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Modeling Acoustic Remote Sensing and the Florida 
Straits with Ray Tracing 

R. M I C H A E L J O N E S , T . M . G E O R G E S , A N D J A C K P. R I L E Y 

Abstract—A new general-purpose three-dimensional underwater acoustic 
ray-tracing program called H ARFO is demonstrated by simulating acoustic 
measurements in the Florida Straits. We illustrate how important it is to 
avoid adding unrealistic features when modeling the medium by showing 
that slope discontinuities in the bottom yield fictitious j umps in raypath 
properties as launch angle varies. Starting with simple models of sound 
speed and bathymetry (topography of the bottom) and later adding com
plexity increases insight into the relation between the medium and the prop
agation. The simple models we used provide a generic picture of propaga
tion over the Miami Terrace, which can be used in experiment design and 
to assess the effects of perturbations in the sound speed and bathymetry. 
Our range versus launch-angle plots give information about relative signal 
strength due to ray spreading. Our range versus travel-time plots provide 
arrival time pulse sequences for all ranges of interest in a single plot. Be
cause small details in the bathymetry have only a small effect on the range 
versus travel-time plots, our results for a simple bathymetry model give a 
reasonable estimate of the pulse arrival times for realistic bathymetry. 
Range versus launch-angle plots, on the other hand, are very sensitive to the 
details o f the bathymetry. The insensitivity of pulse strength (through ray 
spreading) t o details of the bathymetry suggest a measuring strategy in 
which pulse arrival time provide a measurement of sound speed and pulse 
strength provides details of the bathymetry. 

T H E P R O B L E M — M O N I T O R I N G G U L F S T R E A M 
H E A T T R A N S P O R T 

AS U B T R O P I C A L At lan t ic climate s tudy ( S T A C S ) has 
been designed to find rou t ine ways to m o n i t o r the heat 

carr ied i n t o t he N o r t h At lan t ic by the F lo r ida C u r r e n t [6]. 
T o ca r ry o u t this s tudy, several t eams are se t t ing up in situ 
and remote -sens ing devices in the Flor ida S t r a i t s t o mea
sure the t e m p e r a t u r e and cur ren t in a sect ion ac ross this 
n a r r o w channe l . 

O n e p roposed remote-sensing scheme would send acoust ic 
waves u n d e r t he water to several hyd rophones on or nea r the 
b o t t o m , d is t r ibuted across the Strai ts . T h e t ime it takes 
sound t o reach each sensor conta ins in format ion a b o u t the 
t e m p e r a t u r e s t ructure of t h e intervening ocean , a n d the 
c o m p o n e n t of the ocean cur ren t a long the p a t h can be 
measured acoust ical ly in t e r m s o f t h e t ravel- t ime difference 
between ups t r eam and downs t ream paths [10] . 

A n o t h e r possible acoust ic scheme would measu re currents 
t ransverse to the acoust ic p a t h by using the cor re la t ion of 
acoust ic scinti l lat ions recorded at transversely spaced hy
d r o p h o n e s — a technique tha t has been successfully used for 
opt ical wind measurements in the a tmosphe re [5] a n d has 
been recent ly demons t r a t ed in the ocean with s o u n d waves 
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[1] . Bo th of these remote-sensing schemes need p ropaga t ion 
ca lcula t ions for two reasons. First , p ropaga t ion calcula t ions 
a r e needed to interpret the measurements . Second , because 
acous t i c measurements in the ocean a r e so expens ive a n d 
t i m e consuming , they should be carefully des igned and 
s imula ted before sensors a re actually deployed. A t r ia l -and-
e r r o r a p p r o a c h to ocean acous t ic m e a s u r e m e n t s could con
sume mos t of an experiment 's resources before a n y useful 
d a t a were obtained. 

Propaga t ion calculations must be reasonably sophist icated 
because acoustic p ropaga t ion in the shal low F lo r ida Strai ts 
is compl ica ted . Because o f t h e large sound-speed gradients in 
t h e F lo r ida Strai ts , sound refraction is very significant. Even 
t h o u g h the acoustic waves p ropaga te nearly horizontal ly 
ac ross the Strai ts , the waves reflect m a n y t imes from the 
b o t t o m and often the uppe r surface as well . Mul t ipa th 
p r o p a g a t i o n further compl ica tes the s i tuat ion so tha t t rans 
miss ion of a single pulse yields a compl ica ted sequence of 
(poss ibly overlapping) pulses arr iving a t the receiver. T o be 
useful, a p ropaga t ion ca lcula t ion mus t be ab le to relate 
changes in the medium with observable p r o p a g a t i o n effects. 

A S O L U T I O N — R A Y - T R A C I N G S I M U L A T I O N 

Since the 1940's, sound p ropaga t i on in the o c e a n has been 
mode led analytically, and geometr ic ray t heo ry was one of 
t he earliest tools used to c o m p u t e where sound waves go and 
d o n o t go in the ocean. Since then, " fu l l -wave," n o r m a l -
m o d e , and other approx imate me thods have a t t empted t o 
r e m o v e the l imitat ions of r a y theory , namely i ts inabili ty t o 
inc lude the effects of diffraction and low-frequency modes or 
c o m p u t e intensity in the vicinity of caustics. 

Nevertheless, despite its shor tcomings , ray t heo ry remains 
o n e of t he most useful a n d intuit ive ways to c o m p u t e how 
s o u n d propagates in complex env i ronmen t s . Firs t , it is 
s t ra ightforward t o apply r a y t rac ing to a m e d i u m in which 
s o u n d speed and ocean cur ren t s vary in t h r ee d imens ions 
a n d in which ba thymetry varies with bo th long i tude and 
la t i tude . Second, ray t racing is un ique in identifying the 
pa r t s o f t h e medium t h r o u g h which the acous t ic energy of a 
given pulse arrival p ropaga tes , permit t ing (for example) 
t e m p e r a t u r e profiles to be buil t up using in fo rmat ion in the 
pulse arr ival sequence. Th i rd , it computes pulse travel t ime 
in a m o r e direct way t h a n o the r m e t h o d s can . Final ly , ray 
t r ac ing is so much easier, cheaper , a n d qu icker tha t it is 
near ly always advisable to start with a ray- t rac ing calculat ion 
before going on to more compl ica ted m e t h o d s . See Jensen 
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[2] f o r a survey of numerical models of sound p r o p a g a t i o n in 
the ocean , a n d J o n e s [3] for a survey of u n d e r w a t e r ray-
tracing m e t h o d s . 

Larger a n d faster compute r s have m a d e sophis t ica ted ray-
t racing p r o g r a m s practical and have permi t ted realistic 
models of t h e p ropaga t ion envi ronment . O n e recent advance 
is a p r o g r a m tha t numerically integrates Hami l ton ' s equa 
t ions in t h r ee d imensions using Ear th -cen te red spherical 
polar c o o r d i n a t e s [4] . Numerical in tegra t ion us ing c o n 
t inuous m o d e l s is super ior to methods tha t mus t b reak u p 
the m e d i u m i n t o regions where raypa ths can be analyt ical ly 
calculated. Discontinui t ies in refractive-index gradient at 
the bounda r i e s of such regions cause art if icial j u m p s in 
computed r aypa th proper t ies (like range and travel t ime) as 
launch angle changes . Numerical in tegra t ion a l so m a k e s it 
easy to t r a d e accuracy for speed and gives the user more 
flexibility in designing models. 

We have developed a general-purpose th ree-d imens iona l 
Hami l ton ian acoust ic ray-tracing c o m p u t e r p r o g r a m tha t 
permi ts mode l i ng t he ocean 's t empera tu re a n d cur ren t fields 
as c o n t i n u o u s closed-form three-dimensional funct ions . A 
con t inuous model of bo t t om topography a s a funct ion of 
la t i tude a n d longi tude is also permit ted. All th ree-d imen
sional p r o p a g a t i o n effects, such as nonreciproci ty (caused by 
currents) , E a r t h curvature , and horizontal r ay devia t ions , 
can be c o m p u t e d . T h e p rogram also c o m p u t e s t he frequency 
shift caused by t ime-varying media. T h e present version 
assumes specu la r reflections from the b o t t o m a n d from the 
surface, a n d different reflection coefficients can be used in 
ampl i tude ca lcula t ions without recomput ing the raypa ths . 

We call o u r p r o g r a m H A R P O - f o r Hami l ton ian acous t ic 
ray- t racing p r o g r a m for t he ocean. It p rovides a tool for 
accurately mode l ing the acoustic envi ronmenta l and for sim-
lating acous t ic measurements in the ocean. We illustrate 
its capabil i t ies by construct ing a simple model and perform
ing some sample calculat ions for the Flor ida St ra i t s . T h e 
resulting displays of range versus launch angle and range 
versus t ravel t ime not only demons t ra te the advan tages of 
model ing t h e s o u n d speed and ba thymet ry ( t o p o g r a p h y of 
bo t t om) wi th con t inuous gradients , but a l so show for the 
first t ime a generic picture of p ropaga t ion across the Miami 
Terrace of t h e Flor ida Strai ts . 

M O D E L I N G THE F L O R I D A S T R A I T S 

O u r ph i losophy in modeling is to s tar t with a s imple m o d e ! 
that has t h e main background features of the env i ronment . 
Using such a model for ray tracing gives the backg round 
p ropaga t ion character is t ics . As we a d d m o r e deta i l s t o the 
model , ray t rac ing shows the propagat ion effects of each new 
detail . 

Here , we s h o w the propagat ion characteris t ics for a s imple 
model of t h e Miami Terrace of the Flor ida St ra i t s . O u r 
model ing begins with averages of sound speed a n d cur ren t 
measurements . Fig. I shows some average c o n t o u r s of sound 
speed, axia l cur ren t , and heat flux densi ty in a vertical 
section ac ro s s the Flor ida Straits from M i a m i to Bimini. 
(The vert ical scale in these and all such sect ions in this pape r 
is expanded by a factor of 40; the ac tua l p r o p o r t i o n s are 

BATHYMETRY OF THE FLORIDA STRAITS 

80 KO 24 0 320 «00 «00 960 640 720 BOO 680 
RAMGE (KM) 

(a) 
MEAN SOUTO SPEED CONTOURS (M/SEQ 

8 0 16 Ο 2 4 0 3 2 0 4 0 0 4 8 0 9 6 0 6 4 0 72.0 8 0 0 βαθ 
RANGE (KM) 

STRAITS OC FLORIDA, 2 5 * 4 4 ' NORTH LATITUDE 
1954 - I 9 6 0 AVERAGES FOR LATE SPRING - EARLY SUMMER 

(b) 

MEAN AXIAL ISOTACHS Urn/sec) 

80 16 Ο 2 4 0 3 2 0 400 4 8 0 5 6 0 6 4 0 7 2 0 8 0 0 880 
RANGE (KM) 

STRAITS OF FLORIDA, 25*44' NORTH LATITUDE 
»954- ϊ9β© AVERAGES FOR LATE SPRING — EARLY SUMMER 

( C ) 

HEAT FLUX DENSITY (iO* WATTS/M1) 

80 WO 2 4 0 3 2 0 400 4 8 0 560 6 4 0 720 800 880 
RANGE (KM) 

STRAITS Ο*" FLORtOA. 2 5 * 4 4 ' NORTH LATITUDE 
W 4 - Î 9 8 0 AVERAGES FOR LATE SPRING - EARLY SUMMER 

(d) 
Fig. I. These four panels show average conditions in a section (a) across 

the Florida Straits between Miami and Bimini, derived from in situ 
measurements in late spring to early summer, between 1954 and 1980 
(courtesy of D. Palmer, NOAA/ AOML). The mean temperature, plotted 
as sound speed (m · s"1 ) in (b), and the mean axial current speed (cm · s~') 
in (c) combine t o give an estimate of the mean heat flux density (10* 
W · m : ) through section (d). In all of these plots, the vertical scale is 
exaggerated by a factor of 40 for visual clarity. The dashed line in (a) 
shows the bot tom to true scale. 

indicated in F i g . 1(a), in which the b o t t o m is sketched to 
a p p r o x i m a t e sca le as the dashed line jus t be low the line de
not ing the ocean surface.) These c o n t o u r s were derived from 
in situ measu remen t s between 1954 and 1980 [11], It is not 
yet known w h e t h e r var ia t ions in t empe ra tu r e o r current 
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Range, K m 

(b) 
Fig. 2. These two panels show contours of model sound speed (a) and axial 

current (b) used in raypath calculations for the Florida Straits. The 
bottom profile, forthe first 30 km of the acoustic path, is also shown. (The 
vertical scale is exaggerated by a factor of 40.) 

s t reng th a lone con t r ibu te p redominan t ly t o the var ia t ions in 
hea t t r anspor t , so for now we assume tha t bo th quant i t ies 
m u s t be moni to red t o keep accurate t r a ck of var ia t ions in the 
hea t t ranspor ted . 

Gu ided by these con tou r s , and by d a t a from Sve rd rup et 
al [9] a n d De Fe r r a r i [10], we cons t ruc ted closed-form 
mode l s of the average sound speed ( t empera tu re ) , cur ren t , 
a n d b o t t o m profile o f t h e Florida St ra i t s (F ig . 2). W e have so 
far mode led only t h e po r t ion of the M i a m i Ter race out t o 30 
k m f rom the F lo r ida coast where S T A C S acous t ic sensors 
have been deployed. 

M E A S U R I N G S O U N D S P E E D A C O U S T I C A L L Y 

W h e t h e r underwa te r acoustic t o m o g r a p h y [7] , [8] is 
s y n o n y m o u s with acoust ic remote sens ing of underwa te r 
s o u n d speed or only o n e example , it is sure ly the best k n o w n 
appl ica t ion . Acoust ical measurement of sound speed in the 
F lo r ida Stra i ts differs enough from the exper iment described 
by M u n k and Wunsch [7], [8], however , tha t it needs t o be 
considered separately. 

Unde rwa te r acous t ic propagat ion in t h e Flor ida Strai ts is 
best in t roduced wi th some sample r a y p a t h ca lcula t ions . Fig. 
3 shows some acous t ic raypaths c o m p u t e d by o u r p r o g r a m , 
a s s u m i n g a source o n t h e ocean b o t t o m a b o u t 4.5 km f rom 
shore . T h e rays s h o w n here e m a n a t e f rom the source a t 
e levat ion angles be tween 0 and + 2 0 degrees , spaced every 1.0 
degree . 

Fig. 3. These raypaths show the trajectories of 400-Η ζ acoustic waves 
launched from a source on the bottom about 4.S km from shore, a t eleva
tion angles from 0 to 20 degrees in steps of 1 degree. Notice that low-angle 
rays make short bounces along the bottom, whereas rays launched at 
higher angles make long high bounces. Specular reflection from the 
bottom and from the ocean surface is assumed. 

Range, km 

Fig. 4. If the apogees of the rays that reach the 26.5-km range are con
nected, we get this plot, which shows that each ray interrogates only the 
"layer* below each line plotted. In this case apogee loci do not cross, so a 
relatively simple inversion of ray travel times, in terms of the average 
sound speed in each layer, is possible. A temperature profile can thus be 
built up starting with the bottom layer. 

Evidently, the acoust ic rays execute a number of bounces 
a long the b o t t o m , the number of bounces depending on the 
launch angle. A t low angles, r ays hug the b o t t o m m a k i n g 
m a n y bounces , whereas rays wi th higher angles b o u n c e 
nearly up t o (o r even reflect f rom) the surface. This ray 
geometry suggests a way to p r o b e different depths in the 
ocean , if the different ray pa ths can be separated by arr ival 
t ime at the receiver. 

F o r example , t h e average s o u n d speed in the layer near the 
b o t t o m can be der ived by measu r ing the travel t ime of the 
rays tha t hug the bo t tom. S o u n d speeds in successively 
higher layers c an be built up sequent ia l ly from the arr ival 
t imes of rays tha t reach greater a n d greater heights. A similar 
inversion in the hor izonta l direct ion can be implemented if 
several receivers a re used [10]. 

Fig. 4 shows h o w different r ays p r o b e different d e p t h s . 
T h e lines in the p lo t connect the apogees executed by each 
ray tha t reaches the bo t t om a t exact ly 26.5-km range , t h e 
locat ion of an exper imenta l h y d r o p h o n e . T h e rays tha t reach 
a given range a re compu ted after l aunch ing a fan of rays a n d 
interpolat ing in l aunch angle. T h e rays tha t reach specified 
receiver locat ion are called the " e igen rays" for t he loca t ion . 
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Range, km 

Fig. 5. By interpolating in launch angle, we can determine which rays reach 
a particular range. Those shown here are some of the rays that reach a re
ceiver on the bottom at a range of 26.5 km. An infinite number of such 
rays could be found, and most of them would execute a large number of 
bounces between the bottom and the surface. 

Relative Arrival Time (ms) 
Range » 26 5 km 

Fig. 6. This time sequence shows the first 11 acoustic arrivals at a receiver 
on the bottom at a range of 26.5 km. If these arrivals can be separated and 
identified, a travel time and thus an average sound speed can be associated 
with each of she layers. 

S o m e of the eigenrays for a receiver on the b o t t o m at a range 
of 26.5 km are shown in Fig. 5. 

Because ray t rac ing identifies the parts of the medium 
t h r o u g h which a given pulse a r r iva l p ropaga tes , it provides a 
m e t h o d t o cons t ruc t t empera tu re profiles f rom the pulse-
a r r iva l sequence . Since our p r o g r a m c o m p u t e s the travel 
t i m e for each ray, we can cons t ruc t a s imulated arrival-t ime 
sequence co r r e spond ing to a n y r ange . Fig. 6 shows the ar
r ival- t ime sequence for 11 of t h e rays that reach a range of 
26.5 k m . Th is is the impulse r e sponse of the m e d i u m , that is, 
t h e arr ival sequence of a t r ansmi t t ed acoustic impulse. The 
re la t ive ampl i tudes of the a r r iva l s a re not s h o w n here, but 
they can be compu ted by a m e t h o d discussed in the next 
sec t ion . A one- to-one co r respondence exists between these 
a r r iva l pulses a n d the apogee loci in Fig. 4 . (General ly, the 
h igh -bounc ing pulses arrive first.) S o , if the arr ivals can be 
resolved, the layers can be isola ted. 

T h e degree t o which the de ta i l s of the t empera tu re profile 
c a n be reconstructed from the acous t ic measurements will 
d e p e n d on the acoust ic frequencies and pulse lengths used, 
t h e availabil i ty of phase measu remen t s , and the sophistica
t i on of the data-process ing m e t h o d s . The spacing of the 
pu lse ar r iva ls in Fig. 6 implies t h a t at least a sophist icated 
da ta-process ing algori thm coupled with phase measurements 
would be necessary t o derive t h e details of the tempera ture 
profile near the b o t t o m , using t h e 9-ms effective resolution 

ao «ο ao tza no zo 
ELEVATION ANGLE IN DEGREES 

Fig. 7. This plot of range versus launch angle condenses the information 
computed in many ray traces. Along each curve, the hop number is 
constant. This display is useful for estimating how many bounces will 
reach a given range and the amount of focusing each ray will experience 
(from the slope of the curves), and for gaining insight into the propagation 
geometry. For example, the cusps at about 13 and 16 degrees show the 
effects of surface reflections. Elevation angle was stepped by 0.2 degrees 
to produce this and the following two figures. 

limit of the S T A C S measurements . H igher o rde r surface 
reflections could be separated easily with tha t resolu t ion , 
however , which would give informat ion a b o u t t he m o r e 
impor t an t region of the Gulf S t ream near t he core . 

It is still not clear if t he present S T A C S measuremen t s c an 
successfully mon i to r heat t r anspor t in the Gulf S t r eam. T h e 
answer t o that quest ion will p robab ly c o m e from ray- t rac ing 
s imula t ions such as ours , rather than from the measu remen t s 
themselves. In fact s imulat ions such as ours are the mos t 
cost-effective way to design, opt imize , and evalua te such 
me thods of measur ing sound speed acoustically. 

R A N G E VERSUS L A U N C H - A N G L E D I S P L A Y S 

Quant i ta t ive informat ion a b o u t a large n u m b e r of rev-
pa ths is ha rd to extract from raypa th p lo ts (which get very 
confused if there are many rays) or from t h e p r o g r a m ' s 
p r in tou t , so we have designed two displays tha t compress t he 
in format ion conta ined in the raypa ths . O n e shows range as a 
funct ion of launch angle , parametr ic in " h o p " number . A 
h o p is c o u n t e d every t ime a ray crosses o r executes a c losest-
a p p r o a c h to a "receiver height ." When tha t height coincides 
with t he ocean b o t t o m , a hop has the s a m e mean ing as a 
" b o u n c e " for a bouncing ball. 

Fig. 7 shows a range versus launch-angle plot for t h e 
s imple case in which both the source a n d receiver a re o n the 
b o t t o m , and up to 15 bo t tom bounces are a l lowed. F o r a 
given h o p number , range usually increases with l aunch 
angle; however , when rays begin t o reflect f rom the surface, 
the dependence is more complex, showing t h e " c u s p s " nea r 
13 and 16 degrees elevation. 

R a n g e versus launch-angle displays a r e par t icular ly useful 
for es t imat ing signal s t rength, since the intensity is inversely 
p r o p o r t i o n a l to the slope of t he curves. W h e r e the curves a r e 
near ly hor izon ta l , there is focusing, a n d where they a r e 
nearly vertical, there is defocusing. For example , a hor izonta l 
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Model M10 

S 

RELATIVE TRAVEL TIME (MSEC) 
Fig. 8. This plot shows range versus travel time with hop number constant 

along each curve. It is useful for understanding the propagation processes 
responsible for the arrival sequence at a given range. One obtains the 
arrival sequence by drawing a horizontal line at the desired range and 
noting the intersections with the set of curves. The parts of these curves 
that curve upward correspond to rays that are refracted back to the 
bottom without reflecting from the water surface. The nearly straight and 
horizontal portions correspond to rays that reflect at least once from the 
water surface. 

line d r a w n at a r ange of 22 km would show a s t rong signal 
a r r iv ing after eight bounces from the b o t t o m and weaker 
ar r iva ls f rom the higher o rde r bounces . (Accurate intensity 
es t imates m u s t include a b s o r p t i o n and reflection losses a s 
well.) 

R A N G E VERSUS T R A V E L - T I M E DISPLAYS 

T h e second display (F ig . 8) plots r ange versus relative 
t ravel t ime, pa ramet r i c in h o p number . Relative ra ther t h a n 
abso lu t e t ravel t ime is p lo t ted ; the t ime of a ray t ravel ing 
direct ly t o each r ange at 1500 m / s is removed. This preserves 
t he relat ive a r r iva l t imes a t a given range but removes wha t 
w o u l d o the rwise be a c o n s t a n t s lope t o the curves. T h e 
pecul iar shapes of the range versus travel-t ime curves in this 
e x a m p l e a re caused by the different behaviors of surface-
reflected rays ( the nearly hor izonta l staight port ions) and 
rays refracted back to the b o t t o m (the por t ions curving 
u p w a r d t o the left). The behav ior at the longest ranges is 
caused by the falloff of the b o t t o m profile. Some appa ren t 
d iscont inui t ies in the slopes of these curves a re caused by the 
finite launch-angle increments we used. 

M o s t acous t ic exper iments measure the sequence of pulse 
a r r iva l t imes be tween a source and receiver at a fixed range . 
A s imula ted ar r iva l sequence is easily obta ined from this plot 
by d r a w i n g a ho r i zon ta l l ine at the desired range and scal ing 
t h e ar r iva l t imes from its intersect ions with the curves. 
Changes in the arr ival sequence with range a re readily visible 
in th is d isplay and can be useful in exper iment design. 

S u c h d i a g r a m s can a l so be a n aid in in terpret ing t empora l 
changes a l o n g the pa th , as observed at fixed ranges. As the 
p lo t e x p a n d s , con t rac t s , a n d dis tor ts with changes in the 
m e d i u m , the d i a g r a m shows how the pulse arrival sequence 
m i r r o r s those changes , a n d h o w the lowest-order h o p 
n u m b e r can a p p e a r and d i sappear from the sequence. Except 

s Model M10 
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Fig. 9. These two plots show the splitting of the curves that results when the 
receiver is raised 80 ft off the bottom, because of the additional bottom 
reflection that is possible. A similar splitting occurs when the transmitter 
is raised off the bottom, but the confusion is alleviated by distinguishing 
negative from positive launch angles on the abscissa. 

for Figs. 1 and 6, all t he displays shown here and most of their 
label ing have been d r a w n by c o m p u t e r , using p r o g r a m s tha t 
are par t of our ray-traciftg package. 

EFFECTS OF E L E V A T I N G THE S O U R C E A N D / O R R E C E I V E R 

T h e preceding i l lustrat ions have used the simple case in 
which b o t h the source a n d the receiver a re on t he b o t t o m . 
When e i ther is raised off the b o t t o m , the ray geometr ies 
become more complicated, because rays launched or received 
a t negative angles encoun te r an add i t iona l bo t tom reflection. 

We have simulated the raypaths for all the combina t ions 
of p a t h s between a n elevated source a n d / o r receiver. F ig . 9 
i l lustrates the added complexit ies in the plots of range versus 
launch angle and r ange versus t ravel t ime for the receiver 
elevated 80 ft (24.384 m) above the b o t t o m . One effect is tha t 
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Fig. 10. These two ocean-bottom profiles arc models of the first 30 km 
across the Florida Straits. Each is constructed from linear segments 
smoothed where they join. In (a), the smoothing is over I km. giving a 
relatively smooth bottom profile. In (b), the smoothing is over 0 01 km, 
giving a profile with nearly sharp "corners." In (a) and (b). the sound 
speed contours are shown as horizontal lines; (c) shows the sound speed 
profile. 

the curves split in to pairs whose separat ion depends on the 
receiver height; a n o t h e r is that rays launched below abou t 1 
degree elevation simply b o u n c e along the b o t t o m and never 
reach the receiver height. 

UNDESIRABLE EFFECTS O F M O D E L I N G THE B O T T O M W I T H 
L I N E A R SEGMENTS 

O u r mode l of t he b o t t o m , shown in Fig. 2, is a m a t h e m a t 
ical funct ion that is c o n t i n u o u s through the second dériva-

ELEVATION ANGLE IN DEGREES 

(a) 

ELEVATION ANGLE IN DEGREES 

(b) 
Fig. 11. These two range versus launch angle plots were constructed from 

rays traced from a source on the bottom, using the two bottom models in 
Fig. 10. This comparison shows that bottom profiles having sharp corners 
produce sharp jumps in range (b), which may not be realistic. Such jumps 
make it hard to interpolate for eigenrays and to estimate acoustic 
intensity from the slope. The curves for the smooth bottom model (a) are 
easier to interpret. Elevation angle was stepped by 0.05 degrees. 

t ive. Because many ray-tracing p rog rams mode l t he b o t t o m 
w ith linear segments having d i scont inuous s lope, it is impor 
t a n t t o realize how such a model can cause d iscont inui t ies in 
r aypa th propert ies as launch angle varies . 

Fig . 10 shows two more detailed m o d e l profiles for the 
b o t t o m off t he Flor ida coast . Each o n e is con t ruc t ed from 
l inear segments jo ined with analytical funct ions t o round the 
co rne r s . T h e a m o u n t of round ing is ad jus t ab le and can be 
m a d e small enough tha t , for practical pu rposes , the corners 
c an be considered sha rp . The model in F ig . 10(b) (called 
s h a r p ter ra in) uses round ing over a d i s tance of a b o u t 0.01 
k m , whereas the model in Fig. 10(a) (called s m o o t h te r ra in) 
uses r o u n d i n g over a d is tance of a b o u t 1.0 k m . Th is pa r t i c 
u la r s m o o t h ter ra in model may not represent all acoust ical ly 
i m p o r t a n t te r ra in features, since it was des igned mainly to 
i l lustrate the effects of smoothing. 

T h e effects of round ing are best seen in a range versus 
launch-angle display. Fig. 11 shows such d isp lays for rays 



JONES et αί: REMOTE SENSING WITH RAY TRACING 639 

-200.0 -150.0 -1000 -5O0 0.1 RELATIVE TRAVEL TIME (MSEC) 
(a) 

§ J , , , 1 
-200.0 -150.0 -100.0 -50.0 0J 

RELATIVE TRAVEL TIME (MSEC) 
(b) 

Fig. 12. These two range versus travel time plots correspond to the two 
bottom models of Fig. 10. The curves for the smooth model (a) are mostly 
smooth (except for parts where the launch angle increments were not 
small enough), permitting arrival sequences at any range to be estimated. 
The curves for the model with corners shows much more "fine structure" 
that would require extremely small launch-angle increments to resolve. 

l aunched from the b o t t o m using the two models in Fig. 10. 
Whereas range varies smooth ly for the s m o o t h terra in mode l , 
the s h a r p corners of the sha rp terrain model p roduce j u m p s 
in r a n g e . Where such j u m p s exist, it is difficult t o in te rpo la te 
the l aunch angle t o get eigenrays and to es t imate signal 
s t rength . 

F ig . 12 compares the range versus travel-t ime plots for t he 
t w o b o t t o m models . Discontinuit ies caused by the b o t t o m 
corne r s make accura te travel-t ime interpolat ion difficult, if 
no t impossible , with the launch-angle resolut ion we used 
(0.05 degrees). 

S ince corners a re generally artifacts of the model and no t 
character is t ics of real terrain, they should be avoided be
cause of the d i scont inuous ray characteristics and fictitious 
focusing/defocusing they cause. 

SENSITIVITY T O D E T A I L S OF THE BATHYMETRY 

A compar i son of Fig . 12(a) and (b) shows very little dif
ference between t h e t w o models for ranges less than abou t 15 

k m , even t h o u g h Fig. 11 shows a considerable difference 
between the t w o models for all ranges, including ranges less 
t h a n 15 k m . Th i s observat ion suggests t h a t t he range versus 
t ravel- t ime p lo ts a r e less sensitive t o discont inui t ies in t h e 
b o t t o m s iope t h a n a re range versus iaunch-angle p lo ts . 
Fu r the r , signal s t rength due to ray spreading (which depends 
o n the s lope of t he range versus launch-angle plots) would be 
extremely sensitive t o discontinuities in t he b o t t o m slope. 

T h a t discont inui t ies in the b o t t o m s lope yield d i scont in
uit ies in the r a n g e versus launch-angle p lo ts is easy to under 
s t and , as is the ex t reme sensitivity of signal s t rength t o such 
discont inui t ies . T h e range versus t ravel- t ime plots a r e less 
sensitive t o discontinuit ies in the bo t tom slope because such 
discont inui t ies affect range and travel t ime in the s a m e way 
for the nearly hor izonta l raypaths encountered here. 

W e would thus expect the pulse arr ival sequence for a 
given range t o be generally less sensitive t h a n signal s t rength 
t o small details in the bathymetry . T h a t conclus ion suggests 
tha t improvemen t s in the ba thymetry mode l will affect Figs. 
7 a n d 9(a) m u c h more t h a n Figs. 8 and 9(b) , W e may there 
fore consider tha t Figs. 8 and 9(b) represent reasonably well 
p ropaga t ion a long the Miami Terrace as far as the bathy
met ry effects a re concerned. Figs. 8 and 9(b) will change as 
the sound speed model changes , of course , and it is tha t de 
pendence tha t gives hope for an acoust ic measurement o f t h e 
t empera tu re dis t r ibut ion in the Florida Stra i ts . 

CONCLUSIONS 

In a well-planned p rog ram, s imulat ion of the p ropaga t ion 
is essential to help design, optimize, and interpret underwater 
acous t ic measurements of t empera ture a n d / o r current . It is 
nearly a lways advisable to start with ray t rac ing for such a 
s imula t ion because it is easier to use and costs less than o the r 
me thods . A Hami l ton i an ray-tracing p r o g r a m has the add i 
t ional advan tages tha t it can easily a c c o m m o d a t e general 
env i ronmenta l models (including three-dimensional models) 
and is well suited t o models with con t inuous gradients . 

S imula t ing the propaga t ion for a simple model first, then 
add ing more complexi ty as the model is refined gives more 
insight in to the propaga t ion than would be obta ined from 
s imulat ing the p ropaga t ion for only the realistic model . O u r 
s imula t ion of t h e range dependence of the pulse-arrival se
quence (Figs . 8 and 9(b)) for p ropaga t ion across the Miami 
Ter race using a simple ba thymetry model is realistic for t he 
b a c k g r o u n d sound speed model we used. Using a m o r e 
realistic ba thymet ry model would change the detai ls of these 
results, but not the general features. 

T h e resul ts presented here are not sufficient t o j udge if 
present o r p roposed acoust ic measurements can successfully 
m o n i t o r heat t r anspor t in the Gulf S t r e a m , but s imula t ions 
potent ia l ly represent the least expensive me thod to m a k e 
such j u d g m e n t s . O u r results d o show tha t an exper imenta l 
a r r angemen t in which the t ransmit ter and receiver a re on o r 
near the b o t t o m would require very sophist icated d a t a 
analysis t o measure the details of the t empera tu re s t ruc ture 
near the b o t t o m with the effective 9-ms resolut ion avai lable . 
O n the o ther h a n d , tha t resolution is sufficient t o separa te 
pulses ar is ing from mult iple reflections between the b o t t o m 
and uppe r surface. T h a t such pulses penet ra te t he core of t h e 
Gulf S t ream (which is of more interest in moni to r ing heat 
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t r a n s p o r t ) is m o r e promis ing for t h e ability t o m o n i t o r hea t 
t r a n s p o r t . T h e usefulness of such pulses m a y d e p e n d on h o w 
m u c h signal is lost by the multiple reflections. 

T o be able t o m a k e realistic signal s t rength calcula t ions 
wi th a r ay- t rac ing p rog ram, it is necessary t o be able t o 
p r o d u c e a realist ic range versus launch-angle p lo t . T h e p lo t 
s h o w n in Fig. 11(b) would not be sui table, because it ha s 
j u m p s caused b y the discontinuit ies in b o t t o m s lope of t h e 
ba thymet ry mode l . 

T H E NEXT S T E P 
Improv ing t h e ba thymetry model by a d d i n g t h e a p p r o 

pr ia te valleys, r idges , and sea moun t s would b e t h e next s tep 
in this s imula t ion . These addit ions would give insight in to 
the effect of such features on the propagat ion , wou ld improve 
the accuracy of the range dependence of t he pulse ar r iva l 
sequences (Figs . 8 and 9(b)), and would a l low realist ic s ignal 
s t rength calculat ions. A realistic calculation of signal s t rength 
d u e t o ray sp read ing in the presence of a sea m o u n t requires a 
three-dimensional ray-tracing p rogram to provide t he correct 
a z i m u t h spread ing . Modeling realistic sound speed var ia 
bility would he lp determine its effect on the r a n g e d e p e n 
dence of pulse ar r iva ls (such as Fig. 8), and e x p e r i m e n t i n g 
wi th var ious t ransmi t te r / rece iver locations w o u l d help find 
the conf igura t ion most likely to yield informat ion a b o u t hea t 
t r anspor t . 
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