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Abstract-Five measurement strall!tgi"!S (foW' in situ, one remote) for 
'l'timating directional wave spectrn w~~"e i.llt~rcompared .in a 1980 
e~perimeat at the Coastal Engineei'b.:g Research Center's Field Re­
SfJ3rch Facility in Duck, NC. Tbe systcms:._tn~ludu two pressure 
Stfnsor/biaxial current meter combination5(ii]fferent manufacturers), 
a :triu!al acoustic current meter, an SXY gauge (square array of four 
pressure sensors), and a shore-based imaging radar. A detailed error 
at!alyJi'i suggests sources for differences in estimated wave spectra 
fr~m tbe different instruments; in general, ther intercompare favor· 
ab\)'. The major deviation among in situ gauges was associated with 
the tr!axial acoustic current meter. Reliance on a vertical velocity 
m~urement (instead of a direct pressure or sea-sarface elevation 
m~urement) can contribute additional uncertainty in directional 
specfral estimates. The imaging radar was successful in distinguishing 
mulfiple wave trains at the same frequency, which was not possible 
witp the simple spectral estimation analysis applied to in situ data. 
HQwever, the radar is not useful in providing accurate estimates of 
spectral density, nor in distinguishing multiple wave trains of differ· 
ent U:equencies ·coming from the same direction. Selection of a meas· 
urement strategy for a particular need depends on the precise data 
requirements for that application. Although the five tested intercom· 
pared weU, in practice not aU are equally suitable for every appli· 
cation. 

I. INTRODUCTION 

DURING THE months of October and November, 1980, 
the Atlantic Remote Sensing Land Ocean Experiment 

(ARSLOE) was held at the U.S. Army Coastal Engineering 
Research Center (CERC) Field Research Facility (FRF), 
at Duck, NC (Fig. 1 ). The ARSLOE experiment was organized 
and conducted by the Coastal Engineering Research Center 
(CERC) and the National Ocean Survey Coastal· Wave Pro· 
gram. An overview of the total experiment, as well as a dis· 
cussion of the motivation for the experiment is provided 
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by Baer and Vincent [17]. This experiment was organized 
primarily to evaluate the use of various types. of remote 

1 sensing devices in the measurement of ocean wave charac· 
teristics with verification using data collected by in situ. 
devices. Additional emphasis was focused on the capability 
of wave gauging devices and analysis techniques to accurately 
represent directional wave properties in shallow water. This 
paper presents a comparison of measurements from four in 
situ wave gauges and one remote sensing device deployed in 
the the vicinity of the FRF pier during ARSLOE. 

The comparisons presented in this paper include directional 
wave estimates from: a) a triaxial acoustic current meter 
(NHL UVW) deployed and analyzed by the Norwegian Hydro­
dynamic Laboratories, b) a biaxial current/pressure gauge com­
bination (CERC UVP) deploye.d and analyzed by the Coastal 
Engineering Research Center, c) a shore-based wave imaging 
radar deployed and analyzed by CERC, d) a biaxial current 
meter/pressure gauge combination (WHOI UVP) deployed 
and analyzed by Woods Hole Oceanographic Institution, 
and e) an SXY gauge (an array of four pressure gauges con· 
figured in a square pattern) deployed for CERC and analyzed 
by Scripps Oceanographic Institution (Table 1). A third 
biaxial current meter/pressUre gauge combination (Marsh­
McBimey 585) and · a three-element linear pressure sensor 
array also operated during ARSLOE. The Marsh-McBimey 
585 did· not work during the experiment; results from the 
linear array were not available at the time of this writing. 
All in situ devices (i.e., instruments a, b, d, e) provide spectral 
estimates- of wave height, frequency, and direction, whereas 
imaging radar provides only frequency and direction informa· 
tion. Surface wave height and peak frequency. compiuisons 
were also made with a pier-based B~ylor wave gauge. Results 
from this study illustrate the comparability not only of dif· 
ferent instruments and measurement strategies at slightly 
different locations, but also of analysis procedures (Table 
ll). 

II. FIELD SITE •. 

. The instruments under· comparison in this paper were 
all installed on ' or near the end of the FRF pier during 
ARSLOE (Fig. 2). The pier is located on the coast of the 
Outer Banks of North Carolina a~ Duck (Fig. 1), appro"'~ 
mately 100 km south of Virginia Beach, VA. Fig. 2 shows. 
the locations of the shallow Water wave gauges compared.in 
this paper. '.The ground-based.radar was located on the pier:: .. -.,. 
end, while in situ devices were deployed about ISO m north·-: 
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Model/Manufacturer 

Operating Principle 

Averaging .Length 
or Diameter of 
Velocity Sensor 
Resolution of 
Velocity Estimates . ·. 
Accuracy of · 
Velocity Estimates .. 

Fig. 1. Location of the coastal engineering research center's fleld r~ · 
search facility (FRF), Duck, NC. 

TABLE.I 
SUMMARY OF SHALLOW WATER WAVE DIRECTION GAUGES DEPLOYED DURING ARSLOE 

a· b c. d 

Triilxial Current Biaxial Current x-B8nd Surface BiaxW Current Meter 
Meter/Norwegian Meter Pressure bnaging Radar/Coastal Pressure Gauge/Woods 
Hydrodynamic Gauge/Coastal En~ Engineering Research Hole Oceanographic 
Laboratories neering Research Center lnstitutio~ 

Center 
Model UCM-2/ Mode1551/Marsh Raytheon 1 020/9xR Model635-9/Sea Data 
Christian McBirney Current Mariners Pathfinder Corporation, Newton, 
Michelsen Institute, With Bell and Howen X -band radar MA 
Bergen, NoJWay pressure 

Marsh-McBirney Electro-Acoustic travel Match-McBirDey Detects backscattered 
time ditierenee ElectromagDetic energy from water magnetic Current Meter/ 

·:..?-~.:.: . . J~ . Current Meter{Strain surface Djgiquartz pressure 
Gauge (Kulite) transducer 

""lOcin 10.2cm NA 3.8cm 
•... .•. 

.. -

Greater of 2 cm/s . ·. NA ' ' ".. · · · 1 ·percent ofC < 
__ . .. .. or 2 percent . . . . . ... _ , •c-c , ', __ Signal (Based . 

e 

SXY Gauge/Coastal 
Engineering 
Research Center 

Assembled by Scripps 
Institution of 
Oceanography 

Strain Gauge 
(Kulite) 

NA 

NA 

... __ :;,;;::;- _:·=~t-· (
8

manumbersufac)turers_ <'_._;~_;_,_;'_·.~--~_:.-_~:·,'· ·'' ,._,.,.·_- on calibration-''"-·-~·~; · ... , -·. ..-- -o' 
. -- results) · · · ' · -·- ,· -~;,- -·- · 

Resolutionof ·, ·' NA.· ·' · · 1-3mm"o.:::;·:··.,-.,, NA · .,:~I~~·:.. 0.5mm~ ,_.-,. ,_, .. , 1_.-_ .. 3_mm ____ ·,· .. _;:_._.;:-;:;,_,:·; ; ;· 
'Preisure Measurements .. · .. · .. ,. · ·,·• .• ·< .·,,_,.: ... · .. ~'-· ..... ,. "._.. · .. - -~ :~:~' · 
AccuraCy or. NA . 1~2 em (short-term~'- NA . . ' ,. 1.5 ~-'-·_,_:_o:,._::fL_~:·_~:.<·- 1-2 em (short-term;· ---;;;~t::--;~ 
Preslure MeaSurements relative accuracy)-:: ... ..;.,:_ .. · ... ' . . relative accuracy) · · .. ·. · 
Compass-- . .. YES . NONE ·" :::""""':. NONE. · · · ·. ··· .·. DIGICOURSE·~~~ .. :•.. NONE- -' •. _ ··.y_:·~.j~;-

. 

Vertical sense'''·:::"-'"'~·· · DiveM>riented•:_;/~· Diver.Qriented . ..: 0 .-;. NA . ~· .. ·' •;:;· ?:· :::~>:' . Diver-Qrie:n~~ =.·~:;;~: NONE'?~';~'"": :;·c;':-:~-,- .. : • ·:. · ·. 

-- -----~~ ... :,;~:c-·.:. --~c •.. ,, ... :"·,~·· <.:''.~:~~?:tt'"":~~"·-·-:~--~y.d-: __ ,,:i:;_~c.;,'~~:;,.;,{~~,;:::;~:~.:~:-t~~;~~t~~~~-;;·~i"zt·~;~~t~;~::~;~;,.;i£:~r£~~:~·;-,: 
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~-- .. .... -· 
LEGEND 

II Scrapps SXY GouQe ( Nore : WHOI Current Meter 
ond Pressure GouQe Col locored ·I . · . 

' CE RC Current Meter ond Pressure GouQe 
e NHL 3- oris Ultrasonic Current Meter · 

6 CERC Ground Based Rodor 

-· - : . 

Baseline ( 000.0 l Scotton Menn 

0 ~0 100 ·~ zoo 
Fig. 2. Location of ARSLOE shallow water wave directional gauges 

compare~ in this paper. · · 

TABLED 
SUMMARY OF SHALLOW WATER WAVE DIRECTION GAUGES DEPLOYED DURING A~LO~ 

a 

Internal cassette 

1Hz 

4h ·-

1024 s 

Oct. 1017:15-
0ct. 29 05:15 GMT 
Oct. 3121 :15-
Nov. 7 09 :15 GMT 
Mathieson and -; ~ 
Faanes (1982) 
.00781 Hz 

b c ' d 

Cable to shore, Photograph CRT using Internal cassette 
recorded by computer Bolex 16·mm H-16 

4Hz 
reflex camem- ·. 
Sweep time 1.8 s 

Continuously for high Hourly or twice 
Seas, otherwise 6 h 
1024 s 

Continuously 
~ughARSLOE 

Grosskopf (1981) 

. · 

36 sweeps per 
conection interval 
Continuously through 
ARSLOE 

1Hz 

6 h" 

2048 s 

Oct. 31 18:00-Nov. 24 
12:00 GMT .- -~_3;-..--:-":. . . .. -

;:·_- .... ...;:.,_. .. . : .. 

. .-:- .... ·.· 
._ ""' ........ .. 

• , ".J·": -=-·: ~ . 

e 

Cable to share, 
recorded by computer 

1Hz· 

6h 

.!·.-

... ... .., .. · - .:..· ·-- ~- .: .. -

-· . . - .;. :~ ·~ ::::.~ ... · ;--'~~- /. -~~- -~~~_{~~~~*~~~~!~~?~~~~~~ 
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: ... . : ·-
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; . IIHL UVW 

• Rodor 
F~g. 3: X -band radar image· October 25,1980, at 17:00 GMT. Tuming 

of crests is e.ident du.riDg thii cue of extremely high wave condi­
tiOm. Approximate locations of the gauges indicate that the effects 
of the pier and bathymetry ~uld have some effect on wave direc­
tional meaSur-ements; however the gauges appear to be situated out­
side the area of major pier dfects. Less effect of the pier and 
bathymetry is noted when wave energy is lower and direction is less 
IOUtherly. . 

of the pier end away from the area where the bottom con­
tours are irregular. In situ instruments were. in mean water 
depths ranging from 5.7 to. 7.0 m, referenced to mean 
low water. 

Some spatial variability in the wave field occurs in the 
area adjacent to the pier where the gauges are located, due to 
wave shoaling P,henomena. Refraction and diffraction in this 
area will contribute to differences in wave direction as meas­
ured by the spatially distributed instruments. The effect of 
this spa~ variability in wave direction (graphically shown in 
radar imagery-Fig. 3) is greatest for waves propagating from 
the south over the depression near the end of the pier. Energy 

· sinks in this shallow water region causing spatial variability 
include bottom friction, percolation, and wave dissipation; 
these may affect coherence of results. Energy transfe~ be­
tween wave frequencies due to nonlinear shallow water wave 
interaction may affect intercomparability. Since all instru­
ments are located close together, fetch differences are not 
important. . . . : · .. 

The FRF pier contributes an addi~onal physical effect. 
The unusual bathymetry aroun~ the pier due to the 600-m-

gauge which collects all three current components, and an 
SXY gauge y.ohich collects dynamic wave pressure data at the 
four corners of a 6.1- X 6.1-m square frame placed on the 
seabed. Data reduction for each of the gauges relies on sepa­
rate data analysis programs built around theories which are 
basically simUar but do contain some differences which can 
affect intercomparison of gauge measurements. 

Computations of wave direction for the in situ gauges in 
this comparison are based upon methods analogou.s to those 
presented by Longuet-Higgins et al. [8] for a heave-pitch-roll 
buoy. The water surface displacement Tl(x,y, t) is given by 

r- [l" 'IJ(x,y, t) = }_ F(o, 8)el(at-txx- kyY) d8 do 

-- 0 

(I) 

where F( o, 8) is the amplitude spectrum of the wave field as a 
function of frequency o and direction 8. The dyn~ wave 
pressure p, the horizontal water particle velocities u ~nd v 
in the x and y directions, and the vertical water particle veloc-

·ity ware related to F(o, B) according to linear wave theory 

' v' . ! 

I . 

long structure may provide a consistent bias to directional ~- [
2

,.. 8 cosh k(h + z) 
intercomparisons; short-term pier effectS .such as interruptions . ·• !'(~' y ~-~.' t)_ = ,_:,. 0-:?--F'!:~t:. ?"!-_ cosh kh~-.:-: ~-7 ::.::-:,....... -. .. -· -

in longshore current structure~ offshore-directed jets beneath · :- · ., 
·_.;~- or alongside the pier, and disruptions in the wave patterns , . ..~~;. -.: -.: • el(at-kx~~kyY) d8 do .. , ___ .(~) . . · ·,: 

: .. ·.- by the pilings may ~o cause slight differences in the _wav~ . · · · .. · [ [l" . · -· cosh k(h + zJ .. . 
field between gauge locations .. ;..:.·.;..":· . ..,.._,_=-:~.:::;~~ ::.:- ·-- _ . ..::-·- u~ y z t) = -· F(o B)o cos 8 :· · . 

:::~~;~:?!•·r-~~~-~~~I~:-?f:.f: ~- ·J'Jf~~;?-~~~S~·=-•~;-~~j;~:~~-c~ · _::. :- ::, . .' ·: ~. -- o· . ·-:·:. : k_-~"F~!·~·s; sinh ~}N-}_J·~~ ~~- · • :'-E.<t;:· 
~-~-~JRESTI~~~-~~T~ _c9_~c~'?-~;;~\~!f,~~~~~~- ~- : ... ·:;:· .. ·_:~: ·.- .. t<ar-:~xX-"Y.~> d_8. da__·· ~ · , ~. . .-·· < (3) : -~ . .E. 
-~ " Theo •--'A ---1. fi .d .... ,.,, • r Si Da . . . - . . - .. · ... -. . . · -. ~~'"" .n.. re"""" P.P,ut..Uines or ~_.Jzrng .~n tu ta :. .... . ~ _·_ · .• : .. .: . ..: - ~ , . 

2 
: ~ 1.:.. ·~. ·.' '- ·u ·•· · . . •.. · · _;,- . 

':"~~~~'---.::..~• ·"'"~~"""+i~-;~~,.,~- · :r~~ .. -.. . ::- - :- · .,1 .. ·- · t)___ · rr 8) · 8 · ·-·~-· · ·. 7 - · , ... 
~.2'E-!-"'·· ........ . -- .. ~"·"--""'"'.:: u . · -<~·- .-'P·-~"'"?:"~.__,-...._ __ -.~ · '.-.....,o:o ~ ::-.-_,;. ··.·.-;_'-. ' [ [ 't ·· ·-:---=-~::----- coshk(h+zy:: • . • ·. ·--~. -

-.,._~::;-- Three types or"in Sin.i wave direCtion gauges· are included ~ _;·i~ V\,_x,y!_z~- .. 7 . _I"I..0 \ . 0 ~ ·. sinh kh . . _· --,~·~··.....::;_;.;,~ 
- • ·,;-.;- • '- - • _.. :0 •• • •' • ._ • I - • • ._ ... 

· :~( in· this compariso~: UVP gauges whi~h collect ;wo horizontal : . . · · . , .·. . . _ :· . ·- · 
. ~- current components and dynamic wave pressure data, a UVW '- • t<at-kx;c-kyY) dB do:- -·· ·. · .. · (4) 

·~; ~k~i~~&~!"~;;~¥-if~~j 1:~i~)~-:'5_fJi~:;. :~:~~·'!';:: ;:>:-·,t:~~;j,'C: -';:;~ ,. if.;~%·· 
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w(z ,y, z, t)- r tFi.:. 9)a sirih k(h+ z) ' - ' "u.:W:.;n:,~·.n~ r:..:~:y ~~~~· ";:::: 
-• o - -- · _ _ smh kh - calcUlate the fmt five coefficients of a Fourier series repre­

. (5) 
sentation of the directional spectrum: 

'where z is vertical (measured positive upward from mean water 
level), 'Y = pg is specific gravity, p is water density, g is gravita· 
tional acceleration, k is wave number, h is water depth, and 

1' 1 . 
ao(a) = --- 2 Spp(a) = · 2 (Suu(a) +S1111(a)) 

21fKp (a) _ 21fKu (a) _ 

(18) tis time. _ 
Auto- and cross-spectra are obtained from {2)-{5) 

Suu(a) = [
2

rr K~.~ 2 (a)cos2 81F(a,8)12 d8 
0 

[

2
1r • (1 + cos 28) 

= 
0 

Ku 2(a) _
2 

IF(a,8)12 ~8 

[

21r . 

= K~.~ 2 (a)sin2 81F(a,B)I2 dB 
0 

[
2ir (1- cos 28) = 

0 
K~.~ 2 (a) -

2 
IF(a,B)I2 dB 

[

21r . 

Sww(a) = Kw 2 (a)IF(a,8)12 d8 
0 

Spu(a) = "[
2

rr Kp(a)K~.~(a) cos B IF( a, 8) 12 dB 
o· -

Spv(o) = L2

rr Kp(a)K~.~(a) sin 81F(o, ~) 12 dB 
-- 0 

[

21r . 

S.,v(a) = K~.~ 2(a)sinBcosBIF(a,8)12 d8 
0 . ' 

= r K 0 
2(•>('"~ 29

) IF( a, 9) 12 
d8 

Suw(a) = L2

rrKu(a)Kw(a) cos 81F(a, 8) 12 dB 

2~ . ' ,. . 

Svw(a) = i _,K~.~(a)Kw(a) sin 81F(a, 8)12 d9 

1 
at(a) = - · S (a) 

1fKp(a)K~.~(a) pu · 
(19) 

(6) 
1 . . 

a2(a)= - 2 (Suu(a)-S1111(a)) · 
1fKu (a) 

. (20) 

. 1 
b1(a) = s (a) 

iKp(o)K~.~(a) pu 
(21) 

(7) 
2 

b2(ci) = · 2 Su 11(a). 
'Tfl(u (a) 

(22) 

By emploYing a weighting function to eliminate negative side 
lobes in the directional distribution, the directional spectrum 

(8) is calculated by 

S(a;il) = ao + i (a 1 cos 8 + b1 sin 8) 

(9) + 1/6(a2 cos 28 + b2 sin 28). (23) 

The weighting function, also given by Longuet-Higgins et al. 
(10) [~J. is 

(11) 

(12) 

(13) 

W(9 - 8) = J cos4 (8- 9)/2 {24) 

with 8 the mean angle of the distribution. This function 
reduces directional resolution but does provide a more satis­
fying nonnegative distribution. · 

The acoustic_ triaxial. current meter (UVW) analySis routine 
employs circular representations of wave directional spectral 
parameters using the auto- and cross-spectral relations given 
above which employ u, v, and w subscripts ((7)-(9), (12)­
(14)). The directional energy spectrum is related to the one-
dimensional spectrum by · 

S(a, 9) = S(a)D(a, 8)- (25)_ --.. 

(14) where D(a, 9) is a directional spreading function with . -· - ·--

where - _. - [
2

" D(a, 9)d8,;.. i. -~'::·_,_ ,·::~r_._ _ (26) 

- ~ --cosh k(h + z). _ ,·· - 0 · . - - · -- · -:-,.~; _ . ~-: ::·:_---" .. 

_K~( a)= 
0 sinh (kh) - / - -- - --:- (!_~ , -In this analy~, normalized Fourier c~effici~ts are calGUlated -:: -

.. - ._-- sinh k~ + zr _= . . . -~16;-, -~~c~~~n~~:o~~~~-~:~n=:;"~---::~~~<_;. ~~{).,:~_~c·;·.~-,(_ . '~ . ·-~. 
K~~)~~ sinh(khJ.~i-"•,.,.;,.~t _,_ ---~-- .: .. ~~-,;~:~::--::;::~.~': <_~· a1(a)_=:=Su~(a)/[S~w(a)(S~u(a)~Su11(a))]"~f! .. ,:-:_,."',: (27);·3'- · - . -~·~· .. h·~~~~~~~-:·:;-'- -- · --.. ~._::r-' ---:~-;;: • :·:-: a2<a>~<s~:'(~):..s~~<o>)f<s~~c;5·~s~~~~<a>}·:,:.~:~,·-~:~(2s)·-~-~. · 
Kp(a) = 1 cosh (kh) (

1
7)- -_, ~ 1 (a)= S.,w(a)/[Sww(aXSuu(a) + Suu(a))] l/i (29) 

---

-_., ,_ -·~"i.~;~L~~~;k: ~)z.~::T~:~~/~';~,.2r-~~~~~i~:'~-;H -~22=~:~:~}:~:,;-i:;.<t ., -_::-_ ,.·-:- :f ·-~ 
-

·· ..... ·· 
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. ·- ......... ..:- ~ . . .-. . ~~- •, ·-

(30) ·:where · ·~-~ .. 

..,_. • ~ ~ -~'1-'.· 

and the directional distribution is given by 

1 
D(o, 8) =- [I + 2r1 cos (8- 81) + 2r2 cos 2(8- 82 )] 

21r . 

where 

rl = (a12(o) + b12(o))l/2 

r2 = (a2 
2(o) + b2 

2(o))112 

b 1(o) 
81 = arctan--

al(o) 

b2(o) 
82 = l. arctan--· 2 a2 (o) 

(31) 

(32) 

(33) 

(34) 

(35) 

Analysis of SXY data is based directly upon the Longuet­
Higgins et al. [8] equations for the heave-pitch-roll buoy, 
but uses the differences in surface-corrected pressure records 
along the two perpendicular axes of the conflgllration to 
calculate afi/Ox and afl;ay terms. Differentiating ( 1) with 
respect to x andy 

a 1. [2" 
Tlx(x,y t) = -fi(X,y, t) = -ilk I 

ax . -- 0 

• cos 8F(o. 8)e'(kxx+kyy-at) d8 do (36) 

- . · a · 1. [l" · 
. ily(x,y,t)=-fl(x,y,t)= · -ilkl .. 

ay . -- o -. -

• sin 8F(o, 8)e'<kxx+kyy-at) d8 do. (37) 

The co- and quad-spectra then appear as 

= r· IF(o, 8)1 2 d8 (38) 

kx =_lk I cos 8, ky =I kl sin 8. {44) 

The Fourier components of the directional distribution at 
a frequency band are then 

1 
ao(o) =- sl'l'l(o) 

21r . 
(45) 

-1 
a1(o)=-. -S"" (o) 

l'frk X 
(46) 

1 
· a1(o) = 1rk1 (S'Ixl'lx(o)- S11y11yCo)) (47) 

-1 -bl (o) = -. - s'l'ly<o) 
l1rk 

(48) 

. -2 
bl(o) = 1rkl s'lxl"'y(o) (49) 

which are used in the unwindowed energy . distribution over 
frequency and direction 

S(o, 8) = a0(o) + a 1 (o) cos 8 + b1(o) sin 8 

· + a2 (o) cos 28 + b2 (a) sin 28. (50) 

This approach is different than that normally used for process­
ing SXY data as described by Higgins et al. [5]. There is also 
a. step omitted, to obtain sea-surface elevation from bottom 
pressure records •... 

Parameters to be compared in this paper are defined as" 
follows. ~ 

1) Si~cant wave height Hs :::= 4.../ET, where 

i l'lr 1' ET= S(a,8)dad8. 
. 0 0 

{Sl) 

2) Peak frequency fp is the central frequency (in hertz) 
of the band containing. the maximum energy, where frequency 
f is related to the angular frequency 

S11" 11"(o) = 12
• -lk 12 cos2 81F(o, 8)1 2 d8 ~- ---~ (39) 0 = 21r[. 

. ' .·_J 
I 

\ . 

.'• 
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quency, found by ·.· ~-,~ c· must be well known and precision-machined. The orienta-·· 

for pressure/current gauges [3] 

= (-! ln r2i'2 for triaxial current meter [9]. 

tion device and mount design should be simple yet stable 
for accurate, · unobstructed flow measurements. Current 
meters commonly yield noncosine angular sensor response, 
which appeared to be present but of small effect in the gauges 
in this study. However, an investigator should be· aware of 
the extent of this error [IS]. 

(54) c) Orientation errors: These result pnmarily from 

S)-6) Mean current speeds and directions are also com­
pared for those instruments measuring horizontal currents, 
with a 1 024 or 2048-s averaging interval. 

B. Sources of Differences or E"ors in Data 

installation procedures, and can seriously degrade directional 
reSolution and accuracy either through bias in the case of mis­
alignment, or random· fluctuations as in the case of an un­
stable tripod. Shallow water installations generally require 
divers to orient the sensor system. Errors in reading a com­
pass underwater are on the order of two degrees, but depend 
on the type of compass used and readout capability. A com-

1) In Situ Measurements: Differences in directional wave pass deviation can be expected if the orientation measure· 
characteristics measured by different instruments and processed ment is made close to magnetic metals, a common occur­
with difference analysis software can be due to a variety of renee for shallow water installations. These errors must be 
hardware and software dissimilarities,. as well as dissimilarities either avoided or corrected during analysis {by knowing the 
in basic measurement philosophy (Tables III and IV). Clearly, expected deviation due to the mooring device). For instru­
the use of pressure sensors will lead to some different errors ments measuring vertical velocity, field orientation is especially 
than those found with use of current meters; similarly, esti- critical as contamination by horizontal velocity components 
mates of wave directions based on higher order Fourier coef- can easily mask true vertical velocities. Vertical sensing better 
ficients will differ from those made using lower order coeffi~ than 1° is difficult to achieve in the field; a 2° error in verti­
cients (e.g., {34) and (35)). Because of the large· number of cal alignment contributes a contamination of 3.5 percent of 
sources, it is generally difficult to pinpoint specific reasons the horizontal velocity into the vertical velocity, resulting 
for differences in estimated wave parameters resulting from in a poor signal-to-noise ratio in near-bottom vertical velocity 
two measurement systems. measurements. As shown by (27) and (29), orientation is 

A compr~hensive list of potential error sources arid their particularly critical for an instrument sensing vertical velocity. 
estimated magnitudes (Tables Ill and IV) illustrates the need Quantization errors_ in internal compasses can also create 
for extreme care in handling directional wave measurements, significant errors. Eight-bit compasses result in a resolution 
from system conception, to installation, and through analysis. of 1.4°. For unstable moorings, both compass resolution/ 
Major sources of error include instrument specification, con- accuracy and tilt resolution/accuracy (for vertical velocity 
struction (machining) precision, installation, measurement measurements) can affect the precision of the directional · 
'of water depth and sensor position (including azimuth and measurements. 
inclination), electronic noise, and software considerations. Mount motions are normally negligible during in situ gauge 
Each is considered in tum below and quantified in Tables III deployments. However, during ARSLOE, high waves occasion­
and IV. ~ broke near the deployment sites, rotating the CERC UVP 

a) SpecifiCation errors: A directional wave system gauge oy 20•. The rotation was verified by diver observation 
must include a number of critical specifications. Adequate and corrected for during data reduction. Vertical orientation 
spatial. and temporal sampling must be assured. Resolution of the gauge was not affected. The N1ll.. UVW gauge's vertical · 
requirements (e.g., sample length in time for frequency resolu- axis was determined to be unstable during ARSLOE, andre­
tion and statistical reliability requirements) need to be speci- quired correction during data analysis. 
fled, as well as instrument precisions (especially true for in- d/ Depth errors: To correct for depth-dependent veloc­
struments measuring surface gradients which rely on small ities and pressure,. accurate knowledge of total water depth 
differences between large numbers). Instruments must be and instrument height is required. The biggest error here is 
fully calibrated throughout their performance range, pref-_ usually_ uncertainty in. sensor. height. When sensing wave.· 
erably with the cumulative effects of the total system incor- directionality by measuring vertical- velocity' an indep~ndent 
porated into the calibration (this is especially true for meters measure of mean depth is required. Another error source is 
affecting the flow f:teld they are trying to measure). Given_ uncertainty in atmospheric pressure used for correcting 
sufficiently precise .. and . well-understood instruments, the bottom pressure measurements to sea-surface elevations. Error 
signal must be recorded in ~i manner preserving that preci~; in this correction is generally small (order of a few cenJi· 
sion (digital resolution or dynamic range requirement); ... : . "::.'--: meters)>t '!·7~=' .;;~;',E~~=~, :: ~ :-,.,<~~:-":-::;';"': . . . 

b) Construction deficiencies: An instrument must · b~~ ;;.:~ ,.:.:~· e) ElectroniC ·factors: BehaVior of electronics can af. ·_. 
constructed to~ minimize orientation uncertainties~ For cur~ feCf sensor performance m_ :· ~ ·manner similar to biological~> 
rent. meteri'~ ~alignment. particularly is critical (known travel::-· fouling',. low power conditions, clock. inaccuracieS and cross~'" -~ -
path angles for acoustic current meters;. aecurate electrode • talk between channelS. Sampling format (instantaneouS of"'-:~­
placement for electromagnetic meters). Alignment between· integrated) can contribute aliasing errors; these were avoided 
the oriented measuring device (current ~eter) and the orient· here by using instruments with rapid sampling rates .. ·. ··-, .. _ . 
ing tool (ex!emal or internal compass and level indicators),: ,=-,~~~~;- _ f) Software -differences: Treatment of. identiclll data_:;.:, 

~·-.:~.~~::·,~~~tt.'l;i~:t~,~1t~5~:J"fi~-~,~:;:'I~g~f~;L-::3~f~?itk~~4&.t~_:t."J2;;'{fif~s~;:f~:&~5;t~F- · 

i .. · 
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TABLE ill 
SOURCES OF DIFFERENCES AND POSSmLE ERRORS AMONG in situ WAVE GAUvES 

A) Specification Erron 
Accuracy of Sensor 
Calibmtion Erron 
Temporal Sampling 

Adequacy 
Spatial Sampling Adequacy 
Measurement/Recording 

Resolution 
B) Conmuction Deficiencies 
Sensor Alignment 
Mount Alignment 

(Machining) 
Sensor Interference 
Cosine Response 

C) Orientation Erron 
Diver Compass 

Observation 
Compass Deviation by 

Magnetic Material 
Misalignment of Compass . 

with Mount Axis 
Bubble Level 

Quantizing Error 
In Internal • 
Compass 

Mount Motion 

D) Depth Erron. 
Measurement of 

Sensor Height 
Changes in Bottom 

Elevation 
Sea Surface 

Elevation 
Measurements 

Inverse Barometric 
Effect 

-·· 

E) Electronics 
Sensor Drift. · 

Low Power 
Conditions 

Inaccurate Internal Clock 

Channel Cross-Talk 
Sampling Scheme 

~--·_ :~-·t~;_~~· ... -.·~-~. =.'·.­

F) Softwan 
Computer Word 

Length 
Quantizing 

Effects 
Wmdow· 

Functions 

NHLUVW CERCUVP. WHOJUVP CERCSXY. 

Specification Erron Considered Negligible Compared to Other 
Categories; However, Reader Should Be Aware Of These. 

Possible Erron In Specifying a Directional Gauge 

:t 1° at best for all in ntu instruments 
:t2° for most point gauges 

Negliglble for an mount designs used in· ARSLOE 
Not Maximum 5 percent Deviation 
Available in Velocity Measurement 

:t2° at best for all in ntu instruments 

Negligible for the orientation techniques used 

:tl 0 at best for all in situ instruments 
···...-··-

:tl 0 at best for all in ntu instruments . 

Intemal Compasses 
NotUsed , 

Negligible 

Not 
Applicable 

Not 
Applicable 
Internal 
Compasses· 
Not Used 

Mount motion is normally negligible if rigidly built and ~chored. This can be verified 
during deployment by diver compass. or internal compass. 

:tlO em resulting in a :tl percent euor wave height estimates (at 10-s wave period) 

Changes of 50-cm result in wave height error estimates of <1 percent (for 10.S wave 
period) 

Highly Dependent 
-on Vertical :tl percent in wave height estimates 
Orientation .. · ... 
5o-mm Hg change in pressure results in :t1 percent in surface elevation measurement 

NotK.no~·:.-· ' : ,_; . ~ ~-· : 
Amplitude_ 
Spectrum· 
corrected for 

. biofouling 
Did not occur during experiment period 

Assumed Not· 
Negligible Applicable 
Did not occur during experiment period 

Pre: and 
Post-Calibmtions 
compare well 

Assumed 
Negligible 

Not Known 

Not 
Applicable 

Sampling InterVal assumed small enough to allow satisfactory instantaneous or 
integrated schemes': ... ·-::··.:,.·_. -- -·- -··- .; --·::. ·. 

Error negligtble for in ntu analyses 

Error negligtble for in ritu analyses · 

Sampling Time Interval small enough to minimize aliasing out to cutoff frequency 
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_I 

··--...~.-.-·-· 

Interval--=·.,~: ...... i .• = _ .· .. ·-~- -, ... ~ .... ~~ . .- ._. .. :. _,,·~-~-~~tr;;;t!.t~-.::.:!::: · - ·- .:··tJ.·:..;:.:....:.:.-;:,~ ·.,. '--<·;. ... ~~~~\t::~;.: .... :~; ... :.: -·7-, .:~.-;_.,;._~_-: : ;_._>.-: •. .. -
Time Sample Longer sampling increases confidence (for given A, f) (see Section JY-C)o;, ., ... :..->·;_;; :'·.- <,,;,-:..: _,.,,. __ 

-·· ···· · ·· ·.·. ·~~ .. ;·.·~·:: ,;:~-:E~·:,;;;,~,?~ ~~L~~¥;:i ;~2,;·.1~~ ~E1~~~;::·~;:~.=, .· .. :. c:~ · 

'. •I 
I 

Spectral Avemging-. - . No significant difference evident between ensemble avemgjng or band merging, :::::_: :~:~:C,;;: :;:~ ... :~ : · ~ ~! i , ;,::..:c 

--~s~w:; ~~ii5~~t~llm~~~~4!f~~~~f~·~~)£. 
Transfer ·· percent in dynamic pressure anif 11 percent in horizontal velocities using linear theory _ .. -
Functions versus nonlinear stream function theory. Use of nonlinear response functions would in· · .. 

. --· crease the amplitude spectrum at lower frequencies, but would have no effect on the cti-' · > _, _ 
··- rec1ionalresults.-.;r:::'~:·'~:,:-~_:<;·:;;f:.;_'~~;:;;.ii·~'f-~i7::.~';_:,:r~;.,:S.~~:.·,,, /; .. _;~:,;.''::\;; ... '. ' .... <<~'. ,:_'(:. _.;.;,; __ __;:, _ __;:,_.....;..-.,-__;:,_~-~~__;:,""':'-~~~~.....;..~--...;....;.-""""':'".;.;..;_.;.......-___ . -_ -:-~-.' ~· -:~~-~i#.(:::~,;·y:·· .. :f:>i~~;-:;;;~:· 

·:-, ~~~--=- __ :;_--~ --~~-·::.--- -~ ... -~-7~·:·:: ·--~~~:~~;::. ~:_4f~~~?- ~~---~ --~r:~~:-~~-~~~~~--~--~~~~----:: ~- ·: .. -~:_.~~~).:-..; ..... ; ·. ~-:_:~~<~:t.t;~---~-----~- -~ ::.:.~.;._:.:.:;·:;-<;:;. 
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A) System Erron . 
· 1. Motion of Waves During Sweep Time of Radar-Function· 

of Wave Frequency 
2. Selection of Mean Depth Over Wavelength (Affects 

Frequency Detennination)-Function of Frequency 
and Nearshore Slope 

B) Aruzlym Erron 
1. Angular Resolution of Radar 
2. Protractor Resolution 
3. Alignment Errors (Detennining Reference Angle and 

Perpendicular to Wave Crests) 
4. ~ors in Measuring Wavelength Due to Resohltion of 

Measurement Device, Clarity of Return, etc. 

:1:10 percent of wave period 

:1:5-10 percent of wavelength 
S. Resolution of Dominant Wave Components from a Complex, 

Spectral Sea (Stationarity) Unknown 

sets with different computer hardware and software systems 
can produce disparate results. Because of aliasing and smear­
ing problems, as well as wave-field stationarity, two important 
parameters are sample interval (~t) and sample length (1). 
Computer word length and types (integer or real) can lead to 
roundoff or truncation errors which are important in spectral 
analysis where a large number of operations are performed. 

·Windowing in both time and space can produce differences in 
analysis. Differences in· averaging techniques are often small, 

1 but can lead to differences due to smearing and/or truncation/ 
roundoff errors. When calculating variance, high- and low-fre­
qu'ency cutoffs are imposed in practice to 'limit the frequency 
band of interest to wind-driven surface gravity waves, and to 
reflect a high-frequency limit consistent with reasonable depth­
corrected values of near-bottom pressure and velocity. 

Since directional statistics can be defined in. a number of 
different ways, definitions of relevant directional parameters 
were specified to each investigator to facilitate direct inter· 

. comparison of results. The analyses were in slight error through 
· use of linear wave response functions. 

2) Radar Measurements: Error analysis for imaging radar 
measurements is presented in some detail by Mattie and 
Harris · [ 11] . Errors (Table IV) can be separated into two 
general categories: those associated with acquisition of the 
data versus those incurred during processing. Acquisition 
errors include angular resolution of the radar (about 1°), 
motion of waves during radar sweep time (error is a function 
of wave frequency), and clarity of radar trace. Processing 
errors arise from manual measurement of video images, and 
include resolution of measuring devices (protractors, rulers), 
estimation of mean depth over measurement site, and es­
tablishment of a reference angle for direction estimates. A 
further error source in directional statistics is representation 
of a random process by a single (or limited number of) photo­
graphic images .. 

gauge-to-gauge statistical intercomparisons, and differences 
in spectral estimates resulting solely from analysis techniques. 

A. nme Series ComTJfZIUons 

Time series of six wave parameters were compared for dif­
ferent gauges: significant (zero moment) wave height, peak 
spectral wave frequency, peak wave direction, peak directional 
spread, mean current speed, and mean current direction. 
Figs. 4 and 5 present these parameters during two different 
time segments of ARSLOE, with lines drawn between points 
from the same gauge as an aid for following the temporal 
variation in measurements from each gauge. 

Significant wave height data (Fig. 4) for all gauges (except 
the .CERC radar which does not yield wave energy estimates) 
were intercompared along with a Baylor (resistance) gauge 
situated at the end of the FRF pier (Baylor data analyzed 
by CERC). Significant wave heights. generally intercompare 
well, except those from the NHL UVW gauge. This lack of 
agreement may be due to problems in maintaining a stable · 
(nonrotating) instrument mount and in ascertaining the depth 
at that gauge site because no direct sea-surface information 
was collected. However. because the trend in the NHL data 
matches that of other instruments (gauge-to-gauge comparison 
of the NHL UVW wave heights with those from other gauges 
for a large number of data points shows the NHL UVW heights 
to be low by a consistent proportion) indicating a more likely 
explanation may be that the gain was unacceptably low or 
a calibration factor was in error. 

All. gauges in this study, including the Baylor gauge, provide 
wave frequency data; time sequences of peak spectral fre­
quency from in situ gauges and the measureci. \Vave frequency . 
from the radar images are the basis for frequency intercom- · 
parisons (Fig. 4). Secondary peaks containing a large propor­
tion of the energy· are shown in the comparison as an addi~ 
tiona! point plotted concurrently with the peak frequency. 
Peak frequencies' from the directional gauges and the BaJ'lor 

.· IV. RESULT~ AND DISCUSSION.. . _ .· ·.. appear to intercompare well. Three instances of secondary .·. 
·Three types of comparisons are made between subsets of peaks are observed during the November time period by:;:> 

i·-_ . the directional wave gauges: time series of various wave param- in s~tu gauges ~ut not by the radJlr •. This emp~es the diffi7,'iJ .. 
. -- :.~" eteri (Ill-A 1) to lli-A 6)) outlined in Section lli-A, detaile4··· culty_in visually assessing radar imagery of a complex 5ea sur~·:i':F· 

t'r}~::-:,~f~~;+~f4J;'!+;;.::1f;~:~~~~::s~~51;;~;7·:tt;;~t::1~:.t;:;:K~;xi·:~·-::rt.e'::~)~:,::,~,:<:~~-:>;;~;~c.··,·:;~;·~;t;~;;~i;"~f-:";:~~-.-:~-"~:;j·: · 
··-- • ·,_,_ ;- • • · · • ~ - • .._ •• - • .., · .~- :.~.{~~;;--~;:~:;:~·._ ~-- ~7"--. :-:~: --- .. -:- ·.·.-:· •• :~ ~ =~.';:i.:=---~··r} _:; ·-._ ·.~ ;.~-- < ~~: -~~-~- ;;."".~.;:;·_·, ~ ~~-~- <-'~ ~~=->·~~~~;,:~:.+·:·.·-~::·:~>~~~~-=: ::. ;_:_-; .·-~>:-_·:.: _·-
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for certain conditions; namely low wave height or tWo wave since the utility of the spread function is primarily in its 
trains from approximately the same direction. representation of trends in spectral breadth. For example, 

Peak wave direction versus time for the different instru- the WHOI UVP analysis used a slightly different representation· 
mentS is presented as Fig. 4. Wave directions are spreid over for the spread but shows a similar trend in spread during the 
an average of about 20°, which is a larger deviation than ex- November time period; Typical values of directional spread 
pected from construction and orientation errors (abbut 5°), of 10°-15° during high-energy periods and 15°-20° during 
b'trt reasonable in view of the rium ber of instruments being low-energy periods is lower than that found by van der Vlugt 
compared. There are no distinctive trends in sensor deviation et al. [16] for deep water; this disparity is due in part to 
for the different systems. As observed for deep water waves refraction effects as the waves propagate toward Shore, nar-
)>y Kuik and Holthuijsen. [6], the wind directions and wave rowing the directional bandwidth. 1 

directions are approximately equal in stationary onshore Mean current direction and speed (Fig. 5) ate defined 
wind periods, while in slowly turning wind directions, the by averages over the measurement period (T) of velocities · 

~. ! ' 

-mean .. wave diiection follows the onshore wind direction by sampled at equally sJ)aeed time intervais (..:U). Sample perioQ;, 
iS": a·!mail time lag •. :;~~;~::·;.~> i-:-':~;:~\,..~.;:j;;,:',~/-·:· 'i,-.:.~;,,,t..:~-;.- ~8·:,£::;:.~: and interval varied between gauges (Table II),- but not enough; •. 

< '~3,~:;;~_, Comparison of peak wave directional spread ~~rsus time. to change th~_ estimates of mean curren4. Mean speed esti-< .. 
' "'::~~-(Fig; S)is based on differe~(defmitiotis of directional spread· mates are. expected to be comparable since all sensors were,;, .. ·. _. .. _ . 
tii' ((54)'and- (SS))., ThiS' shou_l~ _n~t ~a~ec.f f!i~-~t:!~o~~ari.~?.!f:. _l~cat~d approximately __ I_ ~ ... fro!!l.~.:..!?~~oin, placing them1 ~· ,. -,:-:-· .. 
·· · · -· ., · · · ~ ··---~---~~~:-,~-;-~- -~~·:-.~ :· .. ,:~ _. ~- · · -.. ~~-- --:::: · -· ·:..: ·· -;. · -·-~~,- _, · _. -.-_ -_ ~---~~-~-:.~~~~~( -~~:.-~5~:~-~.-:.·_:~-~--~--;~~~-~;._--.. ~-: ;~:~;r __ ~:~.~:·:\~.~---~---~_:_,_:;,_-_:; ... _~1-~_~:: ___ :·-.• _:;~~e-::;;~_:-~~~~=~--~_-:_S_:_·_:-r:i~::-:~~-:;~s_.;~ ~ -~ · ~ "~ · 

.. --:.·,.:. _:~>:(_:-:'~--:.- ~-~;,.~::·.-~~~- -:::>.:-.!~.::~::!:;::: - - --· - >-;·.~·;<~:-
' ,_ .. :.. -- · ·· ·· --. ··-· · --~·:·:~7'-. .. : · .- .. · ·· · ·-.···7·:-' -·~:.:~_...;..~7,., · ---~-r---~--~ ~--.'· ! ... ;··.·:.-:--:,_.::"'{; .. ~:'.~!.:..'"~ ·:..::?~;_ ........ ~: .. 
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Fig. S. Temporal comparison of peak mean directional spread, mean 
cunent · speed, and mean cunent direction duriitg two periods of 
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m about the same part of the bottom boundary layer. Scat­
ter in the current speed estimates reach 10 cm/s, but all 
meters show g~d agreement in trenqs. A significant devia­
tion in flows qccurred during the eve11t on November 2, 
1980; when the NHL WW severely underestimated· peak 
flows. A time-vazying gain was applied to the CERC UVP 
current measurements to correct for biofouling-induced 
signal degradation · during the warmer October records. In 

gauges. The gauge-to-gauge statistical comparisons for the peak 
directional data are presented in Fig. 6 with the summary 
of comparison statistics shown in Table V. 

. addition, a detailed calibration was available for only the 
WHOI UVP gauge at the time of this study. 

The quantities . intercompared between gauges w~e the 
mean dirf!ction associated with the peak frequency (as de- . 
fined above), the peak frequency itself, and the significant 
wave height. Because each instrument was deployed for a 
different perloq of time, intercomparison linear regression 
statistics were generated based on a variable number of data• 
points. Comparison between in situ gauges is generally good 
(r2 > 0.898), while the correlation of the radar versu~ in situ , · 
gauges is somewhat less, but still high. As mentioned earlier; 

L___ __ 

B. Gauge-t~Gauge Statistical Comparisons. 

Gauge-to-gauge· statistical comparisons were made between the processing of the radar images is dependent upon manual . 
synoptic measurements (a lag of no more than 1 h 15 min techniques at the present time and is subject to errors of ±3° 
between sample times) taken regularly throughout October to 5° inherent in manual measurements. The slopes and inter~~ 
and-November, 1980. Some data paints from ttle in situ· cepts of the best fit lines of the radar versus ·several in si.Ut; 
gauges were not compared. when the wave energy was ex- gauges are nearly constant, indicating a constant biis t~ report::.. 
tremely l~w, resulting in a low ·signal-to•naise· ratio and poor the direction of the waves ·coming fiom the. south (252° · o~. · · 
estimates:· of.: wave· direction; for ·inultipeaked~ spectra (irt:~ greater) u m'are southerly· than. the other measurenlEints;' Thef~ ~ .. 
frequency)_only the peak under'"which the larg~Camoun{ daa.politti. at waves from ·northerly' dile'ctions··a;e-·eveniy/,\:· 
of energy resides was retained as the "peak" valu~. A radar clustered about the 45° ideal best fit line (solid line in the 
data peak was chosen from a ~ultipeaked case by retaining plots). The average correlation coefficient of the radar versus in 
the peak' closest in ·frequency to the major peak of the in situ · situ gauges of about 0.824 is close to that previously reported . _ 

.. ·;;,-~fi2•;~~)~~.~~.··•'~it~~~~:_~·,:.~·;--?:?~_:.~.~~~~~-i1~;s§~~i~;~~*:?:·;;:~~:.~~:~~:·; .. ~~-·::.:;~~;4::~~?; .. :_~£.::{i.:::=fA~~+;~~:~~:?e~ttJ{lf8~})-~~~~~~~f:~~:t. 
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for the remote sensing radir and a side-looki~g airborne radar correlation and best fit statistics between these gauges are 
(SLAR) versus a pressure gauge array (Mattie et al. [12}). · shown in the data. Disagreements in frequency and height 

The agreement between each in situ gauge wi~ other in are probably due to the differences in analysis programs 
situ gauges appears to be consistent, with correlation coef· (shown in Table III). or. a· low· number of comparison points 
ficients averaging 0.928 for the SXY gauge, 0.922 for the as in the case of the WHOI versus NHL comparisons. The 
CERC UVP, 0.921 for ihe NHL UVW, and 0.901 for the wider. bandwidth used in the SXY analysis alone cari eause 
WHOI UVP. Note that the number of data pointS coincident the type of disagreement in the frequency data. 
between gauges ~-not constant witli the statistics being more No direct comparisons of the in situ instruments with the · 
unreliable and vanable for cases· with low numbers of data pier-mounted Baylor gauge were performed. However, data 
points. . . .. "-::.-- -;::.,•:-:t.\'"~:··:?~~:·:.;;c~. ····-}~.:-c . .. . 'presented in Fig. 4 shows the peak frequencies measur«i-4 

Tables VI and VII present correlation statistics between the by the Baylor gauge are ·slightly higher than the other gauges. 
gauges for peak freque~9' and significant wave 'height. Some .The magnitude ·of the difference is not correlated with the 
variability in the frequency data and excellent agreement in: magnitu~e of sea-~urface variance •. _._ ,.,, . ,." ~." :.~'.;,~~-,~':"';:,: >~:: ... , _;_. _ 
wave heighfare evident. Thes~ tWo tables 'provipe msight intO::.:;; .. In' comparing' gauges of diffe;ent.tYpes:·g~;;~(ag;~e~e~t ~~ 
differences· dulto gauge loeaticin;' tfpe-:-and analySiS fecfinfq.ue:~·· in· most .. casese~sis between CERC and WHOI tJVP's and th~ y 

The WHOI UVP and the SXY gages were colocated, with the SXY gauge, which use pressure records to provide surface one~ 
. . . . . . · .. 

UVP mounted above one Teg of the SXY gauge; lioth use pres- dimensional SP.ectral information. As seen earlier, however, 
sure data· to provide the one-dimensional · spectrum. High.· directional co?'elations are not greater for comparisons of 
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TABLEV 
COMPARISON OF PEAK DIRECTIONAL DATA (deg) 

(%) 
CERC CERC CERe· 
UVP SXY Radar 

y = 0.937 y +22.6. y .. 0.884 y +32.4 y .. 0.836 y +38.2 
,1 = 0.899 r1= 0.906 r1•0.794 
N=83 N=58 N=35 

y .. 0.914 y +18.5 y = 0.849 y +32.. 
,1 = 0.941 r1 = 0.871 
N= 87 N=66 

y .. 0.847 y +33.8 
r1 = 0.805 
N=27 

TABLE VI 
COMPARISON OF PEAK FREQUENCY DATA (Hz) 

(~ 

CERC CERC CERC 
UVP SXY Radar 

y = 0.979 y -+0,003 y = 0.936 y -+0.007 y = 1.03 y -+0.009 
r2 = 0.947 ,1 = 0.955 r1 = 0.806 
N=83 . N=58 N= 35 

y = 0.932 y -+0.008 y = 1.03 y + 0.003 
r2 = 0.983 r1 = 0.914 
N=87 N"'66 

y - 1.09 y -+0.000 
r1 = 0.869 
N=27 

: .. , ...... ·:. _; '.:..,.· ...... 
. .. -~ . .., : ,, ... - ...... ; .. :;.' 

TABLEVll 
COMPARISON OF SIGNIFICANT HEIGHT DATA (em) 

CERC 
UVP 

y = 1.00 y -10.0 
r2 = 0.980 
N= 83 

{%) 
CERC 
SXY 

y = 0.973 y -3.2 
r2 = 0.977 
N=58 

CERC 
Radar 

N/A 

y = 0.967 y + 8.7 N/A 

~ :~ .. - ..... _: :;··- ··~·-·-·-~· 

r1 = 0.980 .. > .. ~.·- ~; .. ,:.,7 .. 
N•87 . . 

.,_;.: ·' . 

NHL 
uvw 

y = 0.921 y +19.5 
,1 .. 0.898 
N=22 

y = 0.870 y +27.7 
r1 = 0.925 
N=89 

y = 0.965 Y +5. 
,1 = 0.939 
N=41 

y = 0.880 y +29. 
r1 = 0.853 
N=26 

NHL 
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r1 = 0.845 
N=22 
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r1 = 0.876 
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y = 1.20 y +14.8 
r2 = 0.770 
N=22 · 
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Fig. 7. Simultaneous energy and directional spectra from the near­
shore in situ gauges collected on November 2, 1980 at 24:oo GMT. 
90-percent confidence inteiVals for Figs. 7-10 have been shown for 
selected spectra. Ninety five percent confidence inteiVals for there­
mainder of the spectra are given by the following values: for esti­
mates with 16 degrees Of freedom, the expected value is within a 
factor of 0.55 and 2.32 of the sample value. For estimates with 32 

_ degrees of freedom, the expected value is within a factor of 0.65 
' and 1. 76 of the sample value. 

similar gauges compared to those for dissimilar gauges, for 
gauges at similar locations versus those spaced further apart, 
or for gauges using similar analysis procedures versus those 
using _more disparate techniques. The best-fit lines of the radar 
data versus the other gauges for frequency provide a good 
visual fit; however, because of the scatter in the data, the_ 
correlation·· coefficie-nts ·are ·iow. The NHL UVW (as men­
tioned earlier) changed orientation and the water depth was 
estimated (not measured); both factors probably contribute 
to the consistently lower wave height estimates. Disregarding 
the case of the NHL versus WHOI comparisons where very 

subset of the gauges are presented in Fig. 7. The figure con­
tains an energy density spectrum along with a plot of the mean 
wave direction versus frequency. The plot is a sample of 
particular analyzed· synoptic data records and cannot be 
interpreted as a comprehensive comparison between gauges. 
The spectral shapes are slightly different, with the primary 
peaks at slightly different frequencies, possibly due to dif­
ferences in record lengths, sampling frequencies, averaging 
technique, and, in the case of the SXY gauge, bandwidth. 
Fig. 8 further illustrates the variability in spectral estimates 
due to differences in analysis programs. The WHOI analysis 
program uses an ensemble averaging technique and averages 

· over 16 subsamples. When the same data record is analyzed 
by the CERC program ( which merges 16 frequency bands), 
an energy distribution is produced with a shift in the peak 
location of one band. The variation in the two sets of data 
analyzed by the CERC routine might suggest that the peak 
does in reality shift slightly and a small shift of energy being 
transferred from higher to lower frequencies between gauge 
locations, but more likely is insignificant because this varia­
tion is within the confidence interval of the spectra. · 

Fig. 9 further investigates the effect of record length on 
the spectral results, where the WHOI analysis routine was 
run on complete 2048-s records and then on the first 10245 
of the same record. The total variance is slightly higher in the 
1 024-s case which also is more irregular with several more 
pronounced minor peaks. · 

Fig. 10 presents three spectra from the CERC UVP in both 
energy and direction with radar data points plotted on the 
same axes. The first case is a single peaked case as indicated 
by the UVP; however, the radar shows it as doubled peaked, 
with two wave trains arriving at very similar frequencies but 
almost 25° apart in direction. This illustrates the· tendency 
for in situ analysis techniques to provide an average direction 
based on energy weighting when two or more wave trains 
are occurring that are too close in frequency to be adequately 
resolved. Here it appears that two wave trains of equal energy 
caused a peaked energy spectrum, while the direction measured 
by the CERC UVP was approximately the mean of the two 
radar measurements . 

. The second . case shows a double peaked spectrum where 
the peaks are well separated and closely represented by both 
the radar and UVP. A single peaked case is also included with 
results again agreeing between the two techniques. 

V. CONCLUSIONS 

few simultaneous records were collected; all correlation·-~ ·' Five directional wave gauges (dissimilar in either design; 
coefficients in wave height are above 0.95 and above 0.80 manufacturer, or concept) were deployed and maintained for 
for peak frequency. a portion of the two-month ARSLOE experiment during 

C. Observations of Differences in Spectral Data 
1980. All were located within 200m from one another. in a 
wave field varying spatially due to wave shoaling (refraction 

As mentioned earlier, all in situ instruments provide both and shallow water propagation) and structural interfereirce 
energy and directional spectra for each record of wave data (from the adjacent FRF research pier). Fetch and duration 
collected. Because_ the- gauges are located in a small area, varied insignificantly between the wave gauges.:_ __ . ··-· , ,; :~;. i · ~ :0"~-< 
comparison of_ simultaneou$. spectra provide( insigh~ into:·;:::~:. Differences in wave estimates from the- different" gauges;.~· . . . . , . . .. . . . ... ,- . _. 
differences m results due to. analysts programs, mstrument · were the combmed result of a vmety of factors, from deSlgn ·· --: 
location and gauge type. · :· __ ·· ··- -~~'..>;~'·;:;~--:·.. . ... ···- specification differences to software idiosyncracies. In general, 

Samples of analyzed data collected simultaneously by_ a the different instruments intercompare~ well, with. trends 
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2) The GERC radar did not always successfully identify 
multidirectional wave. ·components at different frequencies. 
Conversely, the radar can often identify two direction peaks 
at a similar (nearly identical) frequency, whereas the other 
wave gauges generally averaged the two directions together. 
'This lack of resolution. is a theoretical problem, however; by 
redefining peak selection criteria, the UVP and UVW gauges 
are able to identify separate peaks at a given frequency~ This 
lack of resolution is a limitation to the Fourier J model fit 
for directional wave estimation. 

3) The Baylor gauge, situated on the FRF pier, yielded 
slightly higher peak frequencies than any other gauges on 
October 24-25, for unknown reasons. Possible explanations 
for this observation could be software differences, or the 

· "red shift" associated with shoaling wave spectra (the Baylor 
Gauge is located in deeper water than the other gauges). There 
was no direct relationship between the magnitude of the fre­
quency shift and the sea-surface variance (Fig. 4). 

Fig. 9. Comparison of the effect of record length on the energy and 
directional spectrum.. . 

4) Wave directional spreads show. similar trends through 
time, in spite of the different representations used to define · 
angular variability;~.· · ···· ·•· .:'·~.,:,,-,•:._,,.,,;{:::.~,. "'·· · ·. '· · · ··· 

in directional, frequency, and energy content well correlated 5) Spectral estimates generated by ensemble averaging 

" . 

between gauges through time. Specific differences did_ exist. and band merging show no characteristic differences, for sam- •· 

,, .. 

_·.·; 

~ ; 

[ I) The NHL UVW gauge differed in energy content from. pies where the number of bands mer~ed equals the number of .. · · 
r other gauges by almost a constant proportion. This was prob- ensembles averaged (equal equivalent degrees of freedom);' --~::~ ·;::~- . 
J ably a result of an error in gain for the vertical data channel;~ Small shifts (±I band) in peak frequency_ did oceur· as a resulc.,-~·-~:i2i;{ . t The experimental reSults emphasize th~ need foi an. in~~pend~:,·~~~~ theavera8in~ <lli!e!en~~~-~t:~~~~2~~:1:~~~~~i~z~/~~;:~ 
; ent measure of mean sea surface elevation when usmg a UVW- · · 6) Spectral estimates for a fiXed frequency bandWidth- -·:· ~: •• · 
' combination, and the difficulty ofobtaining a stable vertical· (0.0078125 cps) and with different sample lengths (hence~ -. · 
. reference. . · - ._ .. >_, degrees of freedom) showed some differences for the periods .. 
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Fig. 10. Investigation of radar analysis results versus in situ data. 

compared in this analysis. Variances are slightly larger for the 
1024-s case· (17.1 min) than for the· 2048-s case (34.2 min). 
Peak frequencies may also shift slightly between the two 
cases. Finally, the 1024-s spectra show multiple peaks not 
present from longer samples (as would be expected given 
the differences in degrees of freedom). This observation 
suggests that for many applications a shorter (17 .1-min) 
record may be sufficient to characterize the sample spec­
trum for wave conditions slmilar to those at the FRF. For 
other circumstances, however, the shorter record may not 
be sufficient. 

VI. SUMMARY 

For types of in situ gauges and a radar with their associated 
analysis schemes provide comparable wave directional data. 
The in situ gauges utilizing a pressure sensor provided a better 
estimate of the surface energy spectrum than the gauge using 
vertical velocity data. An advantage of the in situ measure­
ments· is the ability to resolve multiple wave trains of dif, 
ferent frequency coming from close to the same direction, 
which is difficult with the radar. The radar, however, can 
resolve multiple wave trains of similar frequency coming from 
different directions, while the in situ gauges provide an energy 
weighted average direction at that frequency. Present radar 
analysis techniques also have inherent uncertainties which 
should be considered when using. such a system. Better. proc­
essing techniques can increase the capability of in situ devices 
to detect multiple trains. 
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