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A computationally efficient acoustic ray-tracing cale based on unstructured adaptive
grids is described in detail. The use of unstructed grids allows wave propagation
simulations on complex computational domains. Deiled surface layer physics is included
to take into account the atmospheric variability urder different stability conditions and
landuse inhomogeneities. The ray-tracing model haseen coupled with meso- and micro-
scale atmospheric flow models. The method shows @nise in simulating long-range
acoustic wave propagation in the atmosphere over ogplex terrain.

. Introduction

L ong-range acoustic wave propagation in the atmaspisea challenging computational problem. Thensou
speed varies with temperature (& kchange of temperature results in sound speedticariby approximately
0.6m/s) resulting in atmospheric refraction (Saloex@001). The ambient winds cause shifts in thendo
propagation front and the atmospheric turbulencehin surface layer can result in the dispersionvafes.
Atmospheric absorption on the molecular level giats the sound waves and close to ground leeetptiography
creates blocking effects. The Linearized Euleratigns governing the sound propagation in an inlggmeous and
moving atmosphere (Ostashev et al. 2005), haveeresenesh resolution and time step restrictionse fime step
restriction is especially stringent for high frequg signals. For example, a 60 kHz signal tragekt 300m/s
would require a mesh resolution of less than 1mim.a one-kilometer computational domain, the numbker
elements in just one dimension would exceed onkomil Often the linearized Euler equations arepified to
obtain a Helmholtz-type equation for pressure.sHinplification in the equation set however, doesnecessarily
reduce the computational complexity of the probleRurthermore, it is difficult to account for thrdemensional
flow field within this model. To overcome thesealllnges, geometric acoustic ray tracing is ofteeduto simulate
sound wave propagation in the atmosphere over ldigiances. The advantages and disadvantageseof th
methodology are well documented in the literatiallperg et al. 1988; Raspet et al. 1995). Onadliantage is
that ray-tracing predicts infinite amplitude at st points (Salomons 2001). The amplitude ofgbend pressure
at a caustic point is relatively high but cannotiinite. The method is attractive because ofcissnputational
efficiency and simplicity in implementation. Thanations in temperature and wind fields in the agphere are
taken into account by the model, as well as thece$fof the underlying topography.

Another difficulty in geometrical ray-tracing indas computation of reflections from complex terrsimfaces
(Jones et al. 1986). In this paper, a computallipradficient acoustic ray tracing code based orstrurctured
adaptive grids is described in detail. The usensfructured grids allows wave propagation simoikegtion complex
computational domains. The use of unstructuredsgaiso allows seamless coupling with an existirgaorscale
atmospheric flow model (Operational Multiscale Eomiment model with Grid Adaptivity — OMEGA) devekxp
by SAIC, based on unstructured adaptive grids (Bagtoal. 2000). The coupling allows the inclusafrdetailed
surface layer physics computed by OMEGA as initiahditions for the ray-trace code. The predictadrsound
wave propagation can only be as realistic as titialiconditions provided to it for the atmosphebiase state, and
therefore, accurate initial conditions for threeadinsional flow and thermodynamic fields are esaéntn addition
to the OMEGA model, the ray-tracing code has alsenbcoupled with micro-scale atmospheric flow medel
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(Ahmad et al. 2005) with resolutions as small as110n the following sections the methodology isganted in
detail and some preliminary results are reported.

Il.  Governing Equations

The classic ray theory is given by the followindg eé ordinary differential equations (Pierce 198leimann
2001):

—=u+aom, (1)
and,

~ = Rec- n. Nu. 2
dt - ji i ()

where, X; is the vector of ray positions); is the wave vectory is the atmospheric flow field arwiis the speed of
sound, given by:

c=JR,T 3)

where, g is the ratio of specific heatRy is the gas constant for dry air aids the air temperature. The initial
conditions required by Eq. (1)-(3) are the winddgeand the temperature variations in the atmogphén the
surface layer the effective sound speed is a Ithigait function (Salomons 2001):

Cy(2)=c, +bin 2 +1 (4)
Z

0

where,c, is the sound speed at ground lexgls the surface lengtte(g, 0.01m-0.1m for grassland and“h8-10°m
for a water surface). The paramebetypical value is 1m/s) is positive for a downward refragctiimosphere and
negative for an upward refracting atmosphere. Alternativelygraep profiles for temperature and wind fields can
be used,e.g, within the atmospheric boundary layer, the wind profieghe vertical can be specified if the
following boundary layer parameters (Buyn 1990) are known:

roughness lengtlzd)

Monin-Obukhov lengthL()

Friction velocity ()

Height of the mixing layerz()
Given these parameters, the wind profile in the vertical eanrliten as a function of atmospheric stability:

2
U2 oopntX oy, 1+X2 +2arctai{X )- 2arctaX,) Z£0
k z 1+ X, 1+ X, L
Y hltistn 0£2<05
- K L L
u(z)= y , , , , (5)
8N 22 +425 %2 -052% -in2% .5%.4 o05£2<10
K L L L L L L
U 0.7585%+8In20- 11.165- In 2% ; % 10£ L

where k = 0.4 is the von Karman constant 20dndX, are given by:
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X = LlSE : X0=1ﬁw%l . for 23 z, (6)

The atmospheric base state can also be obtainedaittual sounding data and the current advanaesnirerical
atmospheric flow models allow for inclusion of dktd three-dimensional flow fields in the ray-trnagicode.

. Numerical Scheme

The methodology is based on unstructured adaptids gnd uses triangular elements in 2D (see Fifjuend
prismatic elements in 3D. First the cell-based adde-based data structures (Bacon et al. 200Q)edireed for a
given geometry. Given an atmospheric state, thetisn of Equations (1)-(3) requires accurate geatli
calculations, fast search algorithms for locatiagsrand an efficient time-marching scheme for sgithe ODEs in
time.

cell ic

Figure 1. Cell data structure for a 2D triangular mesh.ivl ,iv2 , andiv3 are the nodes andel ,ie2 , and
ie3 are the edges/faces of the céd .

A. Calculation of Gradients

Accurate calculation of gradient is important fagtracing codes. Gradient discontinuities at belindaries,
e.g, can introduce false caustics, which introducesdaracies in the prediction of ray paths as atfonof ray
launch angle (Jones et al. 1986). Linear leashregumethod (Barth and Jesperson 1989; Blazek 20@4)obust
technique for calculating gradients on unstructugeidis. Although it has slightly more memory reguirent
compared to the Green-Gauss method it gives a cmrgistent and accurate result on meshes which haiayave
good quality elements (Ahmad et al. 2005). Theligrat of quantityl at the cell center is given by:

- neighbors
Nu = w(,-u,) @)
j=1
The weights,w; are given by:
a; .- rl—Za + ba
ij,1 r ij,2 ij,3
11
W, = r 8
i a,- rﬁa” , (8)
22
i 3
3
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where,

DXi- 1 I 1 r
—_ T _ 12 . _ 23
aj,=—5 a;,=—5 Dy - ==Dx; ; a;;=—5 Dz; - =Dy, +bDx; (9a)
M P M I3 22
_ 1ol = Tialan
b= Il = ol (9b)
M2
In EQ. (7)-(8)r11, 12, r22, I13, I23 andrgz are given by:
neighboys ) 1 neighbors 1 neighbors
l, = (Dxij ) v T =— Dx;Dy;; Ms=— Dx; Dz; (10a)
=1 rll j=1 rll j=1
neighboys ) 1 neighbors r neighbors
_ 2. _ 12
My = (Dyij ) sl I =— Dy, Dz; - == Dx; Dz; (10b)
j=1 fo  ja M1 ja
neighboys ,
_ 2 .2
fa3 = (Dzu) - (f13 - r23) (10c)
=1

and, D(>)=(>)J - (>)| , the subscripj denotes the neighboring cells of cell Total number of neighbors for a

prismatic cell is 5. Ghost/dummy cells are usethatboundaries in the gradient calculatiof.y, andz, are the
Cartesian coordinates of the cell/element centers.

B. Boundary Reflection

The reflection from lower boundary (ground) is cééded using the standard reflection formulae. @&teation
for the plane normal can be calculated from therdioates of the three nodeswt , iv2 andiv3 of the surface
triangle (see Figure 1). The surface normal iggibry (Blazek 2004):

N, DyatDyn Dz
n, :ﬁ Dzx, + Dzx; + Dzx: (11)
2 Dxy, + Dxyg + Dxy.
where,
Dxy, = (Xl - X )(yl + yz)v Dxyg = (Xz - Xs)(yz + ys)* Dxyc = (X3 - Xl)(y3 + yl)’ (12a)
DyZA = (yl - YZ)(Zi + Zz)v D)/ZB = (yz - yS)(ZZ + 23)’ Dyzc = (Y3 - yl)(z3 + zl)' (12b)
Dzx, = (21 - 22)(X1 + Xz)’ Dzxg = (Zz - 23)(X2 + Xs)' Dzx. = (Zs - 21)(X3 + Xl)' (12¢)
and,

DN =,/n +nj +nZ . (12d)

X1, Y1, 1 are the coordinates of nodd , x,, ¥», Z are the coordinates of nod® andxs, ys, Zz are coordinate of
nodeiv3 . There are different methods for checking intetisa of ray with a triangle (Moller and Trumbor@9;
Segura and Feito 1998). In the current studyjritexsection of the ray with the plane extendedHhgytriangle is
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determined as the first step. If the ray lieshia plane of the triangle, then a calculation isedtinfind if the point
of intersection lies within the triangle. Once tlag-triangle intersection is identified, then theersection point is
calculated. Given the plane normal, the reflectian be calculated as follows:

X == % +2% +2n[(x - %,)0] (13)

where, the subscript™ denotes the coordinates of the reflected ray,siltescript i denotes the incident ray and
the subscript 0" denotes the point of intersection of the incideay and the surface triangle. The point of
intersection can be calculated from the coordinatéke ray and the triangle defining the plandame:

Xo =X, t (sz - Xrl)t (14)

The subscriptsl andr2 denote the two points defining the ray arg given by:

1 1 1 1
X X X Xy
Vi Y2 Y5 Ya
R A (15)
1 1 1 0

Xl Xz Xa (sz'xrl)
Vi Yo Vs (Yeor Ya
2z 2 2z (2,-2)

Please note that the effect of ground impedannetigncluded in the current model.

C. Multi-stage Runge-Kutta Time-Marching

The solution is marched in time using Eq. (1)-(4)him a multi-stage explicit Runge-Kutta time mairghn
scheme (Jameson et al. 1981). The scheme hasebiamall memory requirements, is easy to implet@d has
been successfully used for obtaining both steadyuaisteady solutions:

Let,

R > (16)

Then the four-stage Runge-Kutta time-marching seheam be written as:

u®=ur
Ui(l) :Ui(O) _ alDtR(O)
Ui(2) :Ui(O) _ azuRi(l)
Ui(S) :Ui(O) _ a3DtR(2’
Ui(4) :Ui(O) _ a4|]Ri(3)
U vn+1 - U .(4)

i i

(17)

where, a, = 1/4, a, = 1/3, a3 = 1/2 and a, = 1, are the Runge-Kutta constants for a 4-stage-marching
scheme anddt is the time step. For most simulations a 2-stegfeeme witha, = % anda, = 1 (second-order
accuracy in time) should be sufficient. AccordiogHeimann (2001), the time step should be sufiityesmaller
than the length scale of variations in the atmospheln the present study, the length scale isnddfiby the
minimum edge length of the unstructured mesh usé¢lde simulation. Since, the variations in thetigal are much
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more pronounced than in the horizontal, the mesbluéon in the vertical is much higher and thedtistep was set
accordingly:

Dz

- abqu+c) (18)

where,c is the sound speed in the cell angs the wind speed in the celDz is the smallest vertical length scale
given by the vertical mesh resolution.

D. Initial Atmospheric State

The accuracy of any ray-tracing code depends djrectthe accurate initial conditions of the atnmtosgc base
state provided to it. The initial atmospheric stiait the current model can be defined in a numberays. User can
provide idealized temperature and wind profilesadeom actual atmospheric soundings or three-dgioeal fields
from micro- and meso-scale numerical models (Ahraachl. 2005; Bacon et al. 2000). Profiles can dso
generated if the boundary-layer parameters (rougghlemgth, Monin-Obukhov lengtéic) are known.

IV. Results

Given the simplicity of the ray-tracing model, & perhaps best suited for scoping calculationsake into
account atmospheric effects on sound wave promagasind blocking/shielding effects of the underlying
topography. In the following sections some pretiany results of the proposed methodology are ptedenin
Section A, some possible applications of ray-trg@ne discussed using idealized data and in SeBtitine effects
of acoustic wave propagation on the outcome oBthtle of Gettysburg are presented.

A. Scoping Calculations for Stratification, Crosswindand Terrain Effects

The sound speed varies with temperature °@ dhange of temperature results in sound speedtigariby
approximately 0.6m/s) resulting in atmosphericaefion. Idealized profiles for temperature in theface layer
were used for this test case. Eq. (4) was usdodrt®as 2001) to generate logarithmic profiles witttie surface
layer. The computational domain and the underlyingtructured adaptive mesh used in the simulatiershown
in Figure 2. The mesh had 4254 elements with églggths varying from 1m to 26m. The mesh resofutiothe
vertical was set to 1m and a total of 100 levelsawefined (domain top at 100m). The source whaatd@, 0, 2m].
The initial temperature profile and the resultsaf paths are plotted in Figure 3. Due to the fibigaic profiles,
strong upward and downward refractions are obsebemduse of the large temperature variations (>elfyes)
within the surface layer. Multiple caustics foretdownward refracting atmosphere and a pronouncedstic
shadow for the upward refracting atmosphere caseba in the figure.

The ambient winds cause shifts in the sound prdfmagéront and the atmospheric turbulence in thdase
layer can result in the dispersion of waves. A benof simulations were run in order to generataupetric data
for relating elevation and azimuth launch anglesagf with atmospheric stratification and crosswéfiiécts. The
same underlying unstructured mesh (Figure 2) wad us these simulations but the number of vertieatls was
reduced to 50 and the vertical mesh resolutionsgaso 4m (domain top at 200m).

A large number of rays were launched at differéenaion and azimuth angles for a single soundclacated
at [0, 0, 2m] and the simulation was stopped wheayaeached the receiver at [1000, 0, 2m]. Teatpee profiles
with linear gradients were used in these simulatiolhe parametric data generated to compensasgrfaspheric
stratification and crosswind effects is plottedrigure 4. The variation of elevation launch anglth temperature
gradient and the variation of azimuth angle for\en elevation launch angle with magnitude of cnisd can be
seen in the plots. Please note that the elevatigte is relative to the line from source to reeeiwhich is defined
as zero degree.

Finally, an idealized simulation was run to demaatst the effects of underlying topography. The diom
extended from [-200:300] in the-direction, [-50:50] in they-direction and [0:100] in the-direction (units in
meters). The underlying unstructured grid had 7dé&fs with edge lengths varying from 5.3m to 4ithe mesh
resolution in the vertical was held constant at 2mg a total of 100 levels were defined (domain ab@200m).
Three Gaussian hills were defined in the domaih Wiights of 10m on the side of the receiver andcgand 20m
in the middle. The sound source was initializeft220, 0, 2m]. A linearly increasing temperatprefile was used
to initialize the atmospheric base state. No wialll was defined for this case. Thirty differexlevation angles
and three different azimuth angles were used taiize the rays. The ray-paths (from differenéwpoints) are
shown in Figure 5. The ray paths are colored by #ly-height scaled from 0 to 200m.
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Figure 2. Computational domain (left) and the top vew showing the underlying unstructured mesh (right.
The mesh had 4254 cells and the edge lengths varif@dm approximately 1m to 26m. The resolution in
vertical was 1m.
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Figure 3. Temperature profiles in the surface layerfrom Salomons and the corresponding upwards and
downwards refraction of sound waves.
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Figure 4. Generation of Parametric Data. Ray-traaig can be used effectively to generate parametricath
which, compensates for atmospheric stratification ad cross-wind effects — a possible application wadibe for
aiming sound projection devices under given atmosic conditions.

Figure 5. Terrain Effects. The domain extended fron [-200:300] in thex-direction, [-50:50] in the y-direction
and [0:100] in the zdirection (units in meters). The underlying unstuctured grid had 7452 cells with edge
lengths varying from 5.3m to 4m. The mesh resoludh in the vertical was held constant at 2m. Three
Gaussian hills were defined in the domain with heilggs 10m on the side of the receiver and source a2®m in

the middle.
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B. Gettysburg — July 2, 1863

In early July 1863, the Union and Confederate foffeeed off at the town of Gettysburg, Pennsylvara the
second day of the battle on Ju},2zhe commanding general of the Army of Northerngifiia, General Robert E.
Lee had a simple plan to dislodge the Union foemtsenched in front of him on the Cemetery Ridggufe 6 —
left). The First Army Corps under the command @futenant General James Longstreet would attackJthen
forces on the left flank, while the Second Army @ounder the command of Lieutenant General RicBarfdwell
would demonstrate on the right flank as a diversmkeep the enemy guessing. The signal for Ewehitiate his
diversion was the sound of Longstreet’s artillegyrbge. It took Longstreet all morning to assentie divisions
(McLaws and Hood) for the attack. The offensivesvaunched in the afternoon around 4pm, but Gerterall
didn't hear Longstreet's cannons and therefore,mitlcommence his diversionary attack. This génee Wnion
commander, Major General George G. Meade cleacatidn on where the actual attack was coming frooh lze
was able to move troops on his left flank to defagdinst Longstreet’s offensive (reserves fromstharmy Corps
under the command of Major General George Sykeseferdents from Major General John SedgwickK’sA8my
Corps were rushed to join the fight as they arrivadthe battlefield). According to Ross (1999k #tmosphere
was probably upwards refracting (due to surfacdimgat the ground), which, created an acousticleaover
Ewell. In the end, Meade was able to repulse Loagss attack — some say due to the inaction oélEwhat
afternoon. In this section the preliminary resoltain analysis of Ross’s hypothesis are presented.

Figure 6. Gettysburg — July 2%, 1863. Map showing the battle order (left) and t& 10m resolution DEM data
for the Gettysburg area from Pennsylvania Spatial @ta Access over-layed with other GIS data for 1863
(right). The map shown in the left panel was takerfrom the Wiki website and the GIS data for the
Gettysburg battlefield is available from the Natioral Park Services website.

The simulation of acoustic wave propagation fort@#turg, required, the locations of Longstreet'srmms
(sources) and the command HQ of Ewell (receiveg}aitbd topography of the battlefield and the afphesic
conditions for July #. The Gettysburg National Military Park has maskésr each individual battery and the
command HQ's of all the General Officers. The taoss in latitude and longitude were obtained wfth help of a
GPS. Since the GPS was mounted on the vehicle than offset of approximately 5-10ft for the sdwsources.

9
American Institute of Aeronautics and Astronautics



This can be considered acceptable, since it shoelldoted that some of the batteries did not staheit initial
position and moved forward to support the advanaifantry units, during the course of the battleJoty 2. The
locations of batteries under the command of Lomegs$tare tabulated in Table 1. The marker for Gariewell's
HQ is located at 39° 49’ 52”"N and 77° 13’ 11"W (481

Table 1: Longstreet's Cannons

Army of Northern Virginia
Longstreet’'s Corps
Corps Artillery Reserves McLaws’ Division Hood'’s Division

Alexander’s Battalion Cabell's Battalion Henry’s Battalion

Alexander’s Battalion

Name Latitude Longitude Altitude (ft) Took Position
Woolfolk's Battery 39° 47’ 58" -7[7° 15’ 22" 603 1630
Jordan’s Battery 39048’ 01” -7[7° 15’ 22" 588 1630
Parker's Battery 39° 48’ 02" -7[7° 15’ 22" 501 1600
Taylor's Battery 39° 48’ 04" -7[7° 15’ 22" 501 1600
Moody's Battery 39° 48’ 06" -7[7° 15’ 22" 503 1600
Rhett's Battery 39° 48’ 08" -7[7° 15’ 22" 585 1600

Cabell's Battalion

Name Latitude Longitude Altitude (ft) Took Position
Fraser's Battery 39947 42" -77° 15 19” 568 1530
McCarthy's Battery | 39° 47 47" -7[7° 15’ 19” 565 1530
Carlton’s Battery — 1| 39° 47’ 50” -7|7° 15’ 20” 580 1600
Carlton’s Battery — 2| 39° 47’ 56” -7[7° 15’ 21” 504 1530
Manly’'s Battery 39° 47’ 53" -7[7° 15’ 20” 585 1530

Henry’s Battalion

Name Latitude Longitude Altitude (ft) Took Position

Latham’s Battery 39047 25" -77° 15’ 15" 581 1600
Bachman’'s Battery | 39°47 21" -77° 15 147 596 Not engaged
Garden’s Battery 39°47 127 -77° 15 147 566 Not engaged

Reilly’'s Battery 39° 47 07" -77° 15’ 14” 5170 1600

Figure 7. Marker at the Gettysburg National Military Park for Woolfolk's Battery (The Ashland Virginia
Artillery) of Alexander’s Battalion (left) and one of his guns (right).
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High-resolution (10m) terrain data was obtainedrfithe Pennsylvania Spatial Data Access websiteuaad to
generate the unstructured gird for ray-tracing shawFigure 8 (right). The locations of Longstfeatannons and
Ewell's HQ are marked in Figure 8 (left). Meshdslifferent sizes and resolutions were used tottestray-trace
code. The mesh shown in Figure 8 (right) had apprately 25000 cells with edge lengths varying fréfm to
100m. The domain extended from -77.26 to -77.24&reks in the longitude and 39.78 to 39.835 dedgretse
latitude. The advantage of unstructured griddaearty demonstrated here — a uniform mesh resaiwifolOm for
this domain would be impractical if not computatitin intractable.

Figure 8. Locations of the batteries under Alexande Cabell and Henry and Ewell's HQ are shown in thdeft
panel. The unstructured adaptive grid is shown irthe right panel. The mesh has approximately 25000ets
with edge lengths varying from 10m to 100m.

The weather data for July®21863, is of course not available. Historical@outs mention that it was overcast
in the morning with light drizzle, but later cledrap and became very hot by afternoon. The Oper@tiMultiscale
Environment model with Grid Adaptivity (OMEGA) wased to simulate initial conditions for a typicalyJday in
the general Gettysburg area. A comprehensive igéiscr of the OMEGA model is given in Bacon et @000) and
validation of the model is discussed in Boybeyiakt(2001) and Gopalakrishnan et al. (2002). THWEGA
simulation domain extended from -79.3 to -75.3 degrin the longitude and 37.9 to 41.9 degreesdnatitude.
The simulation was initialized at 0000UTC fot" duly, 2007 and run for 24hrs. The model wasahited by
Global Forecast System (GFS) data from the Nati@wlters for Environmental Prediction (NCEP). Deth
surface observations and all available sounding eare assimilated for the generation of initiatl &loundary
conditions. Starting the simulation earlier thha time of interest (2100 UTC) allowed the mode$pin-up. The
OMEGA model computes detailed boundary-layer preegsia 2.5 level Mellor-Yamada turbulence closure
scheme (Mellor and Yamada 1974) and surface-laysmarmpeterizations, which take into account landuse
inhomogeneities. The resulting simulations are éblresolve the evolution of the atmospheric bamdayer with
a good degree of accuracy. The OMEGA computatigrid| terrain heights and surface temperaturediébr four
different times are shown in Figure 9. The sougdilata extracted from the OMEGA cell correspondiog
Gettysburg and the variation of surface temperatung pressure at Gettysburg with time is showniguré 10.
From the time-history of the surface data, it candbserved that the heating in the surface layached its
maximum value at 2100 UTC, which corresponds to01lé@al time. Longstreet had launched his attackird
1600 local time (see Table 1). The sounding dataioed from OMEGA simulation was used to initialithe ray-
trace code for the Gettysburg case.
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Figure 9. OMEGA Simulation for July 2", 2007. Unstructured grid and terrain heights in neters (top row).
Surface temperature (°C) at 0600 UTC and 1100 UTQr(iddle row). Surface temperature (°C) at 1600 UTC
and 2100 UTC (bottom row). 2100 UTC corresponds td600 local time (Longstreet started his offensive
around four in the afternoon).
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Figure 10. Sounding data (Skew-T diagram) at diffeent times for Gettysburg extracted from the OMEGA
simulation (top) and the time history of surface tenperature (°C), dew point temperature (°C) and presure
(mb) at Gettysburg. Please note the temperature m@ma at 2100 UTC, which corresponds to 1600 localhte.
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The ray-tracing mesh used for the Gettysburg sitima presented in this section, had approximat&g00
cells with edge lengths varying from 20m to 170rhifty vertical levels were defined with a constanesh
resolution of 10m. The domain extended from -77@677.215 degrees in the longitude and 39.78%835
degrees in the latitude. The unstructured adajpfiice was generated using OMEGA’s mesh generatidtware,

gridgen (Ahmad et al. 1998; Bacon et al. 2000). The cmateés of the grid were transformed from latitude-

longitude space to Cartesian space by setting dbéhsvest corner as the origin and then using tieviing
conversion formula:

Dx = 111" 10° »Dlon codat)

(19)
Dy =111 10°>Dlat
Each battery was treated as a single sound souttesound sources were initialized at a heightlof above
ground level (the actual altitude of the cannongegaslightly — see Table 1). The initial waverfrof the rays for
each battery was defined in terms of azimuth aedagion angles:

n, =sin(g)cod/ )
—sm( )sm(/ ) (20)
n; = COE(q)

where, the subscripts 1-3 denote the three Cantelsiactions,g is the elevation angle arfd is the azimuth angle.

The azimuth angle was varied from 0 to 90 degrédse computations were terminated when all raystrea the
domain boundaries.

Simulations were run for every battery under Loregits command which, was engaged on Jiiy Rlone of
the rays launched, reached the receiver point (BwelQ). Figures 11-12 show the result of six eifnt
simulations (artillery under Fraser, Rhett, WodtfoReilly, Parker, and Moody). The area over whitfe ray
height was 2m or less above the ground level isvathia the figures. Locations of batteries are redrky blue and
Ewell's HQ is marked by green. Although, the reaee coverage will increase with increased resmiuith both
elevation and azimuth angle intervals, it shouldnb&ed that due to the upwards refraction of soopdurface
heating coupled with blocking by the underlyingradm, it is highly unlikely for the sound waves tteach the
receiver point (Ewell's HQ).

Figure 11. Ray-trace results for Fraser's battery left) and Rhett's battery (right). Longstreet's guns (in
blue) and Ewell's position (in green) are marked bydiamonds. Points at which, the ray height was leghan
or equal to 2m above ground level is marked by redots.
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Figure 12. Ray-trace results for Woolfolk’s battery(top-left), Reilly’s battery (top-right), Parker’'s battery
(bottom-left) and Moody’s battery (bottom-right). Longstreet’s guns (in blue) and Ewell’s position ¢ green)

are marked by diamonds. Areas over which, a ray’eight was less than or equal to 2m above groundviel is
marked by red points.

Another set of simulations was run to evaluatestesitivity of the code to mesh resolution. A canigon for
different atmospheric stability conditions was ap@yformed. The low resolution mesh had 1511&aeith edge
lengths varying from approximately 20m to 170m, levltihe high resolution mesh had 24442 cells witlpeddngths
varying from approximately 10m to 128m. A stredhgid was specified in the vertical with the ialtivertical
level at 2m and a stretch ratio of 1.2. Figuresh8ws the results of these comparisons. In thesdagions the
velocity field was set to zero and only the effetttratification was considered. The model wasailized with
idealized temperature profiles for neutral, stadodel unstable atmospheric conditions. The blockiffgct of the
underlying terrain can be seen in the case of akatmosphere. The field of coverage is limitedty presence of
the two Round Hills. The effect of stratificatican also be seen in the figures. It should bedntitat the near-
source coverage would probably be quite differéthe resolution of elevation angle incrementsnigréased. In
these simulations, since the point of interest faadield, rays were launched at higher elevatiogles. Further
simulations will be needed to study the sensititatyesolution in elevation launch angles.
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Figure 13. Ray-trace results for Reilly’s battery. Neutral atmosphere on low resolution mesh (top-l€f,
neutral atmosphere on high-resolution mesh (top-rigt), upward refracting atmosphere (bottom-left), ard
downward refracting atmosphere (bottom-right). The downward and upward refracting cases were run
using the low resolution mesh. Longstreet’s gunsn( blue) and Ewell's position (in green) are markedby
diamonds. Areas over which, a ray’s height was leghan or equal to 2m above ground level is markeith red.

V. Concluding Remarks

The Gettysburg simulation results seem to vindidage’'s “hesitant commander” (Casdorph 2004) and his
conduct on the ™ day of the battle. The main difficulty in simuitag this case was the unavailability of actual
weather conditions for July"% 1863. It can easily be argued, that the useatd for July &, 2007 cannot be
considered as representative of a “typical” July fia the general Gettysburg area. This difficdibwever, can be
remedied by generating climatology data for theariRecently, this concept has been successfuthpdstrated for
atmospheric transport and dispersion modeling eafitins by Bacon, et al. (2006). High-resolutioasmscale
atmospheric flow models, such as OMEGA can be ugegknerate site-specific climatologically for thesired
location. This data can be used as an input teeeinicro-scale or CFD models (Camelli and L6h2€06) to
generate steady state solutions of wind fieldse ifitial conditions obtained can then be usedHheyray-tracing
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code to simulate sound wave propagation (see Tibl&@he proposed methodology would be well-suf@choise-
reduction studies around airports in particular ez be implemented in the future extensions efwark.

Table 2: Ray-Tracing Flow-chart

OMEGA thermodynamic & acoustic
climatology flow fields ray tracing

In summary, a methodology for acoustic ray tra@ngunstructured adaptive grids was implementede Ude
of unstructured grids allows wave propagation satiohs on complex computational domains. The aaguof
any ray-tracing code depends directly on the ateundtial conditions of the atmospheric base sptwvided to it,
and therefore, detailed surface layer physics cduited to take into account the atmospheric vditghinder
different stability conditions and landuse inhomogjées. The ray-trace code has also been cowpittdmeso-
and micro-scale atmospheric flow models and shawmise in simulating long-range acoustic wave pgagian in
the atmosphere over complex terrain.
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