and
Cole (1976) demonstrated that in southeastern Wisconsin
there was a strong association between high ozone and
lake breezes. Monitoring data suggested that the highest
~ surface concentrations were in a relatively narrow band,
perhaps 10~20 km wide, running parallel to, but slightly
inland from the lakeshore. Aircraft measurements have
indicated elevated ‘pools’ of ozone over the lake, typically
in the 300 to 1500 m AGL layer. Previous air pollution
field studies along the western shore of the lake noted the
tendency of tetroons released into lake-breeze inflows to
travel in broad, quasi-helical vortices roughly parallel to
the shoreline in the direction of the north-south compo-
nent of the mean gradient wind. This suggests that a
portion of the pollutants ejected into the elevated return
flow layer at the front were subsequently re-entrained into
the inflow layer. Given that quasi-helical trajectories do
occur, how significant are they in the ozone enhancement
process?

A version of RAMS has been used to simulate lake-
breeze flows on days associated with high regional ozone
levels. Since multiday episodes were frequent, the outer
domain of the model included virtually the entire United
States at 80 km mesh size. This allows synoptic scale
features, in which the lake breeze are embedded, to be
properly handled within the model. Non-homogeneous
initialization and outer time-dependent boundary condi-
tions were provided using analyses from the NMC in grid
point form. Four-dimensional data, assimilation was used
at six-hour intervals using NMC grid point data, rawin-
sondes, and local observations. The inner nests were at
16 km, 4 km, and along the western shore of lake, 1333
m. An example of the computed surface layer flow fields
is presented in Figure 15.

During the summer of 1991, a large-scale field mea-
surement program was conducted over the Lake Michi-
gan region. This provided the opportunity to conduct a
mesoscale SFg tracer program in order to better under-
stand the nature of the flow regimes, especially along the
western shoreline. On 16 July 1991, a very shallow lake
breeze (resembling that shown in Figure 14) penetrated
only 4-5 km inland. Tracers released into the 200 m deep
inflow at a shoreline location initially drifted inland. In-
strumented aircraft revealed that after some 10-15 km
travel, almost the entire plume was transported. aloft in
the frontal updrafts. Thereafter, it spread northeastward
in the stable return flow, while portions slowly subsided

back into the inflow layer.
3.6 Kuwait simulations

RAMS was used to conduct simulations of the trans-
port and dispersion of the smoke plumes emitted from
the Kuwait oil fires (Walko and Pielke, 1991). Two cases
for study were selected based on the availability of good
quality satellite and aircraft observations of the plume: 3
March 1991 and 29 March 1991. For each case, RAMS was
initialized over a large domain (approximately 4000 km x
4060 km) surrounding Kuwait from atmospheric data at
least 24 hours prior to the observations of the plume. A
nested grid with a 20 km horizontal grid spacing was in-
serted in the Kuwait and Persian Gulf region, and in some
sensitivity experiments, a finer grid with 5 km spacing was
placed over Kuwait itself. The simulations demonstrated
a strong influence of the nearby Iranian highlands in in-
ducing mesoscale daytime and nocturnal slope flows which
influenced the smoke transport. The simulated transport
of the plume for the two cases was in good agreement with
observations.

4. CONCLUSIONS

This paper demonstrates current capabilities in mete-
orological modeling as applied to air quality studies and
local weather forecasting. The models discussed includes
the Colorado State University Regional Atmospheric Mod-
eling System (RAMS) and one of its predecessors, and
a mesoscale model developed by Uliasz (1992), but sev-
eral other similar models of this type exist in the United
States, France, Germany, and elsewhere. The ability to
represent atmospheric flows in complex terrain provides
an improved assessment ability for air quality assessments
since atmospheric dispersion must be properly simulated
before accurate air chemistry calculations can be performed.

Examples of the use of mesoscale models to simulate
dispersion for a range of different geographic areas and
weather patterns were considered in this paper. - These
include mountainous areas in Virginia, the southern Lake
Michigan area, and the Kennedy Space Center. The influ-
ence of deep cumulonimbus on the movement of pollution
is introduced. The availability of high performance work-
stations with computational capabilities on the order of a
Supercomputer permit these calculations to be performed
locally.
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