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SUMMARY

This report describes the sensitivity of predicted nuclear fallout to a variety of model input 
parameters, including yield, height of burst, particle and activity size distribution parameters, 
wind speed, wind direction, topography, and precipitation. We investigate sensitivity over a wide 
but plausible range of model input parameters. In addition, we investigate a specific example 
with a relatively narrow range to illustrate the potential for evaluating uncertainties in predictions 
when there are more precise constraints on model parameters.

The objective of this work is to provide information on the range of model generated nuclear 
fallout patterns that can be expected for a plausible range of input parameters so that we can 
develop a better understanding of how uncertainties in specific scenario model parameters 
translate into uncertainties in that scenarios predicted fallout. 

In this project, we have divided our analysis into three parts, in the first we focused on sensitivity 
to the yield and height of burst of an event. Next we evaluated the sensitivity to the models 
description of the near source environment. We varied the particle activity-size distribution to 
model variations in the soil environment near the detonation, because the soil particle size 
distributions determine the activity-size distributions, which, in turn, determines how activity is 
distributed spatially in the stabilized fallout cloud and how quickly that activity will fallout as it 
is transported and diffused downwind. 

In the final phase of this work, we investigated the sensitivity of fallout to meteorological 
parameters including wind speed and direction, topography, and precipitation. Our analysis 
began with a baseline simulation for an actual event, the Nevada Test Site explosion Johnnie Boy 
that had a yield of one-half a kiloton and a depth of burst of approximately one-half meter. The 
initial meteorological conditions were based on observations reported in Hawthorne (1979) near
ground zero. Local topography was based on GTOPO30 digital elevation data from the US 
Geological Survey.1

Model parameters were allowed to vary over a relatively large but plausible range of values and 
a specific example with relatively narrow range of model parameters was considered to illustrate 
how uncertainties in model predictions might be evaluated when there are better constraints on 
model parameters. We did not attempt an extensive investigation into trade-offs due to 
simultaneous variations in multiple model parameters because of the large number of simulations 
that would have been required and the potential complexity involved in interpreting such data. 
However, we did observe some clear indications that there were significant trade-offs between 
parameters like yield and height-of-burst and median particle-size and the geometric standard 
deviation of the particle-size distribution. We also observed that the sensitivity to topography 
was a function of yield and meteorological conditions. 

                                               

1. http://eros.usgs.gov/#/Find_Data/Products_and_Data_Available/gtopo30_info
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In the course of this work, we have also developed tools that would allow us to rapidly produce 
more specific results given a specific detonation scenario and better constrained ranges for the 
model input parameters. 

The primary results from this study are as follows: 

1. Fallout levels are non-linear functions of yield and height of burst with greater 
variation in levels at lower yields and smaller heights of burst. 

2. Potential variations in fallout associated with the uncertainties in the in-situ 
environmental material properties, i.e., the size of soil particles that carry 
radioactivity, and the particle activity-size distribution model are potentially quite 
large. Our simulations with plausible but poorly constrained distributions produced 
cases ranging from the majority of fallout being deposited near ground-zero to those 
where the majority of material was transported to relatively large distances 
downwind. 

3. Better constraints on the in-situ particle size distribution model parameters, 
particularly at low yields and heights of burst, are critical for producing reliable 
estimates of nuclear detonation fallout. 

4. Uncertainties in meteorology are another potentially significant source of uncertainty 
in predicted fallout. For example, variation in wind direction as a function of height 
can lead to complicated, potentially multi-lobed, fallout footprints. Such footprints 
are consistent with observations of fallout at the Nevada Test Site. 

5. Variations in wind speed as a function of height can have a significant effect on the 
relative amount of material that is deposited in the near source and downwind 
regions. 

6. Precipitation scavenging can significantly increase ground deposition in areas of 
precipitation, and, then, reduce deposition downwind of the precipitation areas. 

7. Topography can cause additional complexity in the fallout plumes, changing the 
direction of the plume, causing enhanced deposition on elevated terrain, and changing 
the distances at which significant fallout occurs. 

8. Fallout sensitivity to topography depends on yield as well as local meteorology. 
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PREFACE

The objective of this work is to utilize LLNL’s National Atmospheric Release Advisory Center 
(NARAC)2 fallout modeling capabilities to improve our understanding of the sensitivity of 
fallout patterns to detonation parameters, environmental material, and meteorology so that the 
uncertainty of results from models can be estimated when used in exercises or real events. As we 
gain confidence in our estimates of input model parameters, results may become useful for 
developing reliable, cost-effective detection networks and sampling/collection strategies.

                                               

2. The NARAC capabilities are the primary federal radiological/nuclear plume modeling capabilities utilized by the 
Interagency Modeling and Atmospheric Assessment Center (IMAAC). NARAC supplies these predictions to the 
Department of Energy (DOE) and the Department of Homeland Security (DHS) IMAAC Operations hub at DTRA. 
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1.0 INTRODUCTION

In this project, we used the NTS explosion Johnnie Boy as our baseline simulation because it has 
relatively well established and openly available detonation parameters and meteorology (DOE 
NV-209, 1997; Hawthorne, 1979). This event is also of particular interest because it is a low-
yield, near-surface event which is consistent with plausible nuclear terrorism scenarios (e.g., 
May et al, 2008). The near source materials parameterization and topography of the Nevada Test 
Site are also reasonably well known (e.g., Tompkins, 1968, Heft, 1970, Spriggs, 2012). A 
number of authors have also used this event when evaluating fallout models (e.g., Norment, 
1979, Martin, 1983, McGahan, 2001, Morris, 2004). 

Extensive work has been done to develop, verify, validate, and compare fallout models and their 
components (e.g., Huebsch, 1966, Norment, 1979, Bridgeman, 1982, Harvey et al, 1992, 
McGahan, 2001). However, relatively little has work has been done to evaluate the sensitivity of 
such models. Relevant sensitivity studies include Tompkins (1971) and McGahan (1974). 

The work by McGahan (1974) is particularly relevant because he looked at the sensitivity of 
fallout to some of the same parameters examined here. Key differences are the range of yields 
examined, which are relatively low in this study, ranging from sub-kiloton to tens of kilotons and 
were relatively high in McGahan’s study (30kt to 10 Mt). McGahan also investigated sensitivity 
to particle activity-size distribution but only considered the effect of utilizing different size-
distribution models (e.g., Freiling, 1961, Tompkins, 1968) without varying the carrier material 
(e.g., soil particles) parameters. McGahan’s work also used constant meteorology and did not 
allow for variations in terrain elevation. Despite these differences and the use of older 
technology, McGahan’s study is a useful resource for evaluating some of the potential sources of 
uncertainty in model output, particularly at higher yield. 

For example, McGahan found that the sensitivity of fallout to yield was quite linear with peak 
amplitudes of groundshine dose and dose rates varying in proportion to yield.  In contrast, we 
have found variations in amplitude as well as plume size and shape that could not be predicted as 
a simple linear function of yield, especially at low yields. McGahan also found significant 
sensitivity to the analytic form used to describe the particle activity-size-distribution, as well as 
the choice of a refractory vs volatile size-distribution.  This is consistent with our modeling 
where we also consider refractory and volatile distributions and different model 
parameterizations.  In addition to these model sensitivities, we show that there is great deal more 
uncertainty when potential variations in the size-distribution parameters are taken into account.  

In our analysis of sensitivity to yield and height of burst (Goldstein, 2013a) we found 
significantly higher sensitivity of fallout to variations in yield and height of burst for lower yields 
and heights-of-burst, as well as a yield-dependent sensitivity to local topography. In our analysis 
of the sensitivity of fallout to the near-detonation environment—as represented by the in-situ 
carrier material (e.g., soil) particle size distribution and fallout debris activity-size distribution—
as median particle size is increased from one test case to the next, the particle settling velocities
increase accordingly, resulting in more rapid fallout. Therefore, the fallout ground concentration 
closer to the detonation location will tend to increase with increasing median particle size. 
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However, the downwind distances at which this increased ground concentration occurs varies, 
since it is a function of the wind speed, the particle-size-dependent settling velocities, and the 
activity-height distribution (which is a function of yield and height of burst). 

In this report, we describe results from our analysis of the sensitivity of fallout to meteorology.
We focus on the sensitivity to changes in wind direction as a function of height, and also 
investigate sensitivity to changes in wind speed as a function of height. We show that changes in 
wind direction with height of 30 degrees or more can cause significant changes in fallout and that 
these changes can be exacerbated by variations in the local topography. We note that such 
variations in meteorology are fairly common and suggest that they will need to be accounted for 
in order to make reliable predictions of fallout. 
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2.0 METHODS, ASSUMPTIONS, AND PROCEDURES

In this work we utilized LLNL’s National Atmospheric Release Advisory Center (NARAC) 
fallout modeling capabilities to simulate fallout. The models we use include GRIDGEN (Walker, 
2006), which is a tool for generating the horizontal/vertical grid mesh and terrain elevations 
needed by NARAC’s meteorological data assimilation tool, ADAPT (Sugiyama et al., 2006), 
which in turn is used to build gridded descriptions of the mean wind fields and turbulence fields 
for NARAC’s LODI (Nasstrom et al., 2007) Lagrangian particle simulation code that is used to 
transport, diffuse and deposit the fallout debris.  

The nuclear detonation initial fallout debris source description in LODI that was used in this 
study is based on the source developed for the KDFOC fallout model (Harvey et al., 1992). This 
source description provides the initial particle activity-size distribution and the spatial 
distribution of activity that is used to define the initial activity and height distribution of the 
LODI marker particles.  The KDFOC model is based on empirical observations of fallout from 
nuclear explosions at the Nevada Test Site (NTS). 

Post-processing of the transported and deposited material is performed by NARAC’s BIN 
software which allows a variety of mathematical procedures to be applied to the LODI 
(Nasstrom et al., 2007) output including mathematical operations such as addition, subtraction, 
multiplication and division as well as scaling and time-integration.  

In this work, we focused on sensitivity analysis for relatively low yields (y<10 kt) and heights of 
burst (hob<100 m) because they are of particular concern for scenarios involving nuclear 
terrorism (e.g., May et al., 2008).  The range of parameters for the in-situ environmental material 
properties (particle-size distributions of carrier material such as soil) were chosen so that they 
encompassed possible near-detonation environmental materials with relatively small median 
diameters and geometric standard deviations (such as in an air-burst or finer soil particle) and 
materials with relatively large median diameter and geometric standard deviation in the particle 
size distribution (such as in coarser soil). A detailed description of the methods for computing 
the particle activity-size distributions is provided in Goldstein (2013b).  Meteorological 
variations included changes in wind direction over a full 360 degrees and changes in wind speed 
by a factor of two above and below the baseline wind profile.  Sensitivity to topography became 
apparent when we varied the wind direction because the topography varied as a function of the 
azimuth angle of transport from ground zero.  
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3.0 RESULTS AND DISCUSSION

In this section, we summarize results from our previous reports, show new results from our 
constrained yield and height-of-burst simulation, and describe new results on the sensitivity of 
nuclear detonation fallout to meteorology and topography. 

Figure 3-1 illustrates the potential sensitivity of fallout to yield and height -of-burst over the 
relatively broad yield range of 0.1 to 10 kt and 0 to 100 m height of burst. As noted previously 
there are large variations in the predicted fallout over this range and the variations are more rapid 
at lower yields and heights of burst. It is also clear that the fallout plume is bifurcating at larger 
yields and we note that this can be explained in terms of the greater height of the initial fallout 
cloud, the rotation of the wind direction towards the northeast at increasing heights, and the 
inability of the lower yield plumes to rise above the local topography towards the northeast of the 
detonation point. 

Figure 3-1: Ground-shine dose as a function of yield and height of burst. Height of burst and yield 
are indicated at the top of each subplot (e.g., “0m_0.1kt”); yield increases from left to 
right, and height of burst increases from top to bottom. Each subplot shows 
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accumulated groundshine dose contours after 96 hrs.  The outermost contour (outer 
edge of yellow region) corresponds to 1 R.  Adjacent contours differ by a factor of  10 
and increase toward the vicinity of the detonation point indicated by the innermost 
contour. The contours overlay the NTS topography in the vicinity of the Johnnie Boy 
test. Each plot is approximately 50 km on a side. The assumed detonation location is 
in the center and south end of the mapped area.

Table 3.1 and Figure 3.2 show results for a narrower range of yield (0.2 to 1.6 kt) and height-of-
burst (0 to 20 m) parameters to illustrate the potential uncertainty in predicted fallout of a better 
constrained scenario.  As expected for this smaller range of yields and heights-of-burst, the range 
of variation is much smaller.  However, there are still noteworthy variations from simple linear 
trends.  For example, there is a rapid drop off in peak fallout groundshine dose with height-of-
burst, between 10 and 20 m, as we move to lower yields.  This can be seen in the last column in 
Table 3.1 which contains the ratio of the peak dose for that yield and height-of-burst divided by 
the peak dose of the y=0.2, hob=20 simulation.  Note how the ratio decreases rapidly above 10 m 
for the low yield (0.2 and 0.4 kt) cases.  This is consistent with the decreasing size of the fallout 
footprints, with increasing height-of-burst in Figure 3.2.  Another feature that is visible in Figure 
3.2 is the effects of topography as we move to higher yields.  At higher yields the initial fallout 
cloud will rise and stabilize at greater heights, allowing a greater proportion of material to be 
transported above and beyond the local topography and fallout further downwind.  This may 
explain the broader footprint that appears as we increase the initial yield.  Based on Figure 3.2, it 
appears that yields as low as 0.8 kt may be sufficient to increase the height of the stabilized cloud 
enough that significant material can be transported over the local topography.  

Table 3-1. Peak dose and the ratio of the peak dose to the peak dose of the y=0.2, hob=20 
simulation.

Name Yield, y (kt) Height of Burst, 
hob (m)

Max. Dose Dose Ratio to 
y=0.2, hob=20 

dose
y0.2hob0 0.2 0 8,038 5.03

y0.2hob10 0.2 10 6,213 3.89

y0.2hob20 0.2 20 1,597 1

y0.4hob0 0.4 0 16,408 10.28

y0.4hob10 0.4 10 11,234 7.03

y0.4hob20 0.4 20 4,549 2.85

y0.8hob0 0.8 0 25,441 15.93

y0.8hob10 0.8 10 18,134 11.36

y0.8hob20 0.8 20 11,917 7.46

y1.6hob0 1.6 0 49,953 31.28

y1.6hob10 1.6 10 34,995 21.91

y1.6hob20 1.6 20 18,428 11.54



6

Figure 3-2. Ground-shine dose for a narrower range of yield and height of burst than that shown
in Figure 3-1. Yield and height of burst are indicated at the top of each subplot; yield 
increases from left to right, and height of burst increases from top to bottom. 

Figures 3-3, 3-4, and 3-5 are repeated here from our previous report (Goldstein, 2013b) on the 
sensitivity to in-situ environmental (e.g., soil) material properties. Figures 3-3 and 3-4 depict the 
range of activity size distributions used in our simulations and Figure 3-5 shows the 
corresponding plumes for these simulations. The ranges for the activity-size-distributions are 
quite large but seem plausible given the relatively small range of median diameters and
geometric standard deviations they are based on. The chosen ranges are also useful because they 
produce a wide range of fallout plumes including ones that deposit almost all the fallout material 
near ground zero, and others where the majority of material is transported to large downwind 
distances. The range of particle size distributions accounts for potential differences between 
volatile and refractory material and considers differences in the particle activity-size distribution
between Freiling’s original radial power law (1961) and the modified radial power law 
developed by Tompkins (1968). 
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Considering the wide range of fallout in Figure 3-5, we suggest that uncertainties in predicted 
nuclear-detonation fallout will be quite large in regions where we have limited knowledge of the 
in-situ environmental material properties, and/or in cases in which there is uncertainty in the 
methods of estimating the fallout debris particle activity-size distribution.

Figure 3-3. Activity-size distributions (ASD) (solid-black curves) as a function of particle size 
(radius in m) corresponding to particle number-size distributions with median radii
ranging from 0.1 to 10 microns. The median of the number-particle distribution and 
of the activity-size distribution are indicated at the upper left and right of each plot, 
respectively. The geometric standard deviation (GSD) is two. Distributions 
corresponding to surface distributed activity (FR=0) and volume distributed activity
(FR=1) are plotted in the left- and right-hand columns, respectively. Plots of the 
default ASD used by DELFIC for an air-burst (cyan curve) and two DELFIC options 
for near-surface burst at NTS (green and red curves) are shown for reference.
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Figure 3-4. Same as Figure 3-3, except geometric standard deviation (GSD) is four.
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Figure 3-5. Ground-shine dose contours corresponding to the activity-size distributions shown in 
Figure 3-1 (left two columns) and 3-2 (right two columns). Each subplot shows 
accumulated ground-shine dose contours after 96 h. The outermost contour (outer 
edge of yellow region) corresponds to 1 R. Adjacent contours differ by a factor of 10 
and increase toward the vicinity of the detonation point indicated by the innermost 
red contour. Plots corresponding to large median activity-size distribution radii have 
significantly higher dose levels, not shown by the contours, at ground zero. The 
contours overlay the NTS topography in the vicinity of the Johnnie Boy test. Each plot 
is 50 km on a side. The assumed detonation location is in the center and south end of 
the mapped area.
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To investigate sensitivity to changes in the horizontal wind direction with height (directional 
wind shear) we compared fallout from a model with a constant northward wind (our baseline 
profile) to a suite of models where the wind direction was rotated by a fixed angle above a fixed 
height. For any one wind profile, there were only two wind directions, with the transition 
between the two wind directions occurring at different heights. The amount of rotation was 
allowed to range from 30 to 330 degrees and the heights above which the rotation occurred 
ranged from roughly 300 to 2700 m above ground level in 300 m increments. The winds were 
also rotated at 3500 m above ground level.  Table 3.2 lists an example wind profile. The example 
profile corresponds to a 60 degree rotation of the winds toward the northeast above the top height 
in the wind profile. The resulting fallout plume is shown in the upper left corner of Figure 3.6 
and is titled ds_60_1.  The fallout patterns for a wind profile with all the winds above the second 
highest level rotated toward the northeast is shown at the top center is and labeled ds_60_2.  The 
remaining plots show fallout patterns for wind profiles where winds were rotated toward the 
northeast above successively lower levels. 

Table 3.2: Example wind profile used to test the sensitivity to wind direction and speed.  The 
wind profile listed corresponds to the plot in Figure 3.6 titled ds_60_1.  In this 
example, winds above the top listed level was rotated 60 degrees toward the northeast.  
All the winds in the baseline profile were towards the north. We ran simulations for 
all the winds rotated above each level and for rotations ranging from 30 degrees to 
330 degrees in 30 degree increments. Sensitivity to wind speed was investigated by 
increasing and decreasing the baseline profiles wind speeds by up to a factor of two 
(see text).

Height above ground (m) Wind Direction (degrees) Wind Speed (m/s)

259.08 180 4.2

563.88 180 5.13

868.68 180 5.74

1173.48 180 6.35

1478.28 180 6.96

1783.08 180 7.57

2087.88 180 8.18

2392.68 180 8.79

2697.48 180 9.39

3500 240 11
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The resulting fallout patterns, for the full range of heights and angles of rotation, ranged from 
relatively simpler, narrower footprints, when the winds were approximately uni-directional, to 
wider, more-complex, sometimes two-lobed patterns when the wind had as little as a 30 degree 
rotation.  Figure 3.6 illustrates the type of patterns we found using a rotation towards the 
northeast of 60. In this example, as more of the winds were rotated from due north toward the 
northeast, by lowering the transition height between the two wind directions to successively 
lower heights, the footprint gradually widened from its initial northward direction into a two-
lobed north-northeast plume and then narrowed into a plume toward the northeast.  It also 
appears that the two-lobed patterns are caused by increased deposition on elevated terrain 
features, and less on lower terrain. 

We also investigated the sensitivity of fallout to variations in wind speed with height and to 
precipitation. We found variations in wind speed with height had their greatest influence on the 
amount of fallout as a function of distance from the source (not shown). Not surprisingly, as 
wind speed was increased an increasing amount of fallout was distributed further downwind, as 
the downwind transport distance is greater in the time it takes material to settle to the ground. 
Although no attempt was made to investigate the sensitivity to simultaneous variations in wind 
speed and wind direction, it seems likely that more complicated fallout patterns could occur 
when both of these phenomena are acting at the same time. 

Precipitation scavenging can have a significant effect on deposition patterns (e.g., Sugiyama et 
al., 2012). We investigated the sensitivity to precipitation by assuming a constant rain rate over 
the whole deposition period and varying the hourly precipitation rate between simulations from 0 
to 2 mm/h in 0.2 mm/h increments. Results of our simulations (not shown) are consistent with 
the observations of Sugiyama et al. (2012) and suggest that precipitation scavenging can rapidly 
remove material from the fallout plume increasing the near-field deposition and reducing the 
downwind fallout footprint. 

Some of the fallout patterns we observed (e.g., Figure 3-6) are relatively complicated given the 
relatively simple variations in the wind. It is not hard to imaging much more complicated fallout 
patterns given more complex meteorology and topography or interactions with man-made 
structures. The ground-shine dose rate from the NTS explosion TURK, Figure 3-7, which 
appears to have had relatively complicated meteorology (Hawthorne, 1979), is an example of the 
potential complexity. 
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Figure 3-6. Ground-shine dose for 60 horizontal wind shear above successively lower elevations 
from ground level. The height of the wind shear decreases approximately 300 m from 
plot to plot with successive levels indicated by the integer at the end of the plot title. 
All the simulations used a yield of 1.1 kt and a surface (0 m) height-of-burst.  Note the 
broadening and then narrowing of the plume as the majority of the wind rotates from 

the initial northward direction to a direction 60 from north towards the east. It also 
appears that two lobes of the fallout pattern are formed due to variations in terrain 
elevation.



13

Figure 3-7. Ground-shine dose-rate contours for the NTS explosion Turk at H+1 hr in R/hr.
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4.0 CONCLUSIONS AND RECOMMENDATIONS

The complexity of fallout footprints shown by our simulations using variations in meteorology 
suggest that accurate predictions of fallout will be difficult without well constrained estimates of 
the local meteorology.  Uncertainty will be exacerbated by any lack of confidence in the 
environmental material (e.g., soil) properties and the detonation parameters such as yield and 
height of burst.  These findings suggest that it would be very useful to better constrain the local 
meteorology as well as the near-source environmental material and detonation parameters.  Once 
we have a better understanding of the range of probable model parameters we can focus on 
reducing uncertainties in those parameters that have the greatest impact on predicted fallout, and 
can also do a better job of estimating the range of possible fallout patterns.  

The primary results from this study are as follows: 

1. Fallout levels are non-linear functions of yield and height of burst with greater 
variation in levels for lower yields and smaller heights of burst. 

2. Potential variations in fallout consistent with uncertainties in in-situ 
environmental material properties and the particle activity-size distribution model 
are potentially quite large.   Our simulations with plausible but poorly constrained 
particle size distributions produced cases ranging from the majority of fallout 
being deposited near ground-zero, to being transported to relatively large 
distances downwind.

3. Better constraints on the in-situ particle size distribution model input parameters, 
particularly at low yields and heights of burs, are critical for producing reliable 
estimates of nuclear detonation fallout. 

4. Uncertainties in meteorology are another potentially significant source of 
uncertainty in predicted fallout.  For example, variation in wind direction as a 
function of height can lead to complicated multi-directional fallout footprints.  
Such fallout footprints are consistent with observations of fallout at NTS
(Hawthorne, 1979). 

5. Variations in wind speed as a function of height can have a significant effect on 
the relative amount of material that is deposited in the near-field and far-field 
downwind regions. 

6. Precipitation scavenging can significantly increase ground deposition in areas of 
precipitation, and, then, reduce deposition downwind of the precipitation areas. 

7. Topography can cause additional complexity in the fallout plumes, changing the 
direction of the plume, spatial distribution of the fallout, and the distances at 
which significant fallout occurs. 

8. Sensitivity to topography depends on yield as well as local meteorology. 
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APPENDIX A. ABBREVIATIONS AND ACRONYMS

Item Description

LLNL Lawrence Livermore National Laboratory

NARAC National Atmospheric Release Advisory 
Center

NTS Nevada Test Site

GRIDGEN NARAC continuous terrain Grid Generator 
code

ADAPT Atmospheric Data Assimilation

and Parameterization Techniques code

LODI Lagrangian Operational Dispersion Integrator 
code

KDFOC K-Division Fallout Code
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