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ABSTRACT 
A Delta II rocket exploded 12.5 seconds after liftoff from the Cape Canaveral Air Force Station 
(CCAFS) on 17 January 1997. The cloud produced by the explosion provided an opportunity to 
evaluate the models that are used to track potentially toxic dispersing plumes at CCAFS. The 
primary goal of this project was to conduct a case study of the dispersing plume and the models 
used to predict the dispersion resulting from the explosion. The case study was conducted by 
comparing mesoscale and dispersion model results with available meteorological and plume 
observations.  

The models used in the study are part of the Eastern Range Dispersion Assessment System 
(ERDAS) and include the Regional Atmospheric Modeling System (RAMS), HYbrid Particle 
And Concentration Transport (HYPACT), and Rocket Exhaust Effluent Dispersion Model 
(REEDM). The prognostic data from RAMS is available to ERDAS for display and input to the 
HYPACT model.  Thus, the accuracy and sensitivities of the HYPACT model are contingent 
upon the prognostic data from RAMS. Two different versions of RAMS were used in this study: 
RAMS version 3a from the ERDAS prototype system and RAMS version 4a from the 
Parallelized RAMS Operational Weather Simulation System (PROWESS).   

The primary observations used for explosion cloud verification of the study were from the 
Weather Surveillance Radar-1988 Doppler (WSR-88D). Radar reflectivity measurements of the 
resulting cloud provided good estimates of the location and dimensions of the cloud over a four-
hour period after the explosion. 

In addition to the explosion plume analysis, we conducted an evaluation of the operational 
configuration of RAMS in ERDAS from May 1999 to September 2000. The primary goal of this 
analysis was to determine the accuracy of RAMS forecasts during all seasons and under various 
weather regimes, concentrating on wind and temperature forecasts required for dispersion 
predictions. The RAMS evaluation consisted of an objective and subjective component. The 
objective component involved the calculation of point error statistics of RAMS forecasts at the 
locations of several different surface and upper-air observations.  The subjective component 
involved a verification of the RAMS forecasts of the Florida east coast sea breeze and forecast 
precipitation. 

The results of these two studies indicate that ERDAS with RAMS provides emergency response 
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personnel at CCAFS with a valuable and reliable tool for analyzing and forecasting the winds 
and the resulting dispersion of potentially toxic plumes. However, the studies also showed that 
there are parts of the system which need improvement, for which we provide recommendations.  

This paper presents a comparison of meteorological and dispersion model predictions with 
available observations for the Delta II explosion. The analysis focused on both vertical and 
horizontal aspects of the plume.  The paper also presents error statistics comparing RAMS 
forecasts with observations for the May-August 1999 period.  

INTRODUCTION 
ERDAS was developed by Mission Research Corporation/ASTER Division for the United States 
Air Force (USAF) and is designed to provide emergency response guidance for operations at the 
Kennedy Space Center (KSC) and CCAFS in the event of a hazardous material release or an 
aborted vehicle launch.  ERDAS was delivered to the Eastern Range at CCAFS in March 1994.  
An evaluation report conducted by the NASA Applied Meteorology Unit (AMU) concluded that 
ERDAS provided significant improvements over current toxic dispersion modeling capabilities 
but contained a number of deficiencies.  These deficiencies were corrected in the next generation 
of ERDAS that is part of the newly upgraded Meteorological and Range Safety Support 
(MARSS) replacement system (Lane and Evans 1989; Evans et al. 1994, Tremback et al. 1994, 
Evans et al. 1996). 

SYSTEM DESCRIPTION AND CONFIGURATION 
The system that runs RAMS at CCAFS has evolved over the past decade as the software 
configuration and hardware have changed (Table 1). The AMU conducted the Delta II modeling 
analysis by running RAMS for 17 January 1997 and using the forecast meteorological data to 
drive the HYPACT diffusion model. HYPACT is an advanced Lagrangian particle dispersion 
model and the primary tool used for computing dispersion estimates in ERDAS. 

The current operational configuration of RAMS is run in the three-dimensional, non-hydrostatic 
mode with lateral boundary conditions nudged (Davies 1983) by 12−36-h forecasts from the 
National Centers for Environmental Prediction (NCEP) 32-km Eta model that have been 
interpolated onto an 80- km grid.  Output from the Eta model is available every 6 h for boundary 
conditions to RAMS.  Two-way interactive boundary conditions are utilized on the inner three 
grids.  The physical parameterization schemes used in ERDAS RAMS include a microphysics 
scheme following Cotton et al. (1982), a modified Kuo cumulus convection scheme (Tremback 
1990), the Chen and Cotton (1988) radiation scheme, a Mellor and Yamada (1982) type 
turbulence closure, and an 11-layer soil-vegetation model (Tremback and Kessler 1985) with 
fixed soil moisture in the initial condition.  The modified Kuo scheme is run on grids 1−3 
whereas the 1.25-km grid 4 utilizes explicit convection.  The mixed-phase microphysics scheme 
is run on all four grids.  RAMS was initialized from a cold start by integrating the model forward 
in time from a gridded field without any balancing or data assimilation steps.  Observational data 
were analyzed onto hybrid coordinates using the RAMS Isentropic Analysis (ISAN) package 
(Tremback 1990; Tremback et al. 1998).  
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Table 1. Configuration of the different ERDAS-RAMS versions since 1994. 

Parameter RAMS-ERDAS(trial) RAMS-PROWESS RAMS-ERDAS(operational) 
Years of use 1994-1999 1996-1999 1998-present 

Analyses 
conducted 

Delta explosion study: 
RAMS/HYPACT 

Delta explosion study: 
RAMS/HYPACT 

Warm season evaluation 
study: RAMS 

RAMS version 3a 4a 4a 
Microphysics No Yes Yes 
Nested grids 3 4 4 (Fig. 1.1) 

Grid 1 60 km spacing,  
2220 x 2100 km 

72 km spacing, 
2376 x 2088 km 

60 km spacing, 
2160 x 2400 km 

Grid 2 15 km spacing, 
495 x 555 km 

18 km spacing,  
594 x 666 km 

15 km spacing,  
570 x 690 km 

Grid 3 3 km spacing, 
108 x 108 km 

6 km spacing,  
222 x 222 km 

5 km spacing,  
205 x 250 km 

Grid 4 NA 1.5 km spacing, 
61.5 x 85.5 km 

1.25 km spacing, 
92.5 x 112.5 km 

Vertical grid dzmin=25 m, 
dzmax=1000 m, 
25 vertical points 

dzmin=75 m, dzmax=1000 m,
30 vertical points 

dzmin=25 m, dzmax=750 m,
33-36 vertical points 

Initialization 0000 & 1200 UTC 0000 & 1200 UTC 0000 & 1200 UTC 
Initialization 

data 
Eta forecast grids,  

CCAFS rawinsonde, 
surface & buoys obs, 
Local wind-towers 

Eta forecast grids,  
CCAFS rawinsonde,  
surface & buoys obs,  
Local wind-towers 

Eta forecast grids,  
CCAFS rawinsonde,  
surface & buoys obs,  

Local wind-towers and  
Wind Profilers 

Output times Hourly for 24 hours Hourly for 24 hours Hourly for 24 hours 
Computing 

platform 
IBM RS/6000-550,  

1 processor 
IBM RS/6000-370 with 

additional 7 RS-6000-250 
processors in parallel 

HP K460 workstation cluster 
with 11 processors in parallel 

 
METHODOLOGY 
Delta II Explosion Study 
The Delta II rocket was launched from Launch Complex 17 (LC-17) at CCAFS at 1628 UTC on 
17 January 1997. It exploded 12.5 seconds after liftoff at a height of approximately 438 meters. 
The initial explosion destroyed only the first stage and the boosters and produced a large cloud 
extending from the ground upward.  The Delta II is a three-stage liquid-propellant vehicle with 
nine solid-propellant strap-on booster motors.  The second and third stages and payload survived 
the initial explosion and continued upward to about 760 meters at 22.4 seconds.  Destruct signals 
were sent at this point, and the exploding second-stage formed a buoyant cloud that rose above 
and separated from the lower cloud.  
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The WSR-88D operates in either storm mode or clear-air mode. On 17 January, the WSR-88D 
was operating in clear-air mode. In this mode the volume scan pattern is limited to scans at 0.5, 
1.5, 2.5, 3.5, and 4.5-degree elevation angles. The antenna rotates full circle in the horizontal for 
approximately 2 minutes at each elevation angle before stepping up to scan the next higher angle, 
completing the full volume scan cycle in 10 minutes (Parks and Evans 1998).  

 

Figure 1. The real-time RAMS domains for the 60-km mesh grid (grid 1), the 15-km mesh 
grid (grid 2), the 5-km mesh grid (grid 3), and the 1.25-km mesh grid (grid 4) covering the area 
immediately surrounding KSC/CCAFS. 

 
 

The WSR-88D can detect a wide variety of phenomena, including raindrops, dust, insects, birds, 
smoke, and refractive gradients. At the time of the explosion, the National Weather Service in 
Melbourne also used the Melbourne WSR-88D to monitor the track of the plume. 

The WSR-88D was a very good tool for tracking the location of the Delta II abort cloud.  
However, it was not able to provide concentrations of the toxic emissions resulting from the 
abort. The radar also could not provide a height of the base or top of the cloud due to the 
relatively large distance between the radar and the cloud (over 30 km) and due to the 
superrefraction of the radar beam across a temperature inversion located at 900 m.  

After the explosion, the Melbourne WSR-88D data for 17 January were obtained for analysis. 
The analyses were conducted using software to display detailed Level II data and to obtain 
various parameters associated with the radar echoes. Level II data include base reflectivity, mean 
radial velocity, and spectrum width. We were able to display composite reflectivity for all 
elevation angles, display base reflectivity for each elevation angle, building animated time loops, 
and also display vertical cross-sections.  
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Other meteorological data were available to characterize the weather conditions at the time of the 
accident. These data include 5-minute KSC/CCAFS wind-tower data, hourly surface and buoy 
observations, rawinsonde data available at 1128, 1243, 1453, 1548, 1613, and 1815 UTC, 50 
MHz wind profiler data, and 915 MHz wind profiler data. 

RAMS Evaluation study 
As part of an ongoing evaluation of RAMS as CCAFS, the AMU evaluated RAMS during the 
1999 Florida warm season by conducting an objective and subjective evaluation (Case 2000).  
The objective component was designed to present a representative set of model errors of winds, 
temperature, and moisture for both the surface and upper-levels.  In addition, a benchmark 
comparison was made between the high-resolution operational RAMS forecasts and the NCEP 
Eta model.  The goal of the subjective verification was to provide an assessment of the forecast 
timing and propagation of the east-central Florida east coast sea breeze and daytime forecast 
precipitation through an examination of RAMS forecast fields. This paper presents only a small 
subset of the objective evaluation results that have been compiled.  

The objective evaluation focused on point error statistics at different observational locations on 
all four forecast grids. Zero to 24-h point forecasts of wind, temperature, and moisture were 
compared with surface METAR and buoy stations, the Cape Canaveral rawinsonde, and 
KSC/CCAFS wind-tower, 915-MHz, and 50-MHz DRWP data at all available observational 
locations. A plot of the observational locations on the RAMS grid 4 is shown in Figure 2. 

Figure 2. A display of the grid-4 surface and upper-air stations used for point verification of 
the operational RAMS. The observational data used for verification include surface METAR 
stations, buoys, rawinsondes, KSC/CCAFS 915 MHz DRWP, the KSC/CCAFS 50 MHz DRWP, 
and Eta point forecast locations. 
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The point statistics calculated include the root mean square (RMS) error, bias, and error standard 
deviation (SD) of wind direction, wind speed, temperature, and dew point temperature (dew 
point) for May−August 1999.  In addition, the average values of forecasts and observations for 
these variables were computed as a function of forecast hour at all observational sites for the 
entire four-month evaluation period. 

RESULTS 
Delta II Explosion Study 
The data used in the Delta II explosion analysis included meteorological, visual (video tape) 
observations, satellite and WSR-88D data. The model data used in this analysis were predictions 
produced by REEDM, RAMS, and HYPACT.  

Observed data 
A cold front had passed through the Cape Canaveral area approximately 24 hours prior to the 
Delta II launch and had pushed through all of Florida by launch time. Across the Florida 
peninsula, the winds at the surface were generally from the north and northwest as the cold, 
dense, shallow air mass moved southward forming a well-defined temperature inversion near 900 
m (Figure 3a). Note the very strong inversion based at approximately 750-900 meters at 1128, 
1613, and 1815 UTC. Figure 3b shows the marked difference in the winds above and below the 
inversion.  

Figure 3. Graphs of a) potential temperature profile versus height for three rawinsondes and b) 
wind speed (WS) and wind direction (WD) versus height from rawinsonde at 1815 UTC on 17 
January 1997. 

   
 

 

a) b)
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The Delta II explosion was captured on videotape by numerous Air Force and amateur video 
cameras. An amateur video taken at Cocoa Beach provided a good look at the clouds resulting 
from the explosion since they were taken from a distance and showed a full panorama of the 
upper and lower clouds (Figure 4).  

The video showed the huge lower cloud that was produced when the nine solid propellant motors 
and first stage exploded at approximately 13 seconds and the upward movement and subsequent 
destruction/explosion of the Delta II’s stage 2 and 3. The pictures showed the upper plume to be 
darker and much smaller than the lower plume. The captured frame in Figures 4 shows the two 
distinct clouds and the inversion that existed at 900 meters as it capped the lower cloud and 
allowed very little of the buoyant smoke and gas to rise past the inversion.  

For the 17 January case, the WSR-88D clearly displayed the echoes resulting from the rocket 
explosion. The plume dimensions such as downwind distance and alongwind and crosswind 
length were estimated using the display software.  

The Delta II abort cloud was first detected by the WSR-88D during the volume scan from 
1635−1646 UTC. The composite reflectivity (Figure 5a) of the radar image shows how the plume 
split into two distinct clouds with an upper cloud to the east and a lower cloud to the south of 
LC-17. Figure 5b shows the clouds over an hour later as the upper and lower clouds were still 
clearly detected by the radar. The lower cloud was more distinguishable, located south of the 
Melbourne, FL area.  

Figure 4. The two explosion clouds at approximately 16 seconds after the explosion. Note the 
orange area located at the top of Plume 1. This picture was captured from amateur video taken 
along Cocoa Beach. 
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Figure 5. Composite radar image from Melbourne WSR-88D for 10-minute scan beginning at 
1645 and 1804 UTC. 

           
 

Model data 
One of the primary goals of this study was to compare the model results of RAMS and HYPACT 
with observations for 17 January 1997.  This section highlights the results from RAMS and 
HYPACT for the Delta II explosion case study. 

RAMS results 
The RAMS simulations were initialized at 1200 UTC, approximately 4.5 hours before the Delta 
II explosion.  The meteorology during this day did not change significantly because of the 
presence of the post-frontal regime with the continued cold air advection.  There were no sea 
breezes, river breezes, thunderstorms, or other significant local-scale phenomena for RAMS to 
forecast for the Cape Canaveral area. 

Graphs comparing RAMS wind data with observed data (not shown) indicated that RAMS 
accurately predicted the wind speed profile through the mixing layer to the inversion at 900 
meters and then accurately predicted the gradual increase to 25 m s-1 at 4500 meters. RAMS 
predicted the wind direction more westerly than northwesterly in the layer from the surface to 
approximately 500 meters but then accurately predicted the wind shear at the 900-meter 
inversion and the westerly winds aloft. 

The potential temperature profile predicted by RAMS at 1600 UTC closely matched the observed 
profile at 1613 UTC as well (Figure 6). The base of the predicted inversion was only slightly 
lower than the base of the observed inversion. Maps showing RAMS forecast wind data from 
ERDAS for 1700 and 1900 UTC are shown in Figure 7. The wind flow as shown by streamline 
analysis represent wind flow in the layers important in the plume analysis especially at the level 
just below the strong inversion. 

The analyses show that RAMS predicted northerly flow over Cape Canaveral at 1500 UTC. By 
1700 UTC, RAMS predicted northeasterly wind flow in the region south of Cape Canaveral, over 

Plume 1 

Plume 2 

ground fire smoke plume 

Plume 1 

Plume 2 

ground fire smoke plume 

ground fire smoke plume 

LC-17 LC-17 
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the ocean.  The northeast flow became more pronounced at 1900 UTC. 

Figure 6. Rawinsonde –observed potential temperature at 1613 UTC compared to RAMS model-
predicted potential temperature at 1600 UTC.  

 

 

Figure 7. Streamline forecasts comparing output from ERDAS-RAMS at the 782-m level on 17 
January 1997 at a) 1700 UTC and b) 1900 UTC.   

                  

 

HYPACT results  
For this study, we modified the HYPACT input data configuration file to simulate the Delta II 

a) 1700 UTC b) 1900 UTC
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explosion plume. We compared the predicted plume locations from ERDAS-HYPACT with the 
observed plume locations from the WSR-88D radar at 10-minute intervals over a four-hour 
period. The HYPACT source terms were generated from the REEDM model (Nyman 1999) 
using the REEDM function of ERDAS. REEDM computes the source term based on a number of 
factors such as type of launch (e.g. nominal, abort conflagration, or abort deflagration), type of 
vehicle (e.g. Atlas, Delta II, Titan IV, Shuttle, etc.), and vertical stability (i.e. stabilization 
height). REEDM generates the HYPACT source term for a rocket launch by creating a column 
that contains mass of the chemical species of interest.  The column is composed of separate 
sources (volumes) of mass, which are 75 meters in thickness up to 2500 meters above the 
ground. We assessed the ERDAS-HYPACT trajectories by tracking only the lower and upper 
part of the plume and comparing those with the trajectory of the observed plume.  

Examples of HYPACT output for two of the 10-minute intervals during the period are presented 
in Figure 8. For the explosion time, ERDAS-HYPACT transported the upper and lower 
explosion cloud in different directions.  The split transport occurred because the upper cloud was 
at a height where the winds were strong and from the west while the lower cloud was trapped 
below a strong inversion with winds from the north. The split occurred at a height of 
approximately 1100 meters. During the final hour of the simulation from at 2030 UTC, the cross-
section showed that the upper and lower part of the plumes looked distinctly different. With the 
lower part very diffuse. The upper part of the cloud was ribbon-like and showed little diffusion 
except for its elongation to the east as it was moved with the westerly flow. The importance of 
the decoupling of the plume was that the break occurred at the height of the inversion and it 
matched the two-cloud scenario which was observed visually and by radar. Both observed and 
modeled plumes had an undulating shape as discussed earlier. 

The RAMS/HYPACT predictions of the lower cloud’s direction of movement, speed, and 
dispersion matched closely with observations. However, the onshore component of the winds 
affecting the observed plume appeared stronger than the RAMS modeled winds. As a result, the 
observed plume moved more to the west than the modeled plume indicated. The model’s 
prediction of the upper cloud’s direction and shape showed good agreement with the observed 
plume’s direction and shape. A comparison of the modeled and observed trajectories of the 
plume center is presented in Figure 10. 
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Figure 8. Two-dimensional views of the HYPACT plume from horizontal perspective (a and c) 
and from a northward-facing vertical cross section (b and d) for 1650 UTC (a and b) and 2030 
UTC (c and d). 

 

 
RAMS Evaluation Study 
This section presents results from a portion of the objective component of the RAMS 1999 
warm-season evaluation.  Only the most significant errors and features at select observational 
sensors are discussed in this paper.  Considerably more comparisons are available in Case 2000. 

For purposes of interpretation, total model error (RMS error) includes contributions from both 
systematic and non-systematic errors.  Systematic error (bias) can be caused by a consistent 
misrepresentation of physical parameters such as radiation or model-generated convection.  
Nonsystematic errors given by the error standard deviation (SD) represent the random errors 
caused by uncertainties in the model initial condition or unresolveable differences in scales 
between the forecasts and observations. Upper air temperature statistics at the Cape Canaveral 
rawinsonde (XMR) were generated but are not graphically presented in this paper due to space 
limitations. 

 

a) b) 

c) d)
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Figure 9. Data of observed vs. predicted plume location for lower plume resulting from Delta II 
explosion at 1628 UTC on 17 January 1997. The observed plume location was determined by 
WSR-88D radar. The predicted plume location was determined by finding the maximum 
predicted ERDAS HYPACT concentration in the 75-m layer centered at a height of 412 m. The 
numbered circles represent the time of the observed and predicted plumes with the following 
time tags: 1: 1600-1700 UTC, 2: 1700-1800 UTC, 3: 1800-1900 UTC, 4: 1900-2000 UTC, 5: 
2000-2100 UTC. 

Melbourne 

Patrick AFB 

CX-17

 
 

Surface Errors over East-central Florida 
A summary of the comparison between surface observations and RAMS point forecasts is 
presented in Table 2.  Graphs of the surface errors as a function of forecast hour are presented in 
Figures 10−12.  

During the 1999 Florida warm season, the most notable systematic model error in RAMS is a 
surface and lower-tropospheric cool temperature bias.  The surface-based cool bias manifests 
itself during the daylight hours when RAMS does not sufficiently warm the temperatures at the 
lowest model vertical level.  Figure 10 illustrates the cool daytime temperature bias in the 0000 
UTC RAMS cycle that develops within the KSC/CCAFS wind tower network at the 1.8-m level.  
This figure displays graphical traces of the mean forecast and observed temperatures, RMS error, 
bias, and error SD as a function of forecast hour.   
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Table 2. Summary of the 4-grid RAMS errors at the KSC/CCAFS wind towers for the 
0000 UTC forecast cycle.  Temperature and dew point errors are valid at 1.8 m whereas wind 
direction and speed errors are valid at 16.5 m. 

Variable RMS 
Error 

Bias Notable Errors 

 
Temp 
(°C) 

 
1 to  
4.5 

 
-3.5 to 

0.5 

• Maximum RMS error occurs during the day, composed 
of a -3.5°C cool bias. 

• The cool bias also occurs over the ocean (at offshore 
buoys). 

• Nocturnal RMS error ≤ 2°C with a slight warm bias.   
• RMS error is 1°C smaller at 16.5 m compared to 1.8 m.  

Dew Point 
(°C) 

1 to     
3 

-2 to 
0.5 

• Maximum RMS error of 3°C occurs during the day, 
composed of a -2°C dry bias. 

• Nocturnal RMS error ≤ 2°C. 
 

Wind 
Direction 

(deg.) 

 

15 to 
65 

 

-5 to    
5 

• Maximum RMS error of 60−65° occurs during the 
nocturnal and early mornings hours. 

• Daytime RMS error of 40−55°. 
• Observed variability of 16−22° within the tower 

network (Merceret 1995) yields a model error range of 
25−50°. 

Wind 
Speed  
(m s-1) 

1.5 to 
2.5 

-0.5 to 
1.5 

• RMS error of 1.5 to 2.5 m s-1.  RMS error is largest 
during the day when a +1 m s-1 bias occurs. 

 

In Figure 10a, the mean forecast and observed temperatures are quite similar until the 11-h 
forecast (1100 UTC), after which the mean forecast temperature is consistently about 2−3 °C 
cooler than the observations.  The RMS error gradually increases to 2°C during the overnight 
hours and then rapidly increases to 4.5°C after the 12-h forecast (Fig. 10b).  The discontinuity in 
RMS error from 11−12 h is caused by the sudden increase in observed temperatures after sunrise 
in conjunction with little warming in the forecast temperature.  The daytime RMS error is 
composed of a -3.5°C systematic error (compare with bias in Fig. 10c) and a 2°C nonsystematic 
error (given by SD in Fig. 10d).   

It is important to note that the cool temperature bias not only occurs over land, but also over the 
nearby Atlantic coastal waters.  The temperature errors at two buoys offshore of the central 
Florida east coast indicate a cool bias on the order of -2°C (not shown).  This bias develops 
during the nocturnal hours, unlike the temperature bias over land.  This result has important 
implications regarding the formation and propagation of the central Florida east coast sea breeze.  
Because the cool bias is found over both the land and nearby ocean, the thermal gradient between 
the land and ocean that drives the sea breeze circulation is not likely affected. 
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Figure 10. A graphical plot of surface temperature errors (°C) for the 1999 warm season 
months for the operational configuration of the 0000 UTC RAMS forecast cycle, verified at the 
1.8-m level of the KSC/CCAFS wind-tower network.  Parameters are plotted as a function of 
forecast hour and include: a) mean observed (dashed) and forecast (solid) temperatures, b) RMS 
error, c) bias, and d) error standard deviation (SD). 

 

 
The 0000 UTC RAMS forecast wind speed and direction errors for the KSC/CCAFS wind 
towers at the 16.5-m level are shown in Figures 11 and 12.  The mean wind speeds are slightly 
stronger than the observed values primarily during the daytime hours (forecast hours 15−24, Fig 
11a).  The maximum RMS error slightly exceeds 2 m s-1 between 17-h and 24-h (Fig. 11b).  The 
total model error is composed of a 1 m s-1 bias (Fig. 11c) and a 2 m s-1 SD (Fig. 11d).  The ECSB 
typically propagates westward through the KSC/CCAFS tower network during the late morning 
and early afternoon hours (1500−1800 UTC, Cetola 1997) corresponding to the 15−18-h 
forecasts from the 0000 UTC RAMS run.  Therefore, these results suggest that the forecast wind 
speeds are slightly too strong following the passage of the ECSB. 

The RMS error for wind direction from the 0-h RAMS forecast is less than 20° (Fig. 12a) 
whereas the magnitude of the bias at this time is less than 5° (Fig. 12b).  In addition, the 0-h SD 
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in wind direction is nearly the same magnitude as the RMS error (not shown) suggesting that the 
total error is due to non-systematic variability in the forecasts and/or observations.  A previous 
study using data from the NASA Shuttle Landing Facility wind tower showed that the SD in 
observed wind direction is inversely proportional to the square root of wind speed (Merceret 
1995).  The empirical relationship for observed wind direction SD (σWD) found in his study is  

WSWD
44=σ ,      (1) 

where WS is the wind speed in knots and WD is wind direction in degrees.  Based on this 
formulation, the SD in observed wind direction is estimated to be 16–22° using the average 
observed KSC/CCAFS tower wind speeds from Figure 11a.  Therefore, nearly all of the 0-h wind 
direction RMS error from RAMS is likely due to the expected variance in the tower observations. 

The RMS error in wind direction grows substantially after initialization increasing from less than 
20° at initialization to about 50° by the 3-h forecast (Fig. 12a).  The maximum RMS error occurs 
during the nocturnal and early morning hours peaking at about 60−65°.  The RMS error 
decreases after the 18-h forecast, generally ranging from 40−55° during the remaining 6 hours.  
The total model error in wind direction is almost entirely composed of non-systematic variability 
since the error SD is much larger in magnitude than the bias (not shown).  It is important to note 
that approximately 16−22° of the 40−65° RMS error in wind direction is likely due to the 
variability in the tower observations.  After accounting for variance in observations, the 
remaining RMS error in wind direction is on the order of 25−50°.  These errors may result from 
the model's inability to resolve explicitly small-scale turbulent eddies, especially those associated 
with light and variable wind regimes during the nocturnal and early morning hours.  In addition, 
a more sophisticated initialization scheme, such as four-dimensional data assimilation, may 
reduce the growth rate of these wind direction errors by better incorporating the high-resolution 
observational data available in east-central Florida. 

Upper-level Temperature Errors at the Cape Canaveral (XMR) rawinsonde 
During the 1999 warm-season, RAMS consistently generated a forecast temperature profile that 
was too stable, particularly during the daylight hours.  The 0000 UTC cycle temperature errors 
for the 11-h forecast were generated (not shown).  Below 650 mb the mean 11-h forecast 
temperatures were typically 1−2°C cooler than the mean observed profile.  Meanwhile, above 
650 mb the mean forecast temperatures were slightly warmer than observed.  The RMS error was 
largest at the surface (2.5°C) and decreased with height to about 1°C at 350 mb.  The total model 
error represented by the RMS error is composed of a 1−2 °C negative bias below 650 mb and up 
to a 0.5°C warm bias above 650 mb.  The bias in the lower troposphere is generally negative 
except at the surface, where a +1°C bias occurs during the early morning sounding, indicating 
that RAMS is not stable enough in the very lowest levels (between the surface and 950 mb).  The 
non-systematic error represented by the SD decreases from 2 °C at the surface to about 1°C 
above 900 mb.   
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Figure 11. A meteogram plot of wind speed errors (m s-1) for the 1999 warm season months 
for the 4-grid configuration of the 0000 UTC RAMS forecast cycle, verified at the 16.5-m level 
of the KSC/CCAFS wind-tower network.  Parameters that are plotted as a function of forecast 
hour include: a) mean observed wind speed (dashed) and mean forecast wind speed (solid), b) 
RMS error, c) bias, and d) error standard deviation (SD). 
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Figure 12. A meteogram plot of wind direction errors (degrees) for the 1999 warm season 
months for the 4-grid configuration of the 0000 UTC RAMS forecast cycle, verified at the 16.5-
m level of the KSC/CCAFS wind towers  

 
 

SUMMARY AND CONCLUSIONS 
Delta II Explosion Study  
The primary goal of this study was to conduct a case study of the dispersing cloud and the 
models used to predict the dispersion resulting from the explosion of the Delta II on 17 January 
1997 at Cape Canaveral Air Force Station (CCAFS). The case study was conducted by 
comparing mesoscale and dispersion model results with available meteorological and plume 
observations. The meteorological conditions on this day were strongly influenced by synoptic 
rather than local forcing. 

The conclusions of this study can be categorized according to the plume observation technique 
and according to the models used in the analysis. The findings of this study are: 

WSR-88D radar as a plume observation tool 
��The WSR-88D is a good tool for providing plume tracks from rocket explosion plumes. 

The radar provided excellent data on the location and track of the resulting potentially 
toxic cloud. The data was extremely useful for model verification since no ongoing 
program is in place to measure plume track or concentrations.  

��The WSR-88D does not provide concentration data. The only data obtained by the radar 
is the reflectivity value measured in dBZ.  

��Vertical plume height data for this case was not very accurate due to .the long distances 
from the radar to the plume and was because of the strong inversion causing the radar 
beam to bend and bring about measurement inaccuracies  
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RAMS model  
��The vertical wind profile predictions in this case show agreement with observations.  

��RAMS under-predicted onshore flow at the level of the Delta II cloud.  

��RAMS accurately predicted the strength and height of inversion for this case.  

Dispersion models: REEDM source term and HYPACT model  
��Characterizing the source term of unique explosions is difficult due to the many 

variations such as  the height, location and distribution of the explosion products. 

��Plume came onshore further to the north and earlier than predicted. Because of RAMS’ 
gradual response to shift the winds, HYPACT missed the location and timing of the 
plume impact on the coastline.  

��Trajectory, diffusion and timing of HYPACT plumes showed similarities to observed 
plume. The cloud spread in the crosswind direction at a rate and in distance similar to 
observed.  

Recommendations 
��Develop methodology to correlate concentrations with radar reflectivity measurements.  

��Improvements are needed in HYPACT plume dynamics algorithms. Future enhancements 
should be made to HYPACT to improve its ability to handle buoyant plumes and particle 
deposition.  

RAMS Evaluation Study 
For surface data, our findings were:  

��A distinct cool bias occurred in RAMS during the daylight hours within the KSC/CCAFS 
wind-tower network.  The maximum biases in the 0000 UTC forecast cycle were -3.5°C. 

��The representative wind direction root mean square (RMS) error is 25−50° at 16.5 m, 
composed almost entirely of non-systematic variability and little bias.  The largest RMS 
error in wind direction occurs during the nighttime and early morning hours associated 
with light and variable winds.   

��The peak wind speed RMS error is on the order of 2 m s-1 at 16.5 m, reaching a maximum 
during the day when a +1 m s-1 bias occurs.   

At upper levels, the following temperature errors were presented: 

��RAMS consistently generates a forecast temperature profile that is too stable relative to 
the observed XMR soundings.  A cool bias of -1 to -2°C occurs in the lower troposphere 
below 650 mb (~ 3.5 km) whereas a warm bias of 0.5°C is found above 650 mb.   

A more sophisticated initialization scheme, such as four-dimensional data assimilation, may 
improve model performance and reduce these errors by better incorporating the high-resolution 
observational data of east-central Florida into the RAMS initial condition. 
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