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In consta nt a nd uniform speed-of-sound conditio ns. HAHBSS can provide sou ndings that a re within 5.2 em (mean
error of :3.7 cm : of the ir tr ue eleva t ions. Horizontal accuracy is est imated to be wit hin 10 CI11. Thi s accuracy ca n be
achieved from a small. open boat tha t is rollin g. pitchin g. hea ving. or list ing. Erro r ana lysis indicates that we may
be able to decrease th e error by (JIll' ha lf with bet ter synchroni zat ion an d int er polati on of th e various dat a st reams.
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INTRODU CTIO N and (4) capable of operating ac ross a variety of bottom typ es
and s lopes.

Detail ed compari sons of rep eated bathymetric s u r veys a re
co m monly in con clusi ve because t he magnitudes of potential
e r ro rs a re eq ua l to or grea te r than th e actua l cha nges of the
sea floor morphology . Thi s paper desc ribes our progress in th e
de velopment of a bathymetric s u rveying system that is de
s ig ned to increase th e accu racy and decrea se the lim itations
of cu r re n t systems used for coastal research . Specifi call y. we
have set out to dev elop a sys te m t ha t ca n s u rvey in water
depths of O.1i to Ii m with a hori zontal and ve r t ical accu racy
of a t lea s t fi ern. In addition . the sys tem is desi gned to be ( 1)

transportabl e a nd depl oyable w it h only minor modifi ca tions
on boat.s as small as 6 m in le ngt h . (2 ) capabl e of obta in ing
accu ra te data in sea cond it ions as rough as the hoat may
safely ope ra te, tal abl e to resol ve bottom features under calm
sea cond it ions. including bedforms as small as 1 m in hori 
zo n ta l extent and ha vin g a vertica l relief of less than 3 em .

.'I7()().'1 recciivd :Jl Ju ly 1.'1.'1 7: accepted in revis ion ,:; S eptem ber 1.'197.

T he Need fo r Accuracy and Resolution

The dev e lopment a nd testing of bea ch profi le change a nd
s hore line recession mod e ls (e.g.. AUHHEY et al. 1980; BHUUN,
1962 ; 19H8; DEAN a nd MAtJl{M EYEH. 1983 ; E n ELMAN. 1970 ;
KHIEHEL a nd DEAN, 1981i) require m ore precise a nd spat ia lly
con t in uous , s ha llow-wa te r (from less th an 1 m to 10 m water
depth ) ba thymetric s u rveys than are currently a va ila ble .
Bruun 's rul e (1962) re garding s ho rel ine eros ion caused by
sea-level r ise predicts ve r tica l nearsh ore sed ime n t accret ion
equi va le nt to the a mount of sea- level ri se. Co ns ide r ing a typ
ica l sea-l evel ri se rate of 3 m m/yr for th e Unit ed States east
coa st. th e Bruun rul e predicts average vert ical se d imen t ac
cre t ion of 3 mm/yr or (i em over 20 years . KEEN and S UN 
n EHLANIJ (1993 ) used a numerical model to h indca st s torm
e ros ion a nd depos ition of a few tens of centimeters or less on
the inner s he lf of th e western Gulf of Mexi co. Their mode l
complements previous s t ud ies using cores from the inner
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shelf (e.g., !-IAYES, 1967) that show that a single storm can

form deposits on the order of 10 em thickness across hun

dreds of square kilometers. Other studies have illustrated the
importance of sediment exchange between the inner shelf,

nearshore, and beach in understanding sedimentation cycles

and patterns se.g; AUBREY, 1979), The vertical changes of the

outer nearshore and inner shelf may only be on the order of
10 em or less over several years or for particular events, but

they occur over large areas, and hence these small vertica I
changes constitute large volumes of sand. In addition, bed

forms that are sediment transport indicators and diagnostic

of the hydraulic regime occur in the nearshore and on the

inner shelf se.g.. CLIFTON et al., 1971), The ability to obtain

quantitative measurements of these bedforms, which have

vertical and horizontal scales as small as a few centimeters.

wi ll add important information to coastal surveys.

Monitoring of beach nourishment projects and the devel

opment of coastal sediment budgets also require precise sur

veys. In a survey covering 2,500 m of shoreline across a near

shore width of 400 m, a systematic elevation error of just [)

em would translate into an error in sand volume of 50,000

m'. This amount of sand is about 12(;/ of the volume for a

beach nourishment project along 2,500 n1 of the west coast of

Florida, and it is more than the amount lost from the beach

over the first two years of that project (J)AVIS, 1991 I. An en

hanced ability to account for the distribution of beach nour

ishment sediment in the nearshore zone will greatly improve

our ability to predict project performance and future renour

ishment needs.

Imprecision in bathymetric surveys in the vicinity of tidal

inlets can render sediment budget calculations invalid. MANI'\

( 1993) described how a systematic vertical survey error of 9

em of the ebb-tidal delta at Jupiter Inlet, Florida, would cre

ate an error in the volume calculation that would be on the

same order of magnitude as the volume of the entire ebb-tidal

delta. DALLY (1993) also pointed out that better surveys in

clude the need for precise horizontal positioning. In a simple

example, he calculated that a 1 m error in the measured hor

izontal position of a bar of 1 m relief creates 1,OO() m' of ap

parent sediment transport per kilometer of bar.

International Hydrographic Office (IH(») standards are ap

plied to navigation charts in the United States and around
the world. For shallow-water surveys «~:3() m water depth),

errors in depth measurements should not exceed :30 em, with
a 90(,~i probability (IHO, 19H71. IHO standards for horizontal

accuracy depend on the scale of the survey. Positions of

soundings should have a 95(/( probability that the true posi

tion lies within a circle of radius 1.5 mrn. at the scale of the

survey dHO, 19H7l. For a survey scale of 1:10,000, the radius

is 15 m. Most modern surveys probably surpass the IHC)

standards, but CLAUSNEH ct al . (1986) showed that vertical

error in a typical echo sounder survey was ±22.6 ern t mean

error), and that repeatability was only as good as ±:9.1 em

(mean error). Thus, typical echo sounder surveys have severe

precision and accuracy limitations for use in studies of ver

tically small-scale but important sedimentation and erosion

patterns.
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Figun' 1. Water level recorded on Decomber k, 10~4. by 0fWIl-OCt'<i1l tide
gagl' Oil Galvcsto n Island, Texas (Ple-asure Pier gage i_ Rl'ad i ngs are (.;
minutes apart and are smoothed (Sl'(, text I. Note cxru rsions of ind iviriu al
readings from fitted polvnornial. 'I'hes« excur-sions would 1)(' difficult to
model at short distances from the gauge and would l ik clv cause errors in
water-level corrections for bathymetric surveys.

DIf~-'CLTLTIESIN OBTAINING ACCURATE
BATHYMETRIC SURVEYS

Boat-Based Echo Sounder Surveys

Conventional echo sounder surveys attempt to measure the
vertical position of the bottom relative to the st.ill-water level.
Therefore, the temporal and spatial variation of the vertical
position of the still-water level must be determined relative
to a reference datum such as mean sea level. Depth sound
ings and water-level determinations can then be combined to
determine the vertical position of the hot tom rolutivo to t.hr
datum. Measur-ing depths relative to the st.ill-water level i~

difficult from srnal] boats because waves, COLI rsc and spe('d
changes, and variations in load distribution cause boat mo

tions that affect the vertical position and tilt of the trans
ducer. Determining the st.ill-water level is also difficult he
cause ast.rnnornical tides. meteorological conditions. and
wave conditions cause long-period r rolat.ivo to individual
waves I and local changes in water levels that are difficu It to
measure or model (BLAI I{, 198:3 i.

Tide-gauge data combined with a hydrodynamic mode-l are
typical lv used to det.errnine the still-water level for a survey,
but this approach g'cnerally cannot obtain the subdecimuu-r
accuracy needed lor coastal research surveys as descr ihcd
previously. Figure 1 shows an open-coast, tide-gauge record
from Galveston Island, Texas, obtained during a nearby
bat.hvmct.ric survey. Water levels are recorded every (-) 111in-
utcs and are determined by taking the mean and standard
deviation of IH1, 1 s readings, discarding those readings
greater than :) standard deviations from the mean. and then
recornputing the mean. The prirnary variation in the water
l('vel that occurs over the 7 hour record is caused by the as
t ronornical tide. Excursions in the water level of several er-n
t.imetcrs over periods of less than an hour also occur in the
data. It is probable that the ' timing and a mpl itude of t h('s('
smallc-r variations were quite different short d ist.ances ( 1 k m

.lournal or Coastal I{(,s(~;:l.rch. Vol 14. No. :L 10~,~
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away from th e t ide gau ge, Furthermore, th e smoot hing of th e
water- level data pr obab ly mask s even h igher frequ ency a nd
grea te r a mplitude va riations. Unl ess th ese water-l evel ex
curs ions arc accurately modeled at th e survey site, th ey may
cause biased errors in th e survey.

Wave set-down, which is th e difference betw een th e st ill
wat er level and t he mean wa te r level in th e pr esence of
waves, ca n also cause a biased error in nearshore bathym et
ric measurem ents (DEAN, 1989 ). LONf;UET-HIGGINS and
STEWA HT (1963) showed tha t the set-down cau sed by waves
seawa rd of th e break ers is describ ed by the following:
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whe re E, is th e vert ical e rror ca use d by tilt, h, is the depth
measu red vertica lly below th e tran sdu cer, a nd T is th e an
gula r t ilt from vert ica l of the tran sducer . Figure 2a is a plot
of vert ica l e rro r vers us tilt for :3, 5, and 10 m wat er depths.
For a fi degree tilt ra moderate roll for a sma ll boat) in 5 m

(3 )

16

QAb6267c

10-m
depth

4 8 12

Tilt from vertical (degrees)

E 200
.s.
e
W 100

0
0

where E", is th e hor izontal displacement of the sounding
point away from th e tran sdu cer . Figure 2b is a plot of hori
zonta l error versus t ilt. For a 5 degree tilt in 5 m of water,
the disp lacement is 44 ern .

Th e abov e ca lculat ions of vertical and hori zontal errors a re
upper limits, The calculation assumes the sona r ene rgy from
th e tran sdu cer travels alon g a lin e a t the center of th e ene rgy
pulse and is reflected back along th e same line. In reality, a
sonar pul se ema nates in the sha pe of a cone, a nd when reach
ing th e bottom at an a ngle, th e ene rgy is distributed spat ia lly
so th at th e back scattered echo is distributed in t ime. An echo
sounder cannot resolve thi s type of return as well as a crisper
return from a vertical sounding, and th e receiver may det ect
the bottom at a point close r to th e boat th an where the trans
du cer is actually point ing . Sh allow-wate r condit ions and nar
row-beam transducers lessen th is effect.

Th e SOS mu st be provided to th e echo sounder so th at th e
travel t ime of the sona r pu lse may be converted to dist an ce.
Wron g SOS corrections cau se bia sed errors in depth sound
ings. In sha llow water. th e SOS is prim ari ly depend ent on
temperature and salinity I CIIEN and MILLEHO, 1977 ), SOS
increases with inc reasin g temperature and sa linity as shown
in Figure 3. Surveyors ca n det ermine the depth-integrated

water depth the error is 1.9 em. Tilt a lso ca uses a horizontal
displacement (error) of th e sounding point as follows:

Figure 2. Ca lculate d e rro r ve rs us a tra nsducer's ti lt fro m ve rt ica l for
va r ious depths . Verti ca l e r ro r ca used hy t ilt is biased to wa rd deeper (low 
e r elevati on I mea surements of th e bottom, henc e th e negati ve error val 
ues.

(2 )
h,

- - - -
cos(T l

where 7J is th e se t-down or se t-up, H is the wave height , L is
th e wave length , a nd h is the water depth . For 1 m high
sha llow-water waves with a 6 s period, th e set-down seawa rd
of th e bre ak er zone in 2 m depth is cal culated to be 2,7 ern:
in 3 m depth it is 1.7 ern . Thi s error is potentia lly important
for some su rveys conducte d for scient ific research especia lly
when added to oth er sources of error. To ou r know ledge, how
ever, this effect is ignored by surveyors.

Mea suring th e distance from th e still-water level to th e
bottom using a boat-based echo sounder is affected by (1 )

heave of t he tran sducer, (2) "dynamic dr aft" of th e tran sduc
er, (3 ) ti lt of t he t ransducer, and (4) speed of sound in wat er
(SOS). Heave of th e tran sducer ca used by waves creates an
unbi ased erro r. The root mean square heav e displ acem ent is
about (J.:l54 t imes th e wave height (DEAN , 1989 ), Becau se
thi s er ror is unbi ased , its affect on volume calculat ions may
he sma ll. Hea ve ca use d by waves ju st 0.5 m high , however,
would mask bedforms and obscure bars of simila r or sma ller
a mplit ude ,

Th e draft of th e t ra ns ducer is its distan ce below th e st ill
water level. Th e dr aft will cha nge, es pecia lly for a sma ll boat,
dep ending on speed, heading, currents, water den si ty, a nd
the a mount a nd distribution of load onboard, thus th e term
"dy na mic dr aft. " In pr actice, dyn ami c draft tab les are created
for pa rticular boats going variou s speeds . Dyn amic dr aft cor
recti ons a re imp erfect , however, particularl y in shallow-wa
ter condit ions where tight man euv ering is required . Errors
in dyn ami c dra ft corrections are gen er all y bia sed errors ,

The ti lt of th e transducer from verti cal cau ses th e echo
sounde r to record sla nt distances to th e bottom and thus im
pa rts a biased error by measuring th e bottom to be deeper
than it is. To a first approximation , vert ica l er ror ca use d by
tilt is

J ournul of Coa st al Research . Vo!. 14 , No. :1, 19()H
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Figure 3. Speed of sound in wa te r (80 8) as a fun cti on of sa linity and
temp erature. The equa t ion of CHEN and MI LLER G (1977 ) is used . Ar row
shows a typical spa t ia l or temporal gradient in sa linity and temp erature
that may be exper ienced during surveys in es tua ries. If echo sounde r
su rveys are not correc ted for th e conse quent var iatio n in 808, sign ificant
er rors may result depending on the hei ght of th e tr an sd ucer above the
bott om.

SOS during a survey by measuring th e salinity , temperature,
and pr essure and converting to SOS using a formula (CHEN
and MILLERO, 1977 ) or by mea suring directly by lowering a
son ar reflector a known distance below the tran sducer (ba r
check). In nearshore and es tuarine conditions, howev er, th e
SOS may vary sign ificantly in time and sp ace. Consid er a
survey line beginning in water with a temperature of 25° C
and a salini ty of 15 ppt and ending in water with a temper 
ature of 30° C and a salinity of 35 ppt. The SOS would in
crease by 2.3% (Figu re 3), and for a water depth of 5 m, th e
maximum error would be 11.5 cm if the SOS were not up
dated at the end of the line. Therefore, typical temporal and
spatial variations in salinity and temperature may impart a
signi ficant error to coastal bathymetric surveys.
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In a comparison of 4 nearshore su rveying techniques,
CLAUSNER et al . (198 6) determined th at a boat -based echo
sounder survey had a vertical repeatability, as defin ed by th e
avera ge difference from th e mean of repeated surveys, of
::'::: 9.1 cm. Th ey al so compared th e echo sounde r survey to a
survey obt ained by th e Coastal Research Amphibious Buggy
(CRAB) (BlRKEMEIER and MASON, 1984). The CRAB is a
10.6-m high motorized tripod th at traverses th e nearsh ore in
contact with th e bottom whil e an elect ronic total sta tion on
th e beach shoots a reflecting pr ism mounted on it . Thi s meth
od of surveying eliminates th e errors assoc iated with boat
based surveys discussed pr eviously . Th e vertical repeatabil
ity of th e CRAB was 1.8 ern. Assuming tha t th e CRAB mea
sured th e true profil e, the accuracy of th e echo sounde r sur
vey was only ::'::: 22.6 ern (mean error). Much of th e error in
accuracy was attributed to a possible SOS gra dient across th e
nearshore zone.

Sle d Surveys

Us ing a veh icle in contact with th e bottom, such as the
CRAB, can greatly improve th e accuracy of nearshore surveys
over conventional boat-based echo sounde r surveys. However ,
the CRAB is not very portable, and it is expens ive. Survey
sleds te.g., SALLENGER et al ., 1983), on th e othe r hand , are
easily portabl e and inexp en sive, and CLAUSNER et al . (1986 )
determined th at vertical accuracy of a sled is equ al to th e
CRAB. Cur rently , sleds are prob ably th e sys te m most widel y
used to obtain nearshore surveys with vertical accuracy of at
least 5 cm. A survey sled has runners and a mast on whi ch
reflecting pri sm s are mounted (Figure 4). A boat or ons hore
winch tows th e sled a long a tran sect whil e a conventional
elect ronic total station tak es readings of th e pri sm. Two
pri sm s may be mounted at different heights on th e mast and
a measurem ent tak en of each to correct for ti lt. No water
level , wave, draft, or SOS correcti ons are requ ired . Th e near
shore surveys can be high ly accurate if th e inst rument sta
tion is surveyed relative to a refer ence datum.

Contact with the bottom mak es sled su rveys mor e accura te
th an conventional boat-based echo sounder surveys, bu t th is
contact al so limits their use . Sleds cannot be effect ively used
wh ere many obs t ructio ns occur, because they get stuck. Ob
st ructions may be rock ledges or debri s deposited offshore

Electronic total station -

- - --- - - - - - - -- - - - - - - - - - - - - - - -

QAaS945c

Figure 4. Nearshor e bathymet ric sur veying using a sled.
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IHelm DisplayIL----_Removable
Optical Drive

230 Mb

1 ''i.~! U n · :1 ~dH' lIl ; l ti (' til' iust runu -nt s that m a kr- lip l lAHB SS

nlu-r a " lor ln _Oh viou sl v. " led" s ho u ld not be d m gged across
"l' n" it i\'l ' bott om cnm m u n it ies a nd ca n no t be used on mu ddy

hot to ms . St eep "lope" or "w in cu r re nt" . s uc h a" occur in t idal
chu nnr-ls. a n ' a prob lem becau"e " I('d" w ill t ip ove r. S led " " 1'

\"('y " a n ' "lo we r t ha n ec ho so u nde r s urveys . a nd t h i» limi t«
till' lin« " pac ing t ha t ca n Ill' achie ve d d u ring a " ingle s urvey.
S It'd " :d" o a\-(' ra g(' till' ba t h vmot rv 0\'(' 1' t he ]pngth of t.heir
ru nru -rs t tv p icn llv a bou t 4 m i. thus oh scuri ru; bedform s a nd
t ill' c-xnct pos it ion « of ba r cres ts . S led s an' a lso limi te d t o
a bo u t l O-ru wa te-r depth de pend ing' on t he height of th e ma s t .
TIll' di st.a nc « t ha t th ov ca n s urvey ofls hor« is li mi t ed a lso bv
t lu- e !('ctnlll il' t ot al s ta t ion used and a t mospheric condi tio ns
" lll'h a " ha ze a nd rrun . All th ese limitat ions makes s le ds use
fil l on ly for s u rv eyi ng sa ndv. ob s t ru ction -free nea rs hore
ZOi ll'S .

HIGH-ACCURACY AND RESOLUTION
BATHYMETRIC SURVEYING SYSTEM (HARBSS)

Altholl gh s l(·(1,; a n ' ucc u ra t« I : : f) cm r. t hei r rest r icte d lise
lim it" t he ir overall c ffcc t ivcncss . Co nven ti ona l boa t- ba sed

ec ho sou nder s u rveys a re fa s ter a nd ca n be pe rform ed in a

vari e ty of bottom a nd current cond it ions. but t hey a re li mited
to act ivi t ies where accurac y of ::':: 20 ern is a cce pta blo. Beca use

litt.h- ca n be don e to overcome th e probl e ms associa te d wit h
s led s u rveys. the best approa ch is to improve the acc u racy of
ec ho sou nde r s u rveys. The HAR 13S S is a boa t- ba sed echo
sou nde r syste m that we ha ve devel oped t o ob tain bathymet
r ic d a t a th a t. a re as a ccu ra te as s led s u rveys bu t ha ve t he
resol u t ion . ve rsa t ility . a nd s peed of conven t iona l ec ho sou nd 

er surveys.

System Approach

T he key to imp roving the accu racy of ec ho so u nde r s u r veys
is to dete r m in e t he exact t hree-d imensiona l pos iti on a nd a t
ti tud e of t he t ransd ucer for ea ch sou nd ing. In a dd it ion. one
needs to conti n ua lly det ermi ne t he SOS or a t lea s t m inim ize

t ill' efred of va ry ing SOS du ring a s u rv cy. To ac h ie ve th is ,
HAR BSS co mhines se ve ra l uva ila blo tech nolog ie s in a custom
con fig u ra t.ion I F ig ures fi a nd () l. HAR BSS is a lso des ig ned to

.Iou rn a l o!'('oi!,taI He, ('a r('h . Vol. t4 ,1\, I.: \. 199>'
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where L m is the length of th e ma st from th e CPS antenna
phase cente r to th e bottom of th e tran sducer, L, is th e sona r

where D = direction of travel in the X,Y plan e defined coun
te rclockwise from Earth's X-axis.

The first ste p in the calculat ion is to determine the posit ion
of the insonified point relat ive to the boat's coordinate fra me. In
the x,y plane, the distan ce of th e point forward of the origin is

sys te m is defin ed to corres pond with th e instrume nt mast. In
thi s boat-fixed coordina te sys te m, whi ch also has its origin a t
th e ante nna ph ase cente r, the x-ax is is posit ive forwa rd, t he
y-axis is positive leftward , and th e z-axis is parall el to t he
mast and positi ve upw ard .

Th e a ngu la r motions mu st also be as signed pos iti ve a nd
negati ve direct ions. Pitch is the ang le mad e by th e boa t's x

axis and Earth's horizontal (X,Y) plan e and is posit ive when
th e bow (x-axis) is above th e plan e. Rol1 is the angle made by
th e boat' s y -ax is and Earth's hor izontal plan e and is posit ive
when th e port side (y-axis ) is above th e plan e. Head ing is
defined in a clockwi se direct ion relative to Ea rth's Y-axis ,
therefore, magneti c compass headings mu st be converted to
t rue north headings. A new va riabl e for the t ravel dire ction
is defined by

Figure 6. Photogra ph of instrumen ts, power supply, an d enclos ures of HAHBSS.

be weatherproof and can be tran sported and set up in sma ll,
open boats.

Vertical and hori zontal pos it ions of the echo sounder trans
ducer and the insonified point on th e bottom relative to an
Earth-centered el1 ipsoid are determined by combining data
from a geodetic-qua lity CPS receiver , a digital echo sounder,
an elect ronic motion se nsor , and a digital gyro compass . Th e
CP S antenna is mounted on one end of a mast and th e echo
sounder transducer on the oth er end (F igu re 7). Th e th ree
dim en sional position of the CPS ante nna is determined using
a bias-free phase solution obtained 2 times per second. Th e
motion sensor prov ides 1'011 , pitch , and heave (dyna mic ver
tical motion associated with waves and oth er motions with
peri ods of less th an about 20 s) data a t a ra te of up to 20
times per second. Th e compass provides headings relative to
magnetic north at about 20 tim es per second. Th e motion
se nsor is mounted on a platform welded to th e mast so th at
its vertical axi s is parallel to th e mast (Figu res 7 and 8). Th e
compass is mounted on th e sa me platform as th e moti on se n
sor so that it s heading is parall el to the roll axis of the motion
senso r (Figu res 7 and 9),

To solve for th e position of th e trans ducer and the sounding
point on th e bottom, an Earth-fixed coordinate sys tem is de
fined at the phase center of th e CPS antenna. Th e X-axi s is
positive eastward, th e Y-axi s is positive northward (t ru e
north), and the Z-axis is positive upw ard. A second coordina te

D = 900
- heading

~x = (L m + L ,)sin(P )

(4)

(5)

.Iournal of Coasta l Resea rch, Vol. 14, No. 3, 1998
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(18)

(15)

(16)

(17)i.\Z = tL; + L,)cos(T)

i.\X = (i.\x, y )cosWu)

i.\Y = (i.\x, y )sin(Vxy ).

cos-o + cos2{3 + cos2y = 1

where T is th e t ilt from Earth's vertical determined by com
bining t he roll and pitch. T is det ermined by using the iden
tity:

and i.\y ~ 0 (12)

v., = Iarctan (~:)1-180
0

+ D for i.\x < 0

and i.\y < 0 (13)

VxY =O fori.\ x =O and i.\y =O. (14)

Th e X- and Y-coordinates (ear th-fixed coordinate system )
of the inso nified point re lative to the origin (CPS antenna
ph ase center), can now be found by

Th e Z-coordinat e is

v = (~)900 +D for ~x = 0 and i.\y "'" 0 (9)X ,Y
I ~yl

/GeOdetlc GPS antenn a

Vx.y = la rctan (~:) I + D for ~x > 0 and i.\y ~ 0 (10)

Vx.y = - I arctan (~:) I+ D for i.\x > 0

a nd ~y < 0 (11)

v.~y = - I arc tan (~:)I+ 180
0

+ D for i.\x < 0

Figur e 7. HARBSS instrumen t ma st mounted on 6 m aluminum tri -hull
boat use d for te st survey in a lake. Mast is in a ra ised positi on for lau nch
ing of the boat. Dur ing the test su rvey, th e trans ducer was about 0.5 m
below the wat er line .

where R is th e roll. In the x,y plane, th e distance of th e point
from the origin is

which is th e sa me as th e distance in th e X,Y plan e becau se
the two coordinate systems share th e sa me origin . Th e z-po
sit ion of th e insonifi ed point in the boat's reference fram e is
simply (23)

(24)

(25 )

X = Xo + ~X

Y = Yo + i.\Y

Z = Zo + i.\Z .

Th e position of th e insonifi ed point in terms of absolute
Earth coordinates , or coordina tes relative to any desired or
igin, can be found by using th e CPS position together with
th e above calculations. If th e position of th e CPS ante nna in
the desired reference frame is (X o, Yo, Zo), then th e position
of th e bottom point is

whe re a, {3, and yare the direction angles that a vector
mak es with th e respective coordinate vectors (axes) . For th e
sit ua t ion of a boat:

a = 900
- P (19 )

[3 = 90 0
- R (20)

't = T. (21)

Solvin g (18) for y and subst ituti ng for a, {3, and y.

T = arccosCVl - cos 2(90° - P ) - cos 2(90° - R )). (22)

CPS positions are obtained every 0.5 s. A boat in 0.6 m high,
6 s waves will move vertically more than 10 em in 0.5 s.
Th erefore , the heave data from the motion se nsor, which is

(8)

(7)

(6)i.\y = (L m + L,)sin(R)

These expressions defin e a vector th at may be pr ojected
into the X,Y plan e to det ermine the inson ified point's position
in terms of Earth-fixed coordinates. Th e direction of the
sounding vect or in th e X,Y plane (Vx) is found by

path length (raw depth recorded by th e echo sounder ) (Figu re
8), and P is th e pitch . L m and L, are given as negative num
bers becau se th ey are measured downward from th e CPS an
tenna. Simil arly, th e position of th e point leftward of th e or
igin is

Jo urn al of Coas ta l Research, Vol. 14, No.3, 1998
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Do Z
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/ : DoX,Y i
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Figure 8 . Cross se ct ion of boa t a nd instrumen t ma st assem bly. Varia bles involved in t he solution of t lu- ve rt ica l pos it ion of th e sOllnd ing point I bott olll l
arc shown . If hea ve da ta a rc used to interpolat e ve rt ica l C PS posi t ions of th e a nte nna a nd if th e e lect ro nic moti on se nsor a nd (; I'S a uu -nna are not a l
t he sa me height , the n a cor rec t ion for t ilt must he a pplied to th e hea ve da ta .

output about 20 times per second, may be used to int erpolate
hei ghts of th e GPS ante nna betw een position fixes. Th e use
of hori zontal acceleration data provided by th e mot ion se nso r
is a lso being cons ide red to aid in th e interpol ati on of horizon
tal CPS positions.

Th e SOS affects the measurem ent of L,. To det ermine th e
integrated SOS between th e t ra ns ducer and the bottom, a
conductivity, temperature, a nd depth prob e (CTDl is incor
porated into th e system. SOS is determined from data pro
vided by th e CTD. Surveyors can lower th e CTD to measure
th e depth-integrated SOS . In areas with hori zontal gr adients
in th e SOS, seve ra l SOS depth profiles mu st be horizontall y
integr ated to develop an SOS correct ion grid . Th e CTD can
be attached to th e instrument mast for continuous recording
of SOS data during a survey. Th e probe is easily detachable
to collect SOS depth profiles.

Another approach to lessen errors related to SOS. til t , and
th e spreading of the sonar beam involves keeping th e trans
ducer as close to th e bottom as possib le. We ha ve experi
mented with a telescoping mast tha t lowers th e tran sducer
2.5 m below th e surface. We have been a ble to cont rol th e 6
m boat without vibration or flexing of the mast in thi s con
figuration , a nd we think it is a viab le way to redu ce error a t
least in low-wave condi tion s.

Syste m Compone nts

The mast on whi ch th e C PS a nte nna , motion se nsor, com
pass, tran sducer, and event ua lly th e CTD a re mounted ma y

be attached to th e side of various vessels (Figure 7). Other
components , including th e computer, opt ica l drive for data
storage , echo sounde r, a nd CPS receiver s. a re housed in a
portabl e. weatherproof box (Figure 6 ). Th e entire sys te m is
powered by 4 12-volt batteries arra nged in 2 se pa ra te boxes.
Th e sys tem can run for about 8 hours before th e batteri es
nee d to be rech arged . Th ese features a llow surveying to be
conducted from vari ous sma ll a nd open boats .

Echo So under

Th e digit al echo sou nder we use is mad e by Knudsen En
ginee r ing, Ltd . It emits a 200 kHz pul se from a dual-clement
t ran sducer . One eleme nt sends th e sona r pu lse and th e oth er
receives the echo. Th is configura t ion overcomes th e crit ica l
problem of "ring ing," wh ich occurs in shallow water when th e
gene ra t ing pul se a nd echo inte rfere. A se lectable power out 
put a nd pulse lengt h further enhance th e ability of th e echo
soun der to obta in rel iabl e. high -resolu t ion dat a in sha llow
water. Low-power a nd short -pulse lengths a re desirable for
sha llow-wate r condit ions a nd high resolution. A frequ en cy of
200 kH z is a compromise th at allows fine resolution of t he
bott om with little wat er column inter ference. A differen t fre
quen cy, however, may be su ita ble for some situa t ions . Th e
digital output rate is a bout 20 Hz, a nd th e digit al resoluti on
is 1 em.

During labora tory tests, th e echo sounde r reliabl y mea -

-Iou rn al of Coasta l Resea rch . Vol. 14. !l:o. 3. 1998
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Fi~ure ~} . Effect of roll on horizont a l posi tio n of the sounding poin t on
the bottom. In HARBSS , the digita l gyro compass is a ligned with the roll
ax is of the elec tro nic motio n se nsor. Th is allows the calcula t ion of the
direction of offset of the sou ndi ng point from th e GPS anten na posit ion.
The motion se nsor and compass must be a ligned, but ali gnmen t wit h the
boat 's ro ll axi s is not crit ica l. In cur rents and waves, the orie nta t ion of a
boat is often oblique to the direct ion of travel , bu t using th e compass an d
mot ion senso r to det er mine th e sounding point posi t ion overcomes th is
effect.
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Figu re 10. Setu p of sma ll-ta nk test . The tank is too small for ana lysis
of the echo sounde r data , but data from the GPS and elect ron ic mot ion
sens or wer e ana lyze d. Results from the test a re discussed in th e te xt and
shown in Figure 11.
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sured dep th s as shallow as 20 em. In a calibration tank at
the Applied Research Laboratory of Th e University of Texas
a t Aus t in , we measured th e beam widths of th e transducer
elements to be 5.5°. Also in the calibration tank , we deter
min ed th at t he echo sounder cou ld resolve sa ndy bottom fea
tures with vertical relief of less than 5 cm and hori zontal
extents of less th an 10 cm in about 3-m wa ter depth (KYSE R,

1996 ). Th e noise in th e echo sounder under these ideal test
condit ions a ppeared to be about 2:: 1 em ( K YS E R, 1996 ). Ac
curacy, as sta ted by th e manufacturer, is better than 0.25%
of ran ge or 1.25 em for a range of 5 m.

Mo tion Sensor

Obtain ing accura te heave, roll, and pitch data in a high ly
dynamic environme nt , such as a sma ll boat, requires a so
phis tica ted instrumen t. HARBSS uses a TSS, Ltd ., 335b elec
t ron ic moti on sensor. Thi s instrument combines linear acce l
erome te rs a nd angula r ra te senso rs to provide dyn amic heave
displ acement, roll , pit ch , and ver tical and hori zontal acce l
ora t ion at a ra te of about 20 Hz. TSS sta tes th e accuracy of
heave measu rements to be 2:: 5 ern or 5%, wh ichev er is great
er, and roll and pitch accuracy to be better tha n :±: 0.1° under
dyn ami c condit ions. In field tests conducted on th e Gulf of
Mexico in a 6-m, tri-hu ll boat, we found th at we cou ld cause
errors of 10's of centimeters in the heave a nd a few degrees
in th e roll and pit ch by making sha rp turns. Th e sha rp turns
caused high hori zontal accelerations , and when th ese acce l
era t ions exceeded 0.275 m/s'', er rors occurred in the data for

several minutes. Th e tes ts wer e conducted in 1 to 1.5 m
wave s, but the waves did not cause excess ive accelerations.
It is not difficult to keep th e hori zontal accelera t ions below
0.275 m/s", but surveyors need to monitor the data.

Geodetic GPS Receiv ers

The GPS inst ru ments used for prec ise survey posit ioning
a re Trimble 4000SSE geode t ic receivers. These are dual fre
qu ency , 18 cha nne l receivers cap ab le of tracking 9 GPS sa t
ellites simulta neous ly on both th e L1 and L2 frequencies.
Th ey record CIA and P-code pseudorange an d L1 and L2 ca r
rier phase observations a t a rate of up to 2Hz. Both receivers,
th e base stat ion instrument onshore and th e mobile receiver
onboard, are equipped with Trimble ST Ll/L2 geodetic an
tennas with ground plan es to minimize the effect s of multi
pa thing. CPS data are post processed to yield pr ecise three
dimen sional positions.

To es ti mate th e vertical preci sion of the kin ematic GPS
surveying technique using Trimbl e 4000SSE receivers, we
conducted a test in an outdoor tank. Figure 10 shows th e
setup for th e test. Th e test tank is steel and measures 1.22
m by 2.44 m by 1.88 m deep . A short version of the instru
ment mast was attached to a gimbal, whi ch allowed angular
motion of th e mast to simula te boat motion . Heav e mot ion
was not simulated. We originally intend ed the test to includ e
th e calcula tion of th e height of th e flat, false bottom, but th e
sma ll size of th e tank caused excessive multipathing of th e
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sonar signal. The tests, however, show the level of ag-reenlcnt

between the G PS and motion sensor devices.

Figure 11a is a time series plot of kinematic (}PS positions

showing the height of the GPS antenna relative to the C;PS

reference station and the tilt of the mast as measured by the

electronic motion sensor. GPS positions were computed 2
times per second and tilts 5 times per second. GPS positions

were linearly interpolated to coincide with tilt measure

ments. We manually swung the mast back and forth with a

period of about 8 s, which caused an absolute tilt period of
about 4 s. Tilts ranged from 4° to 17°, and as the tilt increased

the height of the GPS antenna lowered. Figure 11a shows the

expected relationship between large tilts and lower antenna

positions during the 70 s test even though the antenna height

is varying only 2 to 4 em. Figure 11 b is a plot of antenna

height versus tilt. By knowing the height of the antenna

when vertical and the distance from the mast pivot point

(gimbal) to the antenna, we can calculate the expected an

tenna height as a function of tilt. The line labeled "calculated"

in Figure l Ib is a plot of this function. The ~35~j measured

points in Figure 11 b follow the calculated line well, but are

offset slightly higher. The mean difference between the cal

culated and measured heights, found by subtracting the cal

culated heights from the measured heights, is 0.35 ern. This

difference is most likely caused by inaccurately measuring
the distance between the pivot point and antenna. The stan

dard deviation of the difference is 0.46 em, and the maximum

difference is 2.54 ern.
If we consider the tilt measurements provided by the mo

tion sensor to be perfectly precise, the synchronization be

tween the GPS and motion sensor data to be perfect, and the

interpolation of the GPS positions to perfectly represent the

antenna positions. then the above standard deviation would

be a measure of the precision of the (}PS positions during the

dynamic conditions of the test. ()f course none of these con

ditions were completely met. We think the result of the test,

however, does show that we can expect subcentimeter-scalc
precision when combining the two devices during a bathy

metric survey. Furthermore, we think that a significant

amount of the scatter in Figure 11b is caused by poor inter

polation and synchronization, both of which can be improved.

In another approach to est.imat.ing the vertical precision of

the kinematic GPS surveying technique, we examined the re

sults of kinematic vehicle surveys conducted on the beach at

Galveston Island State Park in Texas (MO}{TON et al., 199:3 l.

These surveys involved mounting a CPS antenna on the roof

of a vehicle and driving over the beach collecting GPS data

at a 2-Hz rate. As the vehicle drove back and forth over the

beach, the vehicle's path frequently crossed itself, and there

fore it collected GPS data over the same point more than

once. Because the rover antenna is mounted atop a 4 X 4
vehicle, the point elevations we obtained are actually average

elevations over the footprint of the vehicle. In this context,

we define crossover points as points surveyed during differ

ent passes over the beach, but with horizontal positions sep

arated by less than 50 CITl. By sorting through the CPS data,

we identified 65 crossover points (out of 6,1 00 survey pointsi

in a kinematic GPS survey conducted over a 2-knl long sec

tion of beach on May 1, 1995. The average vertical difference

between these' erOSSO\'L'r points is 1.2 em wit.h a standard d(·

viat.ion of 0.79 ern. This and the previously described est.imau
of precision compares well with an estimate of 0.4 ern as the

standard deviation for kinematic relative height accuracy f()r

baselines under 1 km presented b.y REMONIH et 01. (1990 I.

GPS System for Real Time Navigation

The previously described geodetic quality C;PS receivers
only provide rea] time positions accurate to about 100 In (gl"

odetic-qua lity positions are determined during post process
ing). This accuracy is not adequate for scientific su rveys that

require the reoccupat.ion of specific transects. To provide nav

igation accuracy of a fev\' meters. HAR,BSS uses a real t.i mc

differential C~PS system. The OMNISTA.R system (.Ioh n E.
Chance & Associates, Inc.) consists of an array! of GPS base

stations and a network control center that combines base sta

tion corrections. The corrections are transmitted to a C001

mu nications satellite. With OMNISTAR hardware, a user can

receive the corrections from the satellite for input to a C~ PS

receiver. The corrections are optimized for the user's specific

location. I-IARBSS uses a Trimble Path Finder Basic Plus

C}PS receiver. Field tests conducted in the (;a1veston Island

area of the Gulf of Mexico indicate horizontal accuracy of :2
In or better.

GPS Timing Card

I-IARBSS uses a G-PS time-base generator to t.ime tag the

various sensor inputs as they arrive at the data logging corn

put.er. This device. munutact.urcd by Me:! GPSystelns, incor

porates a CPS receiver on a personal computer (PCl card. It
provides (}PS-derived time with a 50-nlsec resolution over the

serial cornrnunicat.ions port or, with either a l u-rnsec or 1G
u.sec resolution, over the PC bus. The HARBSS software cur

rently uses the 10 msec timing information. This (}PS t i miru;
card is a recent modification to }-JARHSS. Lim it.at.ions of th(·

PC clock for data time tagging were apparent during initial

IfARBSS development and prompted the addition of tho CPS
t.imirur card. Test results shown in this paper do not reflect

improvements to HARBSS Irorn the CPS time-has« genera

tor.

Compass

The digital gyro compass, manufact.urod by KVH Indus

tries. lnc., consists of' a two-axis rate gyro device and a dig·ital

Iiuxgate electronic compass, The gyroscopic rate sensor pro

vides informat.ion to correct headings during- times of accel

eration. Heading is output at a rate of 20 Hz wit.h a dig-itai

resolution of 0.1 ". Accuracy, as stated by the rnanufact.u rer
is ± O.fio RMS for tilt angles {tilt from vortical : of~2(r',

Computer

The computer runs custom software that logs and tim« tags

data frorn the various sensors. It also runs custom navigation

and survey planning routines. Heat, vibration. shock, and hu

midit.v encountered in open boats necessitate the use of an

industrial-grade computer. Hi\RBSS uses an Adva nt.ech PC

with an Intel processor. \\Te recently upgraded the computer

.lournal of Coastal !\l'search, Vol. lot x.. :L 1~~).'"
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Sca l tl'!' plot of (;I'S a nte n na he igh t ve rsu s t ilt. Tho :35:l points show th e expected rela t ionsh ip of lower he ight s wit h gre a te r t ilts . T he solid line is a
ca lcula te d rela t ionsh ip ba sed on t he known geomet ry of the te st. Th e data poi nt s fo llow we ll the ca lcu la ted lin e hu t a re offset h igh er by abou t 0.5 cm. A
s light mi srn ca suru of t he di s ta nce from th e g imba l pivot poin t t o the a nten na ph a se cente r (used to det erm ine t he ca lcu la te d lin e ) may be responsible for
th e off,,'t.

to a Pentium l liO m Hz sys te m, bu t th e tests presented here
were conducted wit h a 4R6DX2 66 mH z processor . To provide
efficient logging of digital data , th e comput er is equi pped
with an S-port, in te llige nt seria l com munica tio ns ca rd. A
magneto-opti cal dr ive is connected through a SCSII port for
da ta sto rage. Th is dr ive uses 230 MB, 3.5 inch removabl e
diskettes a nd t hus provides a means for sa fely stor ing large
survey files . During a survey , th e system collects about 10MB
of data per hou r. Th e compute r has a ~l inch CRT scree n. but
a sta nd-a lone LCD mon itor is used to provide a helm sman
displ a v to th e boa t operator.

CTD Profiler

Th e CT D device IS a recent addit ion to HAR RSS . a nd th e
tp"t" presented in this pap er did not use it. Th e CTD profiler
measures conductivity. temperature, and depth. Th ese mea
surc mcnts are convert ed to SOS usin g th e equa t ion devel
oped by CII E N a nd MII,L1';I{O (19771. Th e ma nufact ur er , Sea-

Bird Electronics , Inc., sta te s th at th e CTD can predi ct SOS
to within O.1i m/s , wh ich is a bout O.03'7r of th e SOS in sea
wa te r. Data are digitally out put in real t ime a t a rate of up
to 2 Hz.

Software

Mission planning, real- tim e navigation , data loggin g, and
post processing softwa re have been developed . Mission plan
nin g routines auto ma te the cons t ruction of survey gri ds or
s ingle transects. Real-time navigation routines provide a
helm sman displ ay wit h indica tors for right a nd left of in
tended track lin e a nd a map sho wing position within th e sur
vey area . Data loggin g routines collect data from the va rious
devices , check for er rors, and tim e tag eac h data st r ing. These
routines a lso provide rea l tim e gra ph ica l displ ays of the in
coming data . Post processing rout ines mer ge and interpolate
data , so lve for th e position of th e bottom, and rem ove a nom
alous data points .

.lou rn a ! of Coa stn l Res oa rch , Vol. 14, No. :l. Hl9H
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Figure 12. Data from the test survey at Lake Travis, Texas conducted on August 30, 1995. The transect obliquely crosses a drowned tributary creek
valley and was surveyed five times. See text for explanation of the test and analysis (a) Map view of track lines of the boat survey using HARBSS and
wading survey using an electronic total station. Map view is highly exaggerated in the across-transect direction. Track lines are actually the positions of
the sounding points on the bottom. Points used in the crossover analysis arc also shown. (bl Profile view of transacts. All profiles arc corrected using
HARBSS. Spikes in one survey to the left of 170 m are likely caused by water column returns, presumed to be fish. The survey traverses were not
perfectly aligned; therefore, the profiles are not of precisely the same transect (sec text for details),

ERROR ANALYSIS

The precision and accuracy of the total system is not only
a function of the independent components but also of how
well the various data streams are synchronized and inter
polated. Errors experienced during a particular survey also
depend on the depth of the survey, the dynamics of the survey
(how much roll, pitch, and heave), and the length of the
HARBSS instrument mast. To estimate the precision and ac
curacy of HARBSS, we conducted a test survey on a lake.

Test Survey

The test survey was conducted on August 30,1995, on Lake
Travis near Austin, Texas. Lake Travis is a reservoir, and
the 100-m long transect for the test survey crossed a drowned
tributary creek valley about 5-m deep (Figure} 2bL The shal
lowest portion of the transect was less than I-m deep. Using
a 6-m, tri-hull aluminum boat (Figure 7), we measured the
same transect line 5 times. For this test, the transect was
marked by range markers placed on shore, and all surveys
were conducted with the boat heading toward the range
markers at a speed of about 1 mls. During each survey, the

boat was intentionally rolled by persons shifting their weight.
Roll was 5 to 10° to each side and had a period of a little more
than 2 s. The pitch was relatively steady at about 2.7°. Sound
ings, bearings, and attitude data were recorded at approxi
mately a 5 Hz rate, and GPS observations were logged at a
2 Hz rate. The CTD was not available for the test survey, and
the SOS was set at a constant value of 1500 mis, which ap
proximated the calculated values of SOS for the temperature
and salinity conditions. It is improbable that the speed of
sound varied spatially or temporally during the 30 minute
survey.

For comparison, we conducted a conventional survey along
the same transect line using a Zeiss ELTA-4 electronic total
station (ETS) setup on the transect datum mark, and a rod
person who waded as deep as possible into the lake. This
survey was conducted on -January 26, 1996, when the level
of the lake was about 2 m lower than during the earlier
I-IARBSS survey. The lower lake level allowed 50 m of overlap
with the HARBSS survey. The very low-energy conditions at
the transect location and the gravely, muddy sand sediment
allow us to infer that no significant changes occurred in the
lake bottom sedi ment.s between surveys.

.Iournal of Coastal Research, Vol. 14, No. ;~, 199R
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Flgu r(' I :: Expand.'d \ 'i t '\\" 01' pl'otilt · dat a .... hown in F igurl' l ~h . Fiv« eOlTl'ch' d II AH BSS protik-s and OIH' unco rrt-ctod prof ile t dushed line ) a n ' s ho wn .
T lu- IIl H'olTt '('1('d p rll fil t '. whu- h r-on .... ist ;.; of r a w dl'pth nu -a .... u n -nu-n ts n 'cordl 'o hy tl u- (lrho soundr-r. wa s adju st ed ve rt ica lly to o\'(' l'I a .\' the ('OITl'cled pro fik -».
AI :-: II show lI ; trt ' point s IIH'a surt·d us inu « cunvr-ut iunal "I('ctroni c lot a l stat ion ( ETS ' a nd a rod pl' I"SO l\ wh o wade d int o t.ho la ke . Th r- ETS surv ey w as

cOrHlul'h 'd un -lan uurv :lb, 1~ ) ~Hi . when t h« la ko h-vr- wa :-; lowi-r t huu durin g till' l' a rl i ( ~ r H AH BS S s u rvov.

1'0 '; ( p rocc ,;,;ing- of C PS obscrvat ions provided tilt' precise
posit iun in u lor ti ll' II AI{BSS s u rv ey. Prior to th e s u rvey , a
s ta t.ic Cl l'S rece ive r wus set up on s hore a nd tilt' mobil e CPS
I'('l'ei vpr a nd a n te nna we r« in s t al led on th e inst ru me nt mast
of t hr- s u rvv v hoa t . To a ,;,;i,;t ti ll' ini t ia lizat ion of t he full y
knu -mnt ir ClPS s u rvo v, a s m ull a mou nt l ] fi-20 min ) ofC lPS
da ta WPI'< ' l'ollc ct cd in t he suu ic mo de prio r to t he launch of
ti ll' s u rvi -v boa t. O ncc laun ch ed . tilt' s u rvev boat t ra versed
t lw xurv vv a l'<~ : 1 main tain ing 10<: K on at least . four C;PS sat
pli itl ''; at u ll tim es . Th e ma ximu m dis t a nce of ti lt' s urvey boat
fro m t he- s tat.i« CPS re fere nce rece iver on sh ur« wa ,; a bout
:WO m. Aftr-r t.lu - s u rvc-v. th « CPS data we re prot'l',;,;ed us iru;
t iu- ;'\a tio na l C;eodet il' S urvev 's OM NI so ft wa re. a nd t h« C~ PS

po,;ilion " wv r« t he n nu-rgcd wi t h th e oth e r data , CPS unu-n
n;1 posi ti on ,; lor th e t i nu- of «a ch sou nd ing we n ' dct e nn ined
b,' - liru-ur in terpolation lx-t wcc n C PS pos itiou ».

Figu l'< ' 12a i,; a ma p oft lu- t ru ck lin es oft h« five hoat s u r
' -l'y" a long t lu- t ra nsoct . 'I'lu- t rack lin es s how n a re actuall y
t lu - ca lcu la tl' d loca t ion of t h« sou nd ing poin t on ti ll' bottom ,
T Ill' s inuso ida l t ra ck li nes a re ca used by th e rolling of the
boa t. 'I'lu - a m pli t udes of t he ac ross-t rac k offsets a re g reate ,;t
in d l ' I ~P wu t cr a nd decrease toward s ha llow wat er. Thi s is
" Xpl'l'tl'd bL'l'au ,;e ti ll' roll d u ring t he s u rvey ca used g rea te r
hor izo nt a l 0 1'1',;('( ,; of t hu ,;ound ing poin t ,; in th c deep er wa te r ,
Alo ng t hc t ran ,;cct . a ll ,;u rvcy lin p,; aI'<' with in 4 m of pa ch
ot lll'r a nd wit h in 2 In of eac h ot he r <:I o,;er to ,;hore, AI,;o ,;hown
in Figul'<' 12a aI'(' th l' locat ion ,; of th e ETS ';\ II'\'e." po int ,;_Th e
hoa t t ran,;c\'l lin c" arc pa ndl l'l to tlw ETS poin t.,; but t hey
a I'(' of'fs('( a bo u t '2 nl. Thi ,; off,;t't o<:c uITl'd bl'ca u,;l' t he dri ver
wa " on t Iw oppo,;it l' ,;idl' of tilt' boa t from th l' in ,;trun wnt

mast. a nd because th e driver wa s lining up t he hoa t usi ru;
th e range ma rk ers se t a long t he transect,

Figure l '2h s hows the hottom profile measured by a ll five
boat s u rv ey s . One profile h a s large s p ikes in th e da ta a t a
di stance grea te r than 1HO m from t h« on shore reference
point. Inspect ion of th e paper an al og record fro m t he ec ho
sou nde r revealed that th ese spikes a re ca used by water col
umn re flect ions . possibly fish , Figure I ;{ is a n e n la rge d view
of thr- prof iles tha t al so includes on e uncorrected boa t profil e
a nd t ill' ET S s urvey points . Th e uncorrect ed profil e s im ply
cons ists of th e raw depths record ed by th e echo sounde r. Thi s
profil e wa s a dj us ted ve rti ca lly to ove r lay the cor rected pro
lil es . 'I'he re a rp osci llat.ions in t he uncorrect ed profi le of :{O to
40 em ca used by ti ll' t ilt a nd hea ve of t he t ra nsd uce r , The
correcte d profiles . on the other hand . do not s how t hese os
cilla t.ions and huvo a verti ca l e nv e lope of I 0 to Hj em. Th e
s lope of th e profile is a bout 1:20 . a nd t he t ra ns ect was not
ori ented normal to th e conto urs . Thi s ca uses the profiles plot 
t od in F igul'<' '; 12 b a nd I:l to hav e more vc rt ical s pread th a n
t.hov would if' the transect Wen' norm al to contou rs or if t he
truck lin es perfectly overlaid eac h other, Thi s is wh y we per
form ed a cro ssove r un ulysis of th e data to est ima te precis ion
ra t he r th a n a s im ple profile cornpar ison .

Experimental Error Derived from Crossover Analysis

We conducted a crossove r a na lys i,; of the mul t ipl e transect
data to dl't ennim' the sy s te m's re peata bility (T a ble ]). For
t h is analysi s . Wl' a voided the s pi kes in th e data by only con 
,;idl' r ing data le,;s t ha n 170 III from th e da tum s t a ke (to ti l('
r ight of' -- 170 m in Figun' 12b l. We e xt l'acted pairs of' poinb

.Journa l or ( 'oas ta l H"SI'a r"h . Vol. ] ,1. No_:l. I !-l!-lH
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Table 1. Crf).'\,'w{'er u n alvsi« !>I'!{{'()('!l ;) flAHUSS trctnscct .'\IIlTI'V.'\ <luurn

ill Figures 1:2and 13 and betuvcn the HAHUSS cuul electronic t()t~I! station
'[;;1'8) survevs,

to the precision uf this particular survey. Coruhini ng 117,1 and
12G I the vertical position of the sounding point is

IIARBSS vs. ETS (em I

The error in Z is defined as

/(121
{)T(

\ (/7'

-- fSTL. sin?':

\vh~~r(' T is g'lvpn in radians, t"rr is a function of t h» errors in
ro ll ({,}f} and pit l' h I 8J> ). Lpt

Horizontal separation

between points 10.0 .sO.O 100.0 10().O 100.0
Mean horizontal

~l'paration 6.6 :n.6 k2 ..s (~7.7 S7 7

Mean vertical

difference ;).2 ;).:~ fl.;) ·LD 1.2

~tandard deviation

vcrt ical difference :L7 ·!.7 :).7 :L7 (-i.O
~umh('r of crossover

pairs 72 ;');j4 767 so ;-)0

Ahsolutr- ETS-
HARBSS YS. HARHSS (em) I)i ffl'!'l\ncl' HARBSS

T arcC'os( \ t/

Horizontal error is a function of the errors in determining
)( and Y Taking (23) and (24) and substituting (15) and (16),

respectively, gives

(:35 )

(:34)

:;)1,8R ('(,'(I' \)

\(JR

8P(/(I'[")
,fJP,

(', ,, 1_,,)'(.. 1 )'(8P eos( ~)OO
\ 1 U 1" , \ ill

y = Yo + L:lx, y lsin: Vx ,}' ).

The error in X (8X) is defined as

Substituting into (:32) 0.10 0 for /Sf> and /SIt. as provided by tho
manufacturer of the motion sensor, and 4.H8° for the average
absolute Rand 2.71 ° for the average absolute P experienced
during the survey yields a 8T of 0.14° (2.44 X 10 ;\ radians).

For this error analysis, we used the high value of 1.2 em
for 8Zo, which was derived from the crossover analvsis of the
kinematic beach survey. We also used 0.10 em for 8L which
is an estimate of error caused by flexing of the mast and
measurement error. As stated by the manufacturer, 8L, is
0.25('1r of the range, and the average range (LJ for the survey
was -206.00 em. Therefore, /SL, is 0.52 em for this survey.
We think a more reasonable value for 8L" however, is the
noise we observed in the calibration tank tests described pre
viously. Therefore this error analysis uses ± 1.00 em for 8L".

L"I for the Lake Travis test was - 265.00 em. The average 71

during the survey was 5.59°. Substituting these values and
8T into (28) gives the expected error in vertical positioning
of the bottom for the Lake Travis survey

8Z = 1.2 + 0.10 + 1.00 + 0.06 + 0.05 = ±2.4 em. (:3:3)

8'1'

obtained during separate passes along the transect that were
closer than 10 em, horizontally. Seventy-two pairs of points
had a mean vertical difference of G.2 em, and the standard
deviation of the vertical difference was :~.7 em. If we include
points within 50 em of each other, our vertical standard de
viation increases to 4.7 em, and for pairs of points within 100
em, vertical standard deviation increases to 5.7 em. F-tests
for all three combinations of the horizontal separation cate
gories (:::;100 em and :::;50 em, :::;50 em and :::;10 em, :::;100 ern
and rs 10 em) show that the variances are different at the 1(I(

confidence level. The improvement in vertical repeatability
with decreasing horizontal separation of points indicates that
our horizontal repeatability is better than 10 em.

To estimate accuracy, we conducted a crossover analysis
between the multiple transects and the conventional ETS
survey. Because the ETS transect is offset from the HARBSS
transect, a horizontal limit for the crossover points had to be
set at 100 em. Subtracting the heights of the HARBSS points
from the ETS points yields a mean height error of -1.2 em.
This is a measure of the bias of the HARBBS survey relative
to the ETS survey. Inspection of the data and Figure 13
shows that the ETS points are below the HARBSS points
between -140 m and -150 m range. At this range, the rod
person during the ETS survey was in deep water and had
trouble keeping the survey rod vertical. Any tilt of the survey
rod would cause a biased error that lowers the height. The
survey rod was 2.71-m long and a tilt of 5° would cause a
vertical error of 1 em. This may be the cause of the bias, but
an error of just 0.4('k in the SOS setting could also be the
cause. The vertical differences between the HARBSS and
ETS crossover points have mean of 4.9 em and a standard
deviation of 3.7 em. If we assume that the ETS survey rep
resents the 'true' profile, then the accuracy obtained during
this survey is nearly the same as our precision (repeatability)
determined above.

Expected Error of the Test Survey

Combining the errors expected from the echo sounder, mo
tion sensor, compass, and GPS positions indicates a theoret
ical precision limit of HARBSS. Using average conditions ex
perienced during the lake survey provides an expected limit

(ax) (ax)' (ax\)oX = sx, - + o~x, y -'-'-,-, + oVx.)' -,-sx, r1~x, y dVx .)·

= oXo + (O~x, y)cos(VX y ) - (oVx .yH.1x, :v)sin(Vx y )

and similarly for the error in Y(oY)

(37)
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Th e a bove a na lys is assumes that th e SOS is cons tant and

DISCUSSION AND CONCLUSIONS

t ha t a ll data a re perfe ctl y sy nch ronized . Of course th is was
not the case during th e lake su rvey, but the a nalys is does
indi cate th e limit of pr ecision we may expect to obtain wh en
combi n ing th e va r ious devices for th e spec ific su rvey condi
tions .

In con s tan t and uniform s peed -of-sou nd con d it ions,
HARBSS ca n repeatedl y me asure the heigh t of the sa me lo
cati on on a lake/ocean bottom to wit h in 5.2 cm (mea n erro r ).
We es t imate th e hori zontal rep eatability to be with in 10 ern.
Co mpa r ison with a conven t iona l s urvey indicates th at th e
verti cal accuracy is th e same as th e rep eatability. Th is ac
cu racy ca n be ac h ieved from a s mall boat that is roll ing,
pi tching. hea vin g, 0 1' listing. Estimate of th e combined errol'
of the separate in struments suggests th at we should be able
to decr ea se th e errol' by a bout one half. Thi s mu st be ac h ieve d
by better sy nch roniza t ion and interpola ti on of the va r ious
data s t rea ms.

Although th e test su rvey was conducte d in a lake, th ere
were facto rs of th e test that mad e it mor e difficult to achieve
a ccuracy compared to an open-ocean nearshore setting. Th e
roll of 8 to 100 was the same as in a n actua l Gulf of Mexico
su rvey wh en 1-m hi gh wav es were encou nte red. Th e period
of induced 1'011 motion in th e lake, however, was mu ch shorte r
at 2 s than the natural 1'011 period of about 5 s in th e Gulf of
Mexico. Thi s made a ny errol' in th e sy nch ron ization of th e
data more cr it ica l during th e test survey th an it would be
during a n actual nea rsh ore su rvey. In a dd iti on, th e bottom
of th e lake had sca ttere d cobbles ca using local , small-scale
rel ief of se vera l cent ime te rs . Thi s irregular reli ef is ex pecte d
to ca use more sca t te r in th e data compared to uniform and
sandy nearshore condit ions ,

HARBSS is a single-beam sys te m design ed for pr ecise,
high-resolution su rvey ing along a t ra nsect. Multibea m sys
tem s record a swa th of data the width of whi ch is about twice
th e height of th e transducer ab ove th e bottom. In sha llow
water, therefore, multibeam syste ms loose some of th eir ad
vantage in s pa ti a l coverage. Th e U.S. Army Corps of En gi
neers have developed th e Scannin g Hydrographic Operation
al Airborne Lid ar Survey (SHOALS ) sys te m. This sys te m is
mounted on a heli copter a nd uses Light Detect ion a nd Rang
in g (LIDA R) technology to determine th e depth of water.
SHOALS can su rvey 8 km - with depth sou ndings 4 m a par t
in on e hour. Hori zontal acc uracy is 3 rn and vertical acc uracy
is 2: 15 ern (LILLYCROI' et al.. 1996 ), Depths mu st be corrected
for water level va r ia t ions. Th e es se nt ia lly continuous cover
a ge th at SHOALS provides is hi ghl y desirabl e for coa stal re
search . Th e a ccura cy, however, is not good enoug h for some
a pplica t ions. and low-w ater cla ri ty in h ibits it s use IESTEP et
al.. 199 4 I. It may be advantageous to combine data from a n
a ir borne scan n ing sys te m, s uch as S HOALS, with more ac
cu ra te transect data , suc h as obtai ne d by HARBSS . Th e t ra n 
se ct data could be used to ca libra te th e airborne data .

Th e HARBSS verti cal posi ti on s a re GPS-de r ived ell ipso idal
heigh ts in th e WGS-84 re fere nce fram e. Although th e ellip
soidal he ights are a de quate for detecting cha nge between SUl'

veys, th ey a re not related to tidal datums. Th e eleva tio ns of

(4 7)

(4G)

(45)

(42 )

+ 8D.

+ 8D(iJV,U)
ilD

- 1 \s inl!? )cosIP J

1 + S~"~~ J s in "IP)
s in "IP )

+ 81'

81- (iI~X . y) + liL ,(iI~ X ., y) + liP ( iI~X . y)
'" ~'" . ~ , ~

+ liH (iI~X. y)
ilH

1
= ~l l li l- ", + 8/")( 1- ,,, + I, , )( sin "([' ) + s in "IH))

V /I "

+ il-", + I-Y l8P s inl!'Jcosl P) + 8!? s in(RlcosW ))),

Again . subs t it u t ing valu es for th e survey conditions and 0 .5°
for of) pro vid ed by th e compass munufacturcr, OV" , = 1,89 °.

())(" a nd OY" a re con servatively estimate d to be eq ua l to 07-",
whi ch for th is anal ysis is 1.2 em as derived from th e beach
cross- ove r an al ysi s, IG PS horizontal posit ioning is actua lly
expected to be more pr ecise th an vertica l positioni ng. l S ub
s t it ut ing th ese va lues a nd the su rvey condition s (includ ing
the aVl'r age head ing 01'87.8" to compute th e a vera ge V ,.,, ) into
el7) a nd l:l9, y ields oX = -- 0.;34 ern and OY = 2 . ~)5 ern , hence
th e ex pec te d hori zontal positioning er rol' IE",,)of the sou nd ing
poin t is

th en liJ.x . y is defined as

Us ing th e a verage H. I~ and L, va lues a nd the cons tant L",
for t he lake s u rvey. o.1.r.y = 1.10 ern .

Now det ermine th e e rro l' in V.., IoV, ,) by first substituting
Iii) a nd iGI into 110 ) to give

V \,.\' = larctan ( SinW J)1 + D, 1441
S ln( p )

OV" is defined as

Ii~x,y

= 8Y" + 18J.x. y )sinIVu ) + 18Vu')( ~x . y)cosIVu ). (:3~))

To find oX and oy. first determine 8.:.1x,y, Subs t it ut ing (5) and
IGI into 171 y ie lds

J.x. y ,=~ I_J sinIP ))" + (( L ", + l _J sin lR) J" , (40)

Let

(
ilY) ( iJY ) ( ilY ),W = 8Y" -, - + 8~x. y -,-- + 8V "" -=---V
dY " d~x . y ,I s ,l '
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morphological features such as nearshore bars and berms are
largely controlled by local water levels, which are affected by
Earth's gravitational field, the hydraulic character of the ba
sin, and meteorological factors. Thus for the scientific study
of beach and nearshore features as well as the production of
navigation charts, it is desirable to convert the ellipsoidal
heights to orthometric heights and to relate these heights to
a local tidal datum.

In another study, we used GPS to measure, within the
WGS-84 reference frame, profiles of dune, beach, and near
shore features along 150 km of the southeast Texas coast
(GUTIERREZ et aZ., 1996; MORTON et aZ., 1995). WGS-84 ellip
soidal heights can be converted to orthometric heights using
a high-resolution geoid model (TORGE, 1980), We applied the
National Geodetic Survey's GEOID93 model to convert the
profile survey data. GEOID93 is a 3-minute by 3-minute grid
ded geoid for North America and is constructed from The
Ohio State University's OSU91A geopotential model plus 1.8
million terrestrial and shipboard gravity measurements. Our
interpretation of the orthometrically adjusted beach features
is that once converted to orthometric heights, variations in
beach morphology can be analyzed with respect to a reference
surface that closely approximates mean sea level (GUTIERREZ
et aZ., 1996). Specifically, orthometric adjustment vertically
aligned the berm crests and nearshore bar crests along the
coast. Future surveying of coastal tide gauges using the GPS
will facilitate the conversion of ellipsoidal heights to orthom
etric heights relative to local tidal datums.

The distance of the boat from the onshore reference GPS
station during the lake survey was only about 200 m. During
a nearshore survey, distances of 10 km or more will common
ly occur. As described previously, we have obtained centi
meter-scale repeatability during fully kinematic beach sur
veys. The rover during these surveys moved as much as 1 km
from the reference station. More testing is required to deter
mine precision and accuracy of the GPS positions for longer
baselines. Also, at the beginning of the lake survey, we col
lected data in a static mode. This was required to solve the
initial GPS phase ambiguities. Static initialization, however,
would be difficult or impossible for many situations. To over
come this problem, we are developing software that will solve
phase ambiguities "on-the-fly" (OTF). It is also important to
know during a survey if data for precise GPS positioning is
being obtained. For this reason and to reduce post processing
time, we are also developing software and incorporating radio
modems for real-time kinematic solutions. FRODGE et al.
(1993) and DELOACH et aZ. (1994) reported on a real-time
OTF system developed for the U.S. Army Corps of Engineers.
DELOACH et aZ. (1994) reported vertical accuracy of about 2
em on a 20-m long vessel, and FRODGE et al. determined the
range for ambiguity resolution to be at least 20 km. Motion
of a small «7 m long) boat, such as the one used during the
lake test reported here, is probably more dynamic than what
was encountered during their tests.

In the past, echo sounder survey error was caused mostly
by short (waves) and long-term (tides and meteorological
changes) water-level fluctuations. With the advent of precise
GPS vertical positioning and electronic motion sensors, the
greatest source of error is determining the sounding range

with the echo sounder. This error involves the determination
of the SOS as discussed previously, as well as the character
istics of the echo sounder, the water column, and the bottom.
HARBSS uses a 200 kHz transducer with a beam width of
5.5°. For shallow, turbulent water this configuration is
thought to be the best compromise for resolution and mini
mizing water column returns. GALLAGHER et al. (1996) de
ployed stationary, 1 MHz sonar altimeters in the surf zone
that were successful in obtaining accurate bottom heights de
spite suspended sediment and air bubbles. They found, how
ever, that as many as 70lft of the sonar returns could be er
roneous, and they had to rely on post processing of the data
to obtain accurate measurements every 32 s. The fact that
the altimeters were stationary allowed their post processing
algorithm to successfully detect the bottom among the erro
neous data, but the problem is more difficult for a bathymet
ric survey. Lower frequency sonar pulses should decrease the
number of water column returns caused by suspended sedi
ment, but the lower frequency sonar energy may significantly
penetrate the sediment-water interface. In uniform sandy
conditions, a 200 kHz sonar pulse will reflect off the sediment
water interface, but where fluid mud or vegetation is present,
the level at which the sonar energy is reflected may vary.
Improvements in signal processing within echo sounders and
other strategies for obtaining consistent soundings on vege
tated and muddy bottoms will improve the surveying of coast
al environments.

Other work currently underway includes developing meth
ods for incorporating CTD data and more work on the con
struction of an instrument mast designed to keep the trans
ducer as close to the bottom as practicable, as described pre
viously. We are also considering mounting HARBSS on a ve
hicle such as the CRAB (BIRKEMEIER and MASON, 1984) or
on a remotely operated vehicle such as the Surf Rover (DALLY
et aZ., 1994). These vehicles can traverse the surf zone where
a boat cannot travel. This would allow surveying in the surf
zone while maintaining the resolution obtainable from an
echo sounder.

ACKNOWLEDGEMENTS

The development of the High-Accuracy, High-Resolution
Bathymetric Surveying System (HARBSS) is funded by the
Applied Technology Program of the Texas Higher Education
Coordinating Board. The following companies have provided
in-kind support: Knudsen Engineering Ltd., Starlink Inc.,
and Science Applications International Corporation (SAIC).
Jay Raney, Eric Matzel, Chip Fletcher, and an anonymous
reviewer provided very helpful reviews of an earlier draft.

LITERATURE CITED

AUBRB:Y, D.G., 1979. Seasonal patterns of onshore/offshore sediment
movement. Journal of Geophysical Research, 84( C10 J, 6347-6354.

AUBREY, D.G.; INMAN, D.L., and WINANT, C.D., 1980. The Statisti
cal prediction of beach changes in southern California. Journal of
Geophysical Research, 85( C6), 3264-3276.

BIRKEMEIER,W.A. and MASON, C., 1984. The CRAB: a unique near
shore surveying vehicle. ASCE Journal of Surveying Engineering,
110( 1), 1-7.

BLAIR, C., 1983. Tidal corrections in hydrographic surveying. Jour-

Journal of Coastal Research, Vol. 14, No.3, 1998

digitstaff
Text Box



109H (~ih('aLlt . ( i u ti (' I'I'<'z an d Kyse-r

n a] (1/ \\ l!len ruy. /'01" , Co u ...,/a! u ru ] O cccn , 1;; , '.~ i lJ (' (' ,. i ll <!..!, . 10D( 1J. : ~ I -
Ill.

I1ln ' I .x . 1'" 19(i:!, Sou -leve l rist' as a caus e of s hore oro s inn . Jou rn a l
or /h e IVttt''l'u'ays and Harbo rs lr ii-is ion , t Americn n Societv of C iv il
~: ngin (' ('rs l . HH,I WW II, 117-1 :lO,

11 1<11':-;, (' " 19HH, T he Bru un Hul e of e ros ion by sea-leve l r ise: A
discussion of large-scal p t wo- a nd t hrcc-di mc ns ionu l usnges. ~J()lI " 

no! or Coos/a! Hescn rc}« . 4 , G27-(i 4H,
(' 111';:-;, ( ' . an d :\IILL EHO, F") ,, 1977 , Speed of Sou nd in seawater .u

hi gb prr -ssu res . -lou rn al or thr Acou stical S oeiety ofAmerica. G21ii i,
11 2 ~J-II :l ii.

('LAI''' 1' I';IC ,J. E. : 1l1J<l<l';:\IEII':H, W,A., a nd C L,\HK. G.R" WH(i, Fiel d
l'om pa riso n of fou r nea rs hore su r vey sys te ms. Misc. /'01'1'1' CEHC
Sid;, Wa terways Experiment Station . U,S , Ar my Cor ps of Engi
lWeI'S, Vicks burg . Miss issi ppi, 2Gp,

C LIFTO:-; , I LK : H IINTEH, R.E .. a nd 1'11 11.1.1 1''' , RL. , 1971. Deposi 
t iona l s t r uct u res and processes in the non-barred h igh- en ergy
nou rshore. .lourn ul ofScdimen torv Pet rology. 4 1131. Giil -G7 0,

DALLY. W ,H" I!)93, An ove rview of coa stal su rv ey ing tech nology {(I I'

docu me n t ing beach-in le t inte raction , -lournal or Coas tal Rcscu rch.
S pecia l Issu e 18 . 291 - 300,

DALLY, W,R, ; J OIl1''' ON. M.A , a nd O"II ';('KI , D,A , 1994. In it ial de
ve lopment of an am phibious ROV for use in bi g su r f Marine Tech
!lo!ogv Societ» Journal. 28(11, :3- 10,

Dx vr», R.A.. ,) 1(" 199 1. Performance of a beach nou ri shm en t project
ba sed on deta iled mul ti -yea r mon ito r ing: Redington Beach , Flo r i
da . Coast a! Se di m ents '.91. (A mer ica n Society of Civ il E ng in eers l,
pp , 2101 - 2 115 .

DI·:AI':, R.G" 1989 , Measuring t he nearshore mo r phology : B. offshore
s u rvey s, In : RJ, SI';YMOllH, (ed . l, Nea rshore S ed iment Transport ,
New York: P le n u m, pp . 43- 50 .

D I>: A~ , R G , and MAlIHMI>:YEH, K M" 198 3 , Mode ls for beach profile
resp on se . In : KOMA1{, P. D, (ed .l, Hand bool: of Coastu l Processes
an d Erosion. Boca Ra ton , Flo rida : C,RC. Press , pp . 285- 299 ,

DI>:LOA('II , S.; WI';LLS, D.; DODD, D.; PII ELAN, R.; MOJ(l,I>:Y , A, a nd
S IIA;>.;N(IN, B., 1994. Delineation of t id al da tums a nd water s u r face
s lop es with the G PS , Proceed ings of th e U.S . Hyd rog raph ic Con 
[erence Special Pap er #32, Hydrog raphic Society of Am eric a , 2 14
22 1.

E III';LMAN , '1'., 1970 . Dune erosion during s to r m con ditions, Proceed ,
ing«, I2 /h In tern at ional Conference on Coastal Engineering, (Amer
ica n Soc ie ty of C ivi l E nginee rs) , pp, 130 5-1 307,

ESTI';I' , L ; LILLYCHOI', J " and P AilSON, L" 199 4, Es ti mation of max
im um dep th of pen etration of a bathymetric lid ar sys tem using a
secch i depth databa se . Ma rin e Technology S ociety Journa l, 28(2),
30- 36,

FllOl)( :E, S .L. ; S IIAN1'ON; RE:\10NDI, B.W, ; LAI'UCIIA, D" and BAH
1,1';11, R, 1993. Resul t s of re a l-t ime test ing of G PS ca r r ier ph ase
ambiguity res olu t ion on- the-fly. Proceed ing» of Inst itut e of Naoi
ga tion, GPS -.93, 6th In tern at ional Technical Meet ing . 7 11-718.

(; ,\I.I. ,\( :III·;H, E.L,: Bovu, W,: 1<: 1.<;,\ 11. S .: (; I 'Z,\, ItT" and WOOI)
\ \ ' ,\lm , H" I !J!JIi. Performance of a sona r altimete r in t he nea r
sho re . Mari ne Geo!ogy, 13:3, 241 - 24 H,

(;1 1'1'11':1I 10':Z, It: (;IIH·:i\l I'l', J,C" and Mourox , R A.. 199G, Geoid vari
a ti ons a nd bench morphology : a regional a pproach to shore line
survev ing us in g the g loba l positioning system, Geo!og ica! S ociety
o(AlI/erim . So ut h -Cent ra ! Section, Abstra cts unth Prog ra m s , 281I I,
17,

l/'wl';s , M,O" 196 7, H urricanes as geo logica l agen ts: ca se s tud ies of
Hurricanes Ca rl a , l!Hil , a nd Cindy , l!Hn . Report of l nves tigat ion«
No , Gl , Bu reau of Economic Geology , The University of Texas a t
Au st in , iilip.

IHO, I!JH7, IHO st a nda rds for hydrogra phi c surveys , In te rn ation al
Hy d rogra phic O rgani zation , Special Publication No, 44. 3rd edi 
tion , Interna tional Hydrogr aphic Bureau , Mon aco,

KI';I';N, T ,R , a nd SL I1'(:I';HLAN Il, RL" 199 :l, Four stor m-event be ds
a nd t he t ro pica l cyclones t hat produced them : a numerical hind
cast. Jou rnal ofSediment ary Petrologv. G3(2 1, 2 18-232.

KHII,;m:l. , D,L and DEAN, KG" 1!)85. Nu me r ica l s im ula t ion of time
dep endent be ach a nd dune eros ion. Coas tal Engineering. 9 , 22 1
24ii.

KYSI';H, J ,A" 1996, Developmen t of a n im proved ba thymetric sur
veyi ng system, unpubli sh ed MS t hes is, Civ il Engineer ing , The
U niv ersi ty of Texa s a t Au stin , 178 p.

LON(:l IET-HI( ;(:INs , M.S . a nd STI';WAKI', RW" 1963, A note on wave
se t -u p , Journal of Marine Research, 2 1, 4-10.

LILLYCllOl' , W,J, ; PAll"ON , L. E. , a nd IHISII , J. L. , 1996, Devel opment
a nd ope ration of the SH OALS ai r born e lida r hydrogr aphic su rvey
system, Laser Remote Sen s in g of Natural Waters : F rom Theory
to Practi ce , S PIE -The In /emotional S ociety for Optical Engineer
ing . 29 64 , 2G- 37 ,

MANN, D,W" 1993, A not e on littoral budgets and san d managemen t
at inl ets, Journal of Coas tal R esearch , Sp eci al Issu e 18 , 30 1-308 ,

MOI{TON, KA ; LI';ACII, M,P,; PAI N ~;, J ,G ., a nd CAHDOZA, M.A" 1993 .
Monitoring beach changes using G PS su rveying tech ni ques, Jour,
na l o( Coas ta l Resea rch . 9(3 ), 70 2- 720,

MOHTON, K A ; GliTIEI{I{I';Z, R., and GIBEAUT, J ,C., 1995 . Fi eld iden
t ification a nd cla ssifi cation of coasta l dunes , Gal veston Coun ty ,
Texas , P repared for Tex a s Ge ne ra l Land Office , Inter agen cy Con
t ract 95-02 6 , Bu reau of Eco nom ic Geology , The U nive rs ity of Tex
as a t Au stin , 101p.

R~;:\IO NDI , B.W,; GOAD, C.C., a nd EVANS, A G" 1990, Discu ssio n of
Kinema ti c re la t ive hei ght acc uracy for basel in es under 1 krn.
Rockville , Maryl and, Nati ona l Ge odetic Survey , Colu mbus, Ohio,
Ohio State Unive rsi ty ,

SALLJ>: N1lEI{, A,H. ; I-IOWAlw, P ,C.; FLETCIII';I{, c' H. III , a nd Hown,
P,A, 1983, A syste m for me a suring bottom profile , wa ves , a nd
cu r re n ts in the hi gh- ene rgy nearshore en vironmen t. Ma rine Ge
o!ogy, 5 1, 63- 76 ,

Tor« :«, W" 1980 , Geodesv. Ne w York: Walter de G ruy ter, 254p.

Jo urna l of Coas ta l Research, Vol. 14, No, 3, 1998




