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The Air Force Institute of Technology's (AFIT’s) Center for Directed Energy, sponsored by
the High Energy Laser Joint Technology Office (JTO), has developed the High Energy
Laser End-to-End Operational Simulation (HELEEQS) parametric
one-on-one-engagement-level model. HELEEOS incorporates scaling laws tied to
respected wave optics codes and all significant degradation effects to include thermal
hlnoming due to molecular and aerosol absorption, scattering extinction, and opiical
turbulence. The HELEEOS model enables the evaluation of uncertainty in low-altitude,
high-energy laser (HEL) engagement due to all major clear-aiv atmospheric effects.
Almospheric parameters investigated include profiles of temperature, pressure, water
vapor content, and optical turbulence as they relate ro layer extinction coefficient
magnitude. Worldwide seasonal, diurnal, and geographical spatial—temporal variability
in these parameters is organized into probability density function (PDF) databases using
a variety of recently available resources to include the Extreme and Percentile
Environmental Reference Tables (ExPERT), the Master Database for Optical Turbulence
Research in Support of the Airborne Laser, the Global Aerosol Data Set (GADS), and the
Directed Energv Environmental Simulation Tool (DEEST) in conjunction with Air Force
Weather Agency MMS5 numerical weather forecasting data. Updated ExPERT mapping
software allows the HELEEOS operator to choose from specific site or regional surface
and upper air data to characterize correlated molecular absorption, aerosol absorption
and scattering. and optical turbulence by percentile. The PDF nature of the HELEEOS
atmospheric effects package enables realistic probabilistic outcome analyses that permit
an estimation of the level of uncertainty in the calculated probability of kill (Py).
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HELEEOS users can additionally access, display. and export the atmospheric data
independent of a HEL engagement simulation.

KEYWORDS: Aerosol extinction, Corrclated atmosphere, HEL propagation, Percentile, Probabilistic

1. Introduction

The Air Force Institute of Technology’s (AFIT’s) Center lor Directed Energy, spon-
sored by the High Energy Laser Joint Technology Office (JTO), has developed the High
Encrgy Laser End-to-End Operational Simulation (HELEEQOS) paramelric one-on-one-
engagement-level model. One of the primary purposes of the HELEEOS model is to provide
realistic probabilistic outcome analyscs thal permil an estimation of the level of uncertainty
in the calculated probability of kill (P) for lower tropospheric high-cnergy laser (HEL)
engagements (such as is envisioned for the Air Tactical Laser). Despite its dependence on
computationally fast scaling law codes, HELEEOS cannot fully incorporate all significant
degradation effects into a B without a robust and probabilistic accounting of the simulated
environment. This paper describes a method employed by HELEEOS to integralce corre-
lated, probabilistic atmospheric effects, such as molecular absorption, aerosol extinction,
and optical wurbulence, into HEL effectiveness simulations. The paper further details how
the above atmospheric ctfcets are derived from basic meteorological and/or climatologi-
cal parameters—or how those effects arc dircetly predicled—Tlor the simulation scenario
selected. The HELEEOS model itself, its applied scaling laws, an overview of the intcr-
face, and a vision for its employment beyond the modeling and simulation community are
addressed in Bartell et al.?

The HELEFOS approach to characterizing atmospheric effects is focused on assessing
uncertainty in the ultimate Py in clear-linc-of-sight conditions. Even in such a “clear-sky”
environment, the atmosphere significantly affects both beam spread and aticnuation charac-
teristics of HEL propagation. Thus, HELEEOS can produce useful analyses of HEL prop-
agation uncertainty cven with the restriction that there is a noncloudy path of propagation.
However, assessing Py uncertainty requires detailed knowledge of atmospheric uncertainty,
which requires an expanded environmental database beyond the typical deterministic or
“standard”™ atmospheric Lype data incorporated into many modeling scenarios.

The subsequent sections of this paper outline the environmental databases utilized by
HELEEOQS, data correlation techniques, the main contributors to HEL beam spread and at-
tenuation, and preliminary lindings. Under environmental databases, the Extreme and Per-
centile Environmental Refercnce Tables (ExPERT), the Global Aerosol Data Set (GADS),
the Master Database for Optical Turbulence Research in Support of the Airborne Laser, and
the Directed Energy Environmental Simulation Tool (DEEST) are described. The paper
then presents details of the correlation technique and how it varies with altitude. How the
effects of molecular absorption, aerosol scattering and absorption, and optical turbulence
are incorporated is then addressed. Finally, a conclusion with proposals for future work and
possible HELEEOS add-ons is offered.

2. Environmental Databases

The ExPERT database is a joint effort by the Air Force Rescarch Laboratory’s Air Vehicles
and Space Vehicles Directorates and the Air Force Combat Climatology Center. ExXPERT
1s an interactive microcomputer program to display precalculated climatological values
for various regions—Iland, ocean, and upper air—as well as 289 sites worldwide. For the
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individual surface land sites, this program allows the analyst to view monthly and hourly
percentile data, duration data, and yearly minimum and maximum values for the following
atmospheric variables: altimeter setting. dew point temperature. absolute humidity. relative
humidity. specific humidity, temperature, wind speed. and wind speed with gusts. Percentiles
for diurnal data and sky cover data are displayed as well. Also available are the percent
frequency of occurrence for several “significant” weather phenomena: thunderstorms: fog.
blowing snow or sand, freezing rain. hail. snow. and rain. Notably, EXPERT also enables
the analyst to display the probabilities of when a particular combination of temperature and
relative humidity will occur—for a specific land site.”

For the upper-air and ocean regions, where the climatological record is not built upon
hourly observations, percentiles are not directly calculated by binning the observations by
numbers of occurrence. Since the upper-air and ocean data are compiled from twice-daily
balloon launches (upper air), irregular aircraft and satellite measurements, and irregular ship
observations (ocean). the historical records are in the form of mean and standard deviation
data only. The EXPERT percentiles for the upper-air and ocean regions are projected from
the mean and standard deviations, assuming either a normal or gamma distribution. The
upper-air data in EXPERT are provided at every 1.000 ft (305 m) from the surface to 10,000 ft
(3.048 m). every 2.000 ft from 10 to 20 kft. every 5.000 ft from 20 to 50 kft, and every 10 kft
from 50 to 80 kft (Ref. 5). The EXPERT regions and sites as incorporated into HELEEOS
are shown in Fig. 1.

) Select Region of Interest

ST

- - — -

Fig. 1. Top panel: EXPERT-based HELEEOS surface sites plus eight land regions and four
ocean regions overlaid with the six upper-air regions. Bottom three panels. left to right:
separately displayed EXPERT land. ocean. and upper-air regions.
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In the GADS incorporated into HELEEOS, the atmospheric aerosol particles are de-
scribed by 10 main acrosol components, which are representative for the atmosphere and
characterized through their size distribution and their refractive index depending on the
wavelength. These aerosol particles are based on components resulting from aerosol emis-
sion and formation and removal processes within the atmosphere, so that they exist as
mixtures of different substances, both external and internal. Typical components include
waler-soluble, water-insoluble, soot, sea salt, and mineral. The sea-salt particles are defined
in two classes and the mineral particles in four. The GADS allows the display of the global
acrosol distribution of each defined aerosol component, including the vertical profile, on a
5° % 57 latitude—longitude grid for wintcr and summer. This permits the determination of
the radiative properties and mass concentration of the resulting externally mixed aerosols
at cach grid point on the globe.”

The primary source for the HELLEEOS optical turbulence data is the Master Database
for Optical Turbulence Research in Support of Airborne Laser.® The optical turbulence
database is chiefly derived from thermosonde measurement vertical profiles at scveral sites
worldwide. Thermosondes are balloon-borne payloads that measure in situ the temperature
structure constant (CZ) using fine-wirc probes separated by a 1-m horizontal distance. The
C7 purameler is measured approximately every 7-8 m in the vertical. The altitude range
of thermosonde measurements is from the surface to 30 km above sea level. Owing to
solar heating effects on the fine-wire probes, thermosonde measurements of C7 are usually
made at night. The thermosonde also measures pressure (p), temperature (77), humidity,
and horizontal wind velocity using an attached, modified rawinsonde package. Neglecting
‘water vapor fluctuations, this allows calculation of the index of refraction structure constant
C2:

2
ct=c3 [79 x 10‘“%} (m~%?), (n

where the pressure has units of hPa and temperaturc is in K (Ref. §).

The DEEST is an optical turbulence decision aid used to simulate directed energy weapon
scenarios. Currently, DEEST uses the Air Force Weather Agency (AFWA) MMS5 15-km-
resolution forecast data. DEEST represents atmospheric optical turbulence with the refrac-
tive index structure parameter C>. To calculatc atmospheric turbulence, DEEST combincs
various C> models: the CLEAR1 model is used in the upper atmosphere above the MM3
model ceiling, the Dewan model is used in the free atmosphere, and three different models
arc usced in the boundary layer and surface layer. DEEST derives various optical turbulence
quantities from C2; for example, spherical-wave Rylov variance, isoplanatic angle, and
Greenwood frequency. DEEST computations employ ray tracing within an atmospheric
volume to calculate the various optical turbulence integrals and to determine opaque cloud
obscuration.” Future versions of HELEEOS are expected (o allow users Lo obtain C? values
via either DEEST-derived forecasts or probabilistic climatological values from the Master
Database for Optical Turbulence analysis done for HELEEOS and described in Sec. 4.

3. Data Correlation

The HELEEOS model incorporates und simulates numerous different probabilistic, and
independently compiled, atmospheric variables. Since the model concentrates on uncer-
tainty in the form of a user-defined “probability™ or “percentile,” the realistic correlation of
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Fig, 2. Typical daytime vertical profiles of mean virtual potential temperature 6,, wind
speed M (where M? = u® + %), water vapor mixing ratio r, and pollutant concentration c.
(Adapted from Fig. 1.9 of Stull,'%)

the different indcpendent variables at the specified level of uncertainty is paramount. This
section addresses this correlation issue by outlining the percentiles utilized in the model, the
method of choosing the “percentilc of interest,” and how the determination of atmospheric
values varies by altitude.

The ExPERT database enables HELEEOS to provide environmental probability density
function (PDF) information in the form of nine different percentiles: 1, 5, 10, 20, 50, 80,
90, 95, and 99 percentile for summer and winter seasons. It provides this information for
all land, ocean, and upper-air regions and the individual surface land sites. However, while
the individual land sites each has a correlated temperature and relative humidity dalabase,
the upper-air and ocean data do not. Consequently, the individual surface site PDFs can be
more meaningfully and realistically correlated than the PDFs aloft or for the ocean areas.

Given HELEEOS's focus on lowcer-tropospheric engagements and the greater degree of
corrclation available from the surface land data, an assumption is made that the atmospheric
boundary layer can be characterized by surface parameters. Assuming that the boundary
layer is “well-mixed” and is thcrefore nearly homogeneous in its potential tcmperature (the
tcmpcrature a parcel or layer would have if brought adiabatically to a pressure of 1,000 hPa),
moisture, pollutant/aerosol, and wind-speed characteristics is consistent with Stull'® and
many others conducting boundary-layer research. The homogeneity of an idealized bound-
ary layer is illustrated in Fig. 2. Stull and others also indicate that the typical, fair weather,
afternoon boundary layer extends up to about 1,500 m. Thus, the boundary laycris set to the
lowest 1,500 m (~5,000 ft) in HELEEOS and is characterized by surface site values. There
are inherent weaknesses associated with theses assumptions—some of which are addressed
in the conclusions—but for the early versions of HELEEQOS they do not override the strength
of greater data correlation within a “fair weather” (clear-line-of-sight) boundary laycr.

As noted in the preceding section, EXPERT gives HELEEOS the ability to correlate the
temperature and relalive humidity PDFs for the individual sites, and therefore the boundary
layer above those sites. Relative humidity is critically important in the growth and scat-
tering effects of aerosols (described in the next section) and, when properly coupled with
temperature. can yield correlated values of all other moisture parameters (i.e., mixing ra-
tio, specific humidity, absolute humidity, and dew point). Thus, HELEEOS uses relative
humidity as the key parameter in determining how the user-defined “percentile of interest™
(or probability or uncertainty of interest) is converted into specific environmental values for
HEL propagation calculations.
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Fig. 3. Example ExXPERT RH-versus-temperature table. Tablc is compiled from annual
averages of hourly obscrvations. Values may not add up to exactly 100% due to rounding.

For boundary-layer calculations at any site or land region, the user-specified percentile of
interest corresponds directly to a relative humidity (RH) value. The RH valuc is then used
to determine aerosol size distribution, scattering, and absorption. RH is also empirically
related to climatological valucs of C; in HELEEOS: thus an RH value yields a C? as
well. The RH is then coupled to a temperature value using an RH-versus-temperature table
like that shown in Fig. 3. This correlaled temperature and RH combination is then used
to produce absolute humidity for molecular absorption calculations {outlined in the next
section).

A complicating factor in corrclating the RH and temperature using the RH-versus-
temperature tables is that the tables were compiled for ExPERT using hourly annual data
rather than scasonal data. HELEEOS overcomes this by considering only half the distri-
butions shown in the RH columns of the RH-versus-temperature tables. For a summer
calculation, only the upper 50% of the distribution in the RH column is used to yield a
temperature range. For winter, only the lower 50% of the RH column distribution is used.
This aliows HELEEOS to maintain its seasonal distinctions.

It is notable that pressure is required for many of the calculations described above and
below. While ExPERT does provide PDFs ol pressure variations for surface and upper-air
regions, the variations across all percentiles are relatively small as compared to the absolute
value of pressure. Therefore, HELEEOS uses only 50 percentile pressure profiles (from
each of the six upper-air regions, summer and winter—12 different profiles).

For calculations above the boundary layer (above 1,500 m), physically meaningful cor-
relations between the various PDFs become difficult. This is due to the independent nature
by which each of the variables in the upper-air profiles was compiled. Additionally, RH is
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not a parameter in the ExXPERT upper-air database; it must be derived from temperature and
dew paoint. Since the lemperature and dew point data are generally normally distributed in
all regions, seasons, and altitudes,® the 50 percentile data can be considered “correlated.”
Thus, 50 percentile values of temperature and dew point are used to derive RH for aerosol
size distribution, scatlering, and absorption at altitudes above the boundary layer. The dry
numbecr density of acrosols above the boundary layer is varicd cxponentially with height as
done in Hess et al.®:

N = N(O)e M7, (2)

where N(0) is the boundary-layer aerosol number density, # the altitude above ground
in kilometers, and Z =8 km is the scale height of the atmosphere. For above-boundary-
layer molecular absorption calculations, the user-defined percentile of interest determines
a dew point percentile that gives a dew point temperature that yields the moisture content
needed for water vapor absorption. For C? values above the boundary layer, the user-defined
percentile is used to get a temperature that is then empirically related to a C2 value.

4. Beam Spread and Attenuation Causes:
Calculations and Discussion

The primary causes of HEL diffraction-limited beam spread and attenuation in a non-
cloudy atmosphere are aerosol scattering and absorption, molecular absorption, and optical
turbulence. For engagements in the lower troposphere, all of these cffects play a signifi-
cant role; however, water vapor {molecular} absorption is minimized in engagements with
high-cnergy solid-state lasers (SSLs) tuned to operate in fully “clean-window™ bands. This
section details the calculations and manipulations necessary to allow HELEEOS to fully
incorporile the above effects in a correlated, physically meaningful manner. Brief analyses
of some of the preliminary results are also presented.

HELEEQOS calculates an aerosol size distribution for each user-specified scenario,
location, altitude, scason, and relative humidity. For aerosol scattering and absorption cal-
culations, Mie scattering is assumed. The dimensionless Mie extinction, scattering, and
absorption coefficients are first calculated assuming a dry environment and then allowed to
vary with increasing RH conditions.

The HELLEEOS aerosol algorithm calculales dimensionless extinclion, scattering, and
absorption cfficiencies with the Wiscombe!! Mie scattering module. Wavelength-specific
complex indices of refraction for the 10 GADS acrosol specics arc interpolated from either
Table 4.3 in d” Almeida ct al.* or using tables derived with the Optical Properties of Aerosols
and Clouds (OPAC) software package.® The normalized radius-specific particle number
density per unit volume |dN/d(log )] is derived as shown in d’Almeida et al.* for the
log-normal distribution:

dN(r) N [_(jlogr —log "M)z:l 3)

dlogr) @) P logle) " logo )

where N is the total particle number density per unit volume and is normalized to |. The
s value is the modal {or median) radius, and o is the standard deviation for the aerosol
species. HELEEOS takes these values from either d'Almeida ct al.* or Hess et al® As
done in d’Almeida et al., the wavelength-specific normalized extinction, scattering, and
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absorption coefficients [o, , ,(4)] are obtained by integrating over the range of radii using

S

,  dN(r)
Ops.a(r) = Qisa(m, A, Pwr* —————————
Jr rIn10d (log r)
rmax ’ dN
~ Z Qeos.alm, A, r; )m',‘—' Ar;. (4)

ri In 10d (log r;)

f=rmm

For moist aerosol calculations one must consider that humidity causes aerosol particle
growth, even at RH values far below saturation. d’Almeida et al. handle this by allowing
the modal radius and the refractive index for each aerosol species to vary with RH. The
standard deviation and the particle number density of the log-normal distribution for each
species are not varied with RH. HELEEOS calculates the humidity-altered radius value,
r(a,). by obtaining the particle number density from Eq. (3) (using the dry ry and o)
and then solving Eq. (3) for r(a, ) using the humidity-specific ry; and holding the particle
number density [dN/d(log )] constant. This is described by the following:

12
logr(a,)= :t[— In (ND\/ZJT lngrf) . Ztloga)‘] + logry. (5)

where ND =dN /d(log r,,). o = the standard deviation from d”Almeida et al. or Hess et al.,
and ry; = the modal radius for the given RH. [Note that the first term on the right-hand side of
Eq. (4) is negative when ND is calculated using a dry particle radius, 7, < | ;#m. and positive
when r, = | m.] HELEEOS considers aerosols “dry” if RH < 50%. For RH > 50%. modal
radii are interpolated from the values given in Table 6.2 of d’Almeida et al.

Moist growth of aerosol particles changes not only their size, but also their index of
refraction. HELEEOS again follows d’Almeida et al. and derives the humidity-altered
index of refraction from

3
2 B i
n=n, +(n,—n,) . (6)
ria,)

where n =m, +im;. n, is the refractive index for liquid water. i, is the refractive index for
the dry particles. r, is the radius of the dry particles. and r(a,,) is the radius of the particle
at the given RH. obtained with Eq. (5). With the humidity-altered radius value and index of
refraction, HELEEOS reinvokes the Wiscombe module to get RH-modified Mie efficiencies
and then uses Eq. (3) for RH-modified normalized radius-specific particle number density
per unit volume [dN/d(log r)].

While Eqgs. (3)—(6) and knowledge of the RH provide a means for HELEEOS to assess
aerosol scattering and absorption. molecular extinction requires knowledge of water vapor
density (absolute humidity) and carbon dioxide (CO»). For HEL scenarios involving wave-
lengths greater than | zzm. molecular extinction is virtually all due to molecular absorption
effects as scattering effects become almost nonexistent. For the chemical oxygen-iodine
laser (COIL) and other HEL lower atmosphere applications at or near water vapor absorp-
tion lines, the molecular absorption is predominately caused by gaseous water, with CO,
as a much smaller secondary contributor. For HELs at non-water-absorbing wavelengths,
CO; is the primary molecular absorber. HELEEOS derives the CO>-number-density-based
pressure and an assumption that atmospheric composition is homogenous throughout all
modeled engagement altitudes. In the boundary layer, the model obtains absolute humidity
from RH and correlated temperature and pressure. Above the boundary layer, HELEEOS
uses temperature, dew point temperature. and pressure to obtain the absolute humidity.

Journal of Directed Energy. 1, Winter 2006
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Fig. 4. Worldwide analysis (with winter 50 percentile water vapor and aerosol data) of dwell
time required to achieve a user-specified P; for user-specified RH conditions (percentile).
season, weight-constrained laser type, and engagement geometry. Case shown is fora COIL.
wavelength ~1.315 pzm. Both northern and southern hemispheres are shown in summer
conditions.

Because HELEEOS performs simulations at only a few specific wavelengths (e.g.. 1.06
and 1.315 y¢m), the atmospheric transmission algorithms necessary to obtain molecular
absorption from vapor density and CO, number concentration are fully encoded within the
model and are described in Bartell et al.?

Incorporation of aerosol scattering and molecular absorption into HELEEOS HEL en-
gagement scenarios significantly affects simulated dwell times. This is illustrated in Fig. 4,
where regions with relatively low summer RH and absolute humidity are generally charac-
terized with low (“green™) dwell times. The aerosol scattering effect is generally at least an
order of magnitude larger than the aerosol absorption effect. Thus. areas with orange and
red sites in Fig. 4 exhibit longer required dwell times due to high absolute humidity (case
shown is for the COIL), high relative humidity. high aerosol content. or a combination of
two or more of these factors. Figure 5 displays both COIL (1.315 yzm) and SSL (1.06 zzm)
worldwide trials for both summer and winter cases. at three increasing RH percentiles. The
COIL’s sensitivity to absolute humidity is apparent in the difference in winter and summer
dwell times at all the RH percentiles. Notable. however. is that the dwell times increase
with increasing RH percentile for both the COIL and SSL. in both winter and summer. This
strongly suggests that the more dominant atmospheric effect is aerosol scattering, even
when the COIL sensitivity to water vapor absorption is considered.

There are significant operational implications of the effects of aerosol scattering, and
the modulating effects of RH on the scattering, on lower troposphere HEL engagements.
Because the absolute range of RH across the three percentiles shown in Fig. 5 is frequently
experienced at every site on a diurnal basis, a HEL engagement may be subjected to a two-
to threefold increase or decrease in dwell time simply by changing the time of day of the
scenario. An example of this is shown in Fig. 6, a depiction of a fair-weather day at Wright—
Patterson Air Force Base, Ohio. The conditions shown in Fig. 6, where the temperature
cycles with solar heating and moisture (measured in dew point temperature) remains fairly
constant, are typical of any fair-weather day at any location in the world. This cycle of
temperature and moisture causes a fluctuation of RH from 100% to ~25% back again to
100% over less than 18 h. During periods of reduced scattering (e.g.. afternoon times).
HELEEOS predicts the possibility of more thermal blooming due to absorption. One could
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Fig. 5. Worldwide P, trials for the COIL (top panels) and the solid-state laser (SSL: bottom
panels) at the three different RH percentiles displayed. in summer and winter. The individual
sites are color coded according to required dwell time in the same manner as in Fig. 4. Charts
are not directly comparable to Fig. 4 due to differences in user-specified P; and engagement
geomeltry.
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Fig. 6. Chart depicting temperature, dew point, and RH variations at Wright-Patterson Air
Force Base, Ohio, on Oct. 67, 2004, Periods with lower (higher) RH arc noted as times
with reduced (enhanced) aerosol scattering and thus greater (reduced) thermal blooming
effects,

conversely expect reduced thermal blooming effects during periods of higher scattering
(e.g., nighttime, early moming) due to high RH.

HELEEOS has aspects of the DEEST environmental data tool built into it mainly so
that it can obtain optical turbulence data for simulation. The DEES T-derived C? profiles
are an excellent source of forecast data; however, they are for the most part deterministic
in nature. To acquire a probabilistic optical turbulence database for use in HELEEOS, the
thermosonde data noted in Sec. 2 from several representative sites were analyzed to describe
C? distributions within the boundary layer and at various altitudes above it. This analysis
found that regardless of whether C? was being empirically related to RH or temperature
and altitude, the distributions could be well-fitted to a lognormal curve, Thus, HELEEQS
uses climatologically representative lognormal distribution curves to probabilistically char-
acterize optical turbulence. The lognormal distribution data are stored for the representative
boundary layers and above-boundary-layer-altitude bins with five unique coefficients of the
following equation:

0.5
x= [exp(h%) : {ln(2)~ln[(y;a)]] -ln(e)) do(e -1 +ec-é —c]/(ez — .

)

Figure 7 provides examples of three boundary-layer C? distributions and three different
temperature/altitude bin distributions above the boundary layer. The five unique coefficient
values are included for one of the distributions.
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Fig. 7. Example C> distributions for three boundary layer (left panels) cases binned by
associated relative humidity. Right panels show cascs above the boundary layer where C?
is binned by associated temperature and altitude.

5. Summary/Congclusions

The HELEEOS atmospheric effects package demonstrates scveral significant improve-
ments in the rcalm of HEL engagement simulation. Foremost, it provides HELEEOS with
a self-contained, correlated, and probabilistic atmospheric database. This database permits
the model a great degree of flexibility in modeling HEL engagements, anywhere, anytime in
the world—and provides realistic degradation effects on propagation. This, in turn, enhances
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HELEEOS’s ability to characterize uncertainty and risk in the bottom line of probability of
kill.

The research that produced the atmospheric effects package is still on-going. However,
the preliminary conclusion that aerosol scattering effects outweigh all other environmental
effects—even in the COIL case—for lower-troposphere HEL cngagements is significant
and should be noted at this juncture prior to completion of research. Furthermore, the
operational implications noted in this research (see Fig. 6) of the effects of very common
diurnal RH fluctuations on aerosol scattering warrant attention and additional study.

This rescarch has also highlighted some areas for future HELEEOS add-ons and/or
improvements. As pointed out in Sec. 3, HELEEOS could bc enhanced with diurnal at-
mospheric data. This would allow not only for simulating the RH fluctuations addressed
in the preceding paragraph, but also for boundary-layer height variations based on time of
day. Some areas for improvement are being developed as of this writing. Those include the
Air Force Combat Climatology Center’s effort to process up to thousands more ExXPERT
sites, and AFIT’s in-house project to allow HELEEOS users to access, display, and export
atmospheric data independent of a HEL engagement simulation. Additional improvement
areas are under consideration as well, such as allowing user selection of any wavelength
between 0.4 and 14 zm, with a set of up to 20 select wavelengths supported via lookup table
for runtime advantage; providing representations of water cloud, fog, and light-rain effects;
support for user-specified surface visibility; enhancements to atmospheric boundary-laycr
calculations, specifically temperature and dew point lapse rates within the boundary layer
that would produce more realistic RH-based aerosol effects; incorporation of the latest
HITRAN line strength data for molecular absorption calculations of the top 13 molecular
absorbers, rather than only water vapor and carbon dioxide; integration of probabilistic
wind speed data for all ExXPERT sites; and inclusion of single-scattering phase function
information along the beam axis.
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