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INTRODUCnON

The Regional Atmospheric Modeling System (RAMS) developed at Colorado State
University is being widely applied in regulatory, operational forecasting and emergency response
programs (Pielke et al., 1992). Its two-way nesting capability facilitates use of the model over
relatively small regions employing a very fine innermost grid while at the same time treating the
influences of inhomogeneous and time variable synoptic fields within which the mesoscale
perturbations develop. RAMS has been applied using horizontal mesh sizes (l1x) from as large as
100 km to only 1 meter. The model predicts the basic state variables (U,V,W wind components,
pressure, temperature and mixing ratio) as well as a wide variety of derived products, including
planetary boundary layer (PBL) depth. RAMS also drives an advanced dispersion code called

, HYP ACT ~brid~article ~nd Concentration Iransport). HYP ACT disperses emissions from a
variety of source types using both Lagrangian particle and Eulerian methodologies (Lyons et al.,

i 1993). Two recent RAMS applications will be summarized.

~ THE LAKE MICHIGAN OZONE STUDY

In spite of stringent emission controls, numerous exceedances of the U.S. ozone air quality
standard have continued in the Lake Michigan region, especially during the very hot summers of
1987 and 1988. Analyses revealed that exceedances of the 120 PPB hourly standard were 400% more
likely at monitors located within 20 km of the lake shore. While the role of Lake Michigan in
exacerbating regional air quality problems has been investigated for almost 20 years (Lyons and
Cole, 1976) the relative impacts of various phenomena upon regional photochemical air quality
have yet to be quantified. In order to design a defensible regional emission control policy, LMOS
sponsored the development of a comprehensive regional photochemical modeling system (Koerber
et al., 1991). This system is comprised of an emission model, an advanced regional photochemical
model, and a prognostic meteorological model.

The prognostic meteorological model component for LMOS is called CAL8RAMS, the
.c.hicago ~nd 1ake Michigan configuration of RAMS. (Pielke et al. 1992). CAL8RAMS is a non-
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Figure 2. (upper right) CALeRAM5-predicted
surface layer temperatures, 2°P isotherms, at
0000 UTC 17 July 1991.

Figure 1. (upper left) CALeRAM5-predicted
sea level pressure field, 0000 UTC 17 July 1991,
2 mb isobars. This is the domain for the
outermost grid which used a 32 kIn ~x.
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SETTING DATE 19910716 180000

NUl-lBER OF POSSIBLE OBSERVATIONS: 923
NUl-lBER OF OBSERVATIONS: 685

AVERAGE OF OBSERVATIONS: 4.38
STD DEV OF OBS: 2.02

AVERAGE OF PREDICTIONS: 4.05
STD DEV OF PRED: 1.66

MAXIMUM OBSERVATION VALUE 14.90
MAXIMUM PREDICTED VALUE: 9,03
MINIMUM OBSERVATION VALUE 1.00
MINIMUM PREDICTED VALUE: .03
MEAN ABS DIFFERENCE (P-O) 1.39

STD DEV OF ABS DIFF: 1.36

THE REMAINING STATISTICS ARE COMPUTED THROWING
OUT VALUES WHEN THE ABSOLUTE DIFFERENCE OF
PREDICTED MINUS OBSERVATIONS IS GREATER THAN
TWO STANDARD OF DEVIATIONS FROM THE MEAN
ABSOLUTE PREDICTED MINUS OBSERVATION DIFFERENCE
===============================================

AVERAGE ERROR: -.24
RMS ERROR: 1.28

AVERAGE BIAS: 2.56'
NMSE: .0037

AVERAGE GROSS ERROR: .31
FRACTIONAL BIAS: -.06

INDEX OF AGREEMENT: .79
HISTOGRAM (PREDICTED-OBSERVATION)
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Figure 4. Statistical summaries of model
performance evaluated at routine hourly
aviation weather reporting stations in the
eastern United States.

Figure 3. Tool for evaluating the CAL-RAMS
32 km grid output by plotting the predicted
minus observed differences at hourly surface
weather reporting stations.
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hydrostatic, 3-D, primitive equation code using multiple two-way nested grids. It allows a variety
of options for treatments of surface energy budgets, radiation, cloud processes and initialization
scenarios. CAL-RAMS simulated meteorological regimes during four major 1991 LMOS episodes.
RAMS was configured for multi-day simulations (ten or more) of the synoptic-scale patterns over
the entire U.S. Three nested grids were used, with mesh sizes (t..x) of 80 km, 16 km and 4 km, the
finest being centered over Lake Michigan and its surrounding shore areas. In order to limit error
growth, four-dimensional data assimilation (4DDA) using routine National Weather Service surface
and upper air observations was applied at twelve hour intervals. Model output files served as input
for two regional photochemical grid models, the Regional Oxidant Model (ROM) developed by the
U.S. Environmental Protection Agency and an advanced version of the SAI Urban Airshed Model
(UAM-V). All simulations were conducted on an IBM RS/6000-550 workstation.

The ROM model domain was enlarged to cover essentially all of the eastern United States.
Its purpose was to provide boundary conditions of ozone and its precursors for the smaller domain
of the UAM-V. In its large domain configuration, RAMS resembled a standard hemispheric
prognostic model such as those run at NMC or ECMWF. The large scale runs were evaluated in
part by comparing charts of such fields as surface pressure, wind vectors, temperature and
dewpoint to synoptic scale analyses. Samples of such output are shown in Figures 1 and 2. More
quantitative measures included comparison of surface layer values of model-generated wind speed
and direction, temperature, dewpoint and pressure reduced to mean sea level to reports from 900+
operational weather reporting stations. Difference fields were plotted at six hourly intervals (Figure
3). Tables of summary statistics were also prepared, an example being shown in Figure 4. The
simple device of plotting a histogram of predicted-observed differences proved useful in detecting
model performance problems. For instance, if soil moisture were specified too high, this would be
reflected by too cool daytime PBL temperatures, and the mode would shift from:1:O° to -20 or -3°C.

The major emphasis on model evaluation was within the 16 km and 4 km domains
surrounding Lake Michigan. Within this region, the LMOS project established several dozen
additional surface reporting stations. Thus we have the opportunity of comparing the model output
to a suite of independent surface weather reports not previously assimilated into the model. A wide
variety of statistical and graphical measures of operational model performance were developed
using the techniques proposed by Tesche (1991). Domain-wide statistics for surface vector wind
speed, wind direction and temperature are shown plotted over a 48 hour period in Figure 5. Similar
measures were applied in sub-regions and for individual stations. Additional measurements aloft
included special rawinsondes, a Doppler sodar, 915 Mhz boundary layer wind profilers and as
many as six aircraft on intensive measurement days. Techniques were developed which allowed a
numerical "aircraft" to fly through the model output mimicking the flight path of an actual plane.
Figure 6 shows such a comparison of model and airborne observations, in this case of temperature.

The lake breezes of 26 June and 16 July 1991, associated with some of the highest ozone
values recorded during LMOS, were found to be extremely shallow -on the order of 200 m. Their
fronts pushed inland no more than a few kilometers along the Wisconsin-Illinois border (though
much further in northern Wisconsin). CAL-RAMS was found to simulate these key flow field
characteristics. On these intensive days, hourly plots of observations and model output were made
(Figure 7). Outputs included surface wind streamlines, wind vectors, temperature, dewpoint,
maximum upward model and subsidence in the PBL, mixing depth, surface layer Pasquill-Gifford
stability class, etc. Figure 7 shows a typical plot of the CAL-RAMS observed and predicted surface
layer winds. Such qualitative displays are helpful in assessing how well the model replicated key
morphological features such as inland lake breeze penetration. The Doppler sodar at Zion, on the
Wisconsin-Illinois shoreline between Chicago and Milwaukee, was ideally located to monitor the
characteristics of the west shore lake breeze. Figure 8 shows the time series of lower PBL winds at
Zion during the 16 July 1991 episode. The lake breeze wind shift to onshore (easterly) wind
components lasted only 6.5 hours, with the inflow layer extending only 200-225 meters above the
surface. The CAL-RAMS output was also examined in various east-west vertical planes, such as
that passing through the Doppler sodar site. Figure 9 shows the UW streamlines at 1400 UTC in the
plane passing over the sodar revealing an inflow depth on the order of 230 meters. The observed
and predicted lake breeze inflow depth is shown in Figure 10, along with the observed and
modeled inland penetration of the lake breeze front in this plane (Figure 11). The additional
rawinsonde launches from a half dozen sites also permitted assessing the model's ability to predict
mixing depths (Figure 12). On this day the model appeared to slightly underpredict some of the
higher values. These were largely from a single station that had a mixing depth uncharacteristically
higher than other sites. Table 1 provides a summary of key observations and RAMS model
predictions for the 16 July 1991 lake breeze. Such parameters as the presence of a lake breeze at
Chicago, or its onset and breakdown times, inflow depth and penetration at the Zion site are noted.



Figure 5. Domain-averaged observed versus
model-predicted values of vector mean wind
speed, wind direction and temperature (all in
the surface layer) for 16 -17 July 1991. The
observations were acquired by special LMOS
monitors not previously assimilated into the
CAL.RAMS run. The domain is the 4 kin grid.
Prepared by T. Tesche (Alpine Geophysics).
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Figure 6. Evaluation of the CAL.RAMS model using data from instrumented aircraft. This shows
the flight of one of the LMOS aircraft pn an intenmve measurement day (17 July) with the model-
predicted and observed temperature versus time. Prepared by T. Tesche (Alpine Geophysics).
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Figure 7. Plotted observed surface winds (upper left) at 1900 UTC 16 July 1991 showing the area
coverage of the 16 km and 4 km grids (dashed line). CAL-RAMS output for the 4 km grid includes
the surface layer wind streamlines, temperature (l°C isopleths), maximum PBL upward vertical
motion (5 cm/ sec isopleths) and the computed mixing depths (200 m isopleths).
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Figure 10. Measured versus predicted lake
breeze inflow depth at the Zion shoreline site
on 16 July 1991.

MIXING DEPTHS (16 JULY 1991)

Figure 12. Measured versus predicted mixed
layer depths in the LMOS domain during the
day on 16 July 1991. The model performed
well, except for an apparent underprediction
of several of the highest values. These,
however, are from a site demonstrating an
uncharacteristically high mixed layer depth
compared to other sites in the region.
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Figure 9. CAL-RAMS simulation of the UW
streamlines in an east-west plane through the
Zion sodar site at 1400 LT showing a 225 m
deep lake breeze inflow at Zion.



Table 1. Summary of Observed Characteristics for the Lake Breeze of 16 July 1991 Compared to the
RAMS Simulations from the Production Run and a Sensitivity Test Run in which the Water
Temperature was Uniformly Decreased by 5°C

FEATURE OBSERVED RAMS RAMS(.5°C)

LAKE BREEZE AT CHICAGO
ZION ONSET TIME (Z)
DEPTH INFLOW DEPTH (M)
ZION BREAKDOWN (Z)
ZION 10 M MAX SPEED (MIS)
2DDP PENETRATION (KM)
OFffiHORE PENETRATION (KM)
MAX VERTICAL MOTION (CM/S)
MAX SUBSIDENCE (CM/S)
MAX INLAND TEMP (OC)
MIN LAKE TEMP rC)
MAX INLAND Zi (M AGL)
MAX LAKE Zi (M AGL)
OVER LAKE MAX P-G CLASS

NO
1700
230
2330
5.2
7
75+
m1
1111
34
20
1900
0
G

NO
1630
250
0300
4.8
9
60
23
11
34
20
1727
12
G

NO
1600
250
0300
5.4
10
62
22
15
34
18
1727
12
G
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Figure 13. Application of RAMS/HYPACT to simulating flow in a 3Ox30 kIn mountain-valley
region of northern Spain (upper right). The RAMS-predicted surface layer streamlines during early
afternoon show an up valley wind component in the Guardo River valley. A visualization shows
the predicted surface layer winds, the vertical motion field (on the backplain) and the dispersing
plume from the tall stack. The surface layer concentration pattern is also shown. (Original in color).
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In addition, a series of model sensitivity tests were conducted to assess the impact of uncertainties
in model input. As an example, if the lake water temperatures were everywhere 5°C colder than
used in the production run, it is found that there is virtually no effect upon the resulting lake
breeze. Additional evaluations of model performance for the 16 July 1991 case compared HYPACf
simulations to airborne measurements of a SF6 tracer plume released from a shoreline source into
the lake breeze front (Eastman et al., 1993).,It was determined that a 4 km ~ grid on the western
shoreline simulated the main features of the plume dispersion with considerable fidelity. A finer
mesh size would have been desired if some of the details of the local flows needed to be included.

SOME ornER APPLICAnONS

RAMS/HYPACT are being utilized in a prototype operational sea breeze forecasting
system for emergency response at the Kennedy Space Center (Lyons et al., 1993). A dedicated
workstation produces twice daily 24-hour forecasts of winds using a 3 kin ~x in the vicinity of KSC.
With a 3-D mesoscale forecast always available, in the event of an accidental release of air
pollutants, the available observations will be assimilated using an objective combination technique
producing an optimized wind field. Dispersion scenarios include evaporation from "cold spills" of
toxic chemicals to Space Shuttle or missile launch explosions.

Model evaluation remains an ongoing issue. While displaying many obvious strengths,
they undoubtedly also have some weaknesses. Efforts such as the LMOS program have shown the
model to be reasonably robust in simulating sea breeze-type mesoscale regimes. Applications in
complex terrain are also needed. One such is the Guardo-90 campaign, a meteorological monitoring
and SF6 tracer program conducted 9-30 November 1990 in the vicinity of the Guardo Power Plant.
The 350 Mw coal burning plant with a 185 m stack is located at the mouth of the Carrion River
valley in mountainous northern Spain (Lyons and Ibarra, 1993). A number of the 14 tracer releases
are being simulated with RAMS/HYP ACT. In this case, five nests are employed which encompass
all of the Iberian region at 32 km ~x down to a 500 m ~x in the vicinity of the tracer release.
Examples of the RAMS-generated surface wind fields and tracer concentrations from a stack-level
release are shown in Figure 13. In this case the elevated plume does not become entrained within
the up valley flow which had developed during the afternoon but rather advected around the
higher terrain in the more west-northwesterly gradient flow aloft. Detailed evaluations of the
meteorological and dispersion model performance are being conducted.
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