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P r e l i m i n a r y   r e s u l t s   o f  an intercomparison  between 
severa l  wave measurement  systems  used d u r i n g   t h e  
ARSLOE experiment.  are  presented. The comparison 
c o n s i s t s   o f  some o f   t h e  measurements i n   t h e  
o f f sho re   reg ion ,  12 km t o  40 km of fshore,   taken 
d u r i n g  a s to rm  tha t   occur red   October  23 t o  26, 
15180. The r e s u l t s   i n d i c a t e   t h a t   d i f f e r e n c e s   i n  
s i g n i f i c a n t  wave heights   can  be  larger   than  the 
random v a r i a b i l i t y .  

DISCLAINER 

Mention o f  a commercial company and product  does 
n o t   c o n s t i t u t e  an  endorsement  by  NOAA/National 
Ocean Survey. Use f o r   p u b l i c i t y   o r   a d v e r t i s i n g  
purposes o f   i n f o r m a t i o n   f r o m   t h i s   p a p e r   c o n c e r n -  
i n g   p r o p r i e t a r y   p r o d u c t s   i s   n o t   a u t h o r i z e d .  

1. I n t r o d u c t i o n  

D u r i n g   t h e   f a l l  o f  1980, the  Coasta l   Engineer ing 
Research  Center o f   t h e  U.S. Army Corps o f  Engi- 
neers  and  the  Coastal Waves Program (CWP) of   the 
Nat ional  Ocean Survey,  National  Oceanic  and 
Atmospher ic   Admin is t ra t ion   jo in t l y   hos ted   the  
A t l a n t i c  Remote Sensing Land-Ocean Experiment 
(ARSLOE). P a r t i c i p a t i o n   i n   t h e   e x p e r i m e n t  was 
b road   w i th   i nves t i ga to rs   f rom Government  agen- 
c ies ,   fo re ign   count r ies ,   indus t ry ,   avd   academic  
i ns t i t u t i ons   us ing   va r ious   su r face ,   subsu r face ,  
and  remote  sensing wave measurement  systems. One 
o f   the   purposes   o f   the   exper iment  was t o   t e s t  and 
compare a v a i l a b l e  wave measurement  systems. 

ARSLOE inc luded  a c o n f i g u r a t i o n  o f  wave measure- 
ment  systems that   covered a 40 km x 40 km r e g i o n  
o f f   t h e   c o a s t   o f  Duck, Nor th   Caro l ina .   Th is  
intercomparison  concentrates on some of t h e  
measurements i n   t h e   o f f s h o r e   r e g i o n   t a k e n   d u r i n g  
a 4-day  period  from  October 23 t o  26 ,  1980, when 
a major   s torm  passed  through  the  s i te   area.  The 
storm was o f   i n t e r e s t   s i n c e  it c o n s i s t e d   o f  a 
complex f r o n t a l  system  which  resul ted i n  opposing 
seas. 

Table 1 summarizes those  systems t o  be  discussed. 
The l o c a t i o n   o f   t h e s e  systems a r e   d i s p l a y e d  i n  
F i g u r e  1. The C l o v e r l e a f   D i r e c t i o n a l  Buoy 
measured waves i n   v a r i o u s   l o c a t i o n s   r a n g i n g   f r o m  
12 t o  40 km o f f s h o . r e   w h i l e   t e t h e r e d   t o   t h e  
Research  Vessel CAPE HENLOPEN. The l o c a t i o n s   f o r  

the  Airhorne  Rzdar  systems shown i n   F i a u r e  1 
rep resen t   t he   app rox ima te   l oca t i on   o f   t he   cen te r  
f o r   t h e   f l i o h t   p a t h s .  Most  buoy  measurements 
a r e   e i t h e r   a t  12 o r  36 km o f f sho re .  

There  are some d i f f i c u l t i e s  and l i m i t a t i o n s  when 
comparing d i f f e r e n t   i n s t r u m e n t a t i o n   i n   s i t u .  Tt. 
would he i d e a l   t o  have the  measurement  systems 
i d e n t i c a l l y   l o c a t e d  so any d i f f e rence   f ound  
c o u l d   b e   r e l a t e d   o n l y   t o   t h e  measurement  sys- 
tems. S i n c e   t h i s   i s   n o t   p o s s i b l e ,   a l l o w a n c e  
must he made f o r   d i f f e r e n c e s  due t o   n a t u r a l  
v a r i a b i l i t y  between  deployment  locations. 
S i m i l a r l y ,   d i f f e r e n c e s   s h o u l d  be expected when 
comparing a buoy t h a t  measures a t  a p o i n t  
l o c a t i o n   w i t h  a radar  system  which  measures  over 
some f i n i t e  area,   There  are  o ther   d i f ferences 
due t o   t h e  dynamics o f   d i f f e r e n t   m o o r i n g s ,  
varying  sample  lengths,  and v a r y i n g   a n a l y s i s  
methods,  such  as t h e  window  used when computing 
spectra.   Therefore,  when i n t e r p r e t i n g   t h e  
r e s u l t s ,  i t  i s   i m p o r t a n t   t o   c c n s i d e r   t h e s e  
l i m i t a t i o n s .  

ARSLOE  ALPHA, a s t u d y   p r i o r   t o  ARSLOE, was con- 
duc ted   t o   p rov ide  a measurement o f   t h e   n a t u r a l  
s i t e   v a r i a b i l i t y .  Three  Waveriders  were  de- 
ployed i n  a l i n e   p a r P l l e l   t o   s h o r e   a t   t h e  1 2  km 
s i t e   w i t h   t h e  2 outermost  ones  posit ioned 1 km 
apar t .  All three  ins t ruments   were   ca l ib ra ted ,  
used iden t i ca l   moor ing   con f igu ra t i ons ,  and t h e  
data  were  processed  and  analyzed  with  the same 
so f tware   rou t i nes .   Th i s  was done i n  hope t h a t  
any   d i f fe rences   wou ld   be   l im i ted   to   na tura l  
v a r i a b i l i t y .  It was found,  based on 57 p a i r s   o f  
o b s e r v a t i o n s ,   t h a t   t h e   s i g n i f i c a n t   h e i g h t s  
measured by the  two  outermost  Waveriders  agreed 
w i t h i n   t h e i r  90 p e r c e n t   c o n f i d e n c e   l i m i t s  80 
pe rcen t   o f   t he   t ime .   A l though   th i s  may vary 
somewhat u n d e r   d i f f e r e n t  wave cond i t i ons ,   t he  
comparison o f  two d i f f e r e n t   t y p e s   o f  measurement 
systems  would  not be expected  to  agree  any 
b e t t e r .  

3. !lethod o f   A n a l y s i s  

S ince   each  par t i c ipant  WRS r e s p o n s i b l e   f o r  
h is /her   p rocess ing   and  ana lys is ,   the  methods 
descr ibed i n   t h i s   s e c t i o n   p e r t a i n   m a i n l y   t o  
Waveriders  which  were  analyzed  by  the CWP. For 
d e t a i l s  on t h e   a n a l y s i s   o f   o t h e r  measurement 
sys tems,   the   respec t ive   par t i c ipant   shou ld   be  
contacted.  Most o f   t h e   p a r t i c i p a n t s   a r e   p r e -  
s e n t i n g   t h e i r   f i n d i n g s   d u r i n g   t h e s e  ARSLOE 
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Figure 1. Station  locations:  E - ENDECO Wavetrack Buoy, W - Waverider Buoy, M - Canadian "MET" Buoy,  
X - XERB Buoy, C - Cloverleaf Buoy, SCR - Surface  Contouring  Radar, SLAR - Side  looking 
Airborne  Radar;  .indicates a  buoy system. 

Table 1. Wave Measurements Systems Compared 

Measurement Wave Sensor Location From Depth Organi- Signif icant  Frequency of  the Mean  Wave of Obser- 
System Type Shore ( k m )  (m)MLW zation Wave Height Spectral Peak Direction vations 

Water Analysis  Parameters Compared  Nuober 

Waverider heave 1 2  25 

ENOECO p i t ch ,   ro l l ,  12 25 
Wavetrack  heave 

XERE p i t ch ,   ro l l ,  36 30 
heave 

Cloverleaf   pi tch,   rol l ,  10-40 20-30 
heave 

Met Buoy p i t ch ,   ro l l ,  12 
heave 

25 

Side Looking Airborne Radar 12 
Airborne Radar 
System 
(SLAR) 

Contouring 
Surface  Airborne Radar 20 27 

Radar (SCR) 

25 

NOAA/NOS X 

Univ. of X 
Rhode Is. 

NOAA/Data X 
Buoy Office 

Kyushu Univ. x 

X 
Centre f o r  
Canadian 

Inland Waters 

NDAA/Atlantic 
Oceanoaraphic 
and fleteorologi- 
cal  Lab. 

NASA, Wallops x 
Flight  Center 

X 

83 

X 32 

X 85 

X 26 

X 2 

X 3 

X 1 
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the   direct ional  wave  buoy systems from sess ions   a t  Oceans 82. The  names of  those 
contributing their data   for  this intercomparisnn 
can be found i n  the acknowledgements. 

The Waverider  signal was sampled a t  a  4 Hz rate.  
The time se r i e s  were separated  into  lengths of 
4096 d a t a  points  representing 1024 seconds so 
that   a  FBST Fourier  Transform (FFT) algorithm 
could be used. To reduce side  lobe  leakage i n  
the  spectral   estimates  the Tukey or  cosine  bell 
window , 

w ( N A t )  = 1/2 [ l  - cos(2xn/N))  

was applied  before  the Cooley-Tukey FFT method 
f o r  computing the complex Fourier  series 

N- 1 
A .  = A t  A k  exp(2 x i  j k / N )  

J n =O 

was used. The spectral  estimates were then 
corrected  for  variance  loss due to   the  window  by 
applying a r a t i o  of the  variance of the  spectra 
and the  variance of the  original  t ime  series 
before  the window. Calibration  corrections,  
which are  frequency-dependenty were appl ied   a f te r  
the  variance  correction. The applied  corrections 
d i d  not  include  temperature  effects on Waverider 
s ens i t i v i ty .  This introduced an amplitude e r r o r  
of about 1 percent. f o r  the temperatures  observed 
d u r i n g  the  storm [l]. 

The spectral  estimates were  band-averaged over 11 
frequencies  resulting  in  spectral  estimates w i t h  
frequency  resolution of 0.011 Hz and  22 degrees 
of freedom. Variabil i ty of the  spectral  peak i s  
dependent upon frequency  resolution and degrees 
of freedom. 

Assuming a narrow band spectrum,  the  significant 
wave height was calculated  by, 

Hs = 4 6  

where, mo = area  under the wave spectrum [2]. 

The a percent  confidence  jimits  for  the  true 
s ign i f icant  wave height, Hs, were  found by: 

where H is  estimated  significant wave height, 
x2 valaes  are  obtained from a chi-square  distri-  
bution, and V the  total  degrees of freedom i s  
given by: 

where E i s  wave variance a t   t h e  n t h  Fourier  fre- 
quency and  the  summations are  over  al l   Fourier 
frequencies. 

The comparison of wave direction  pertain  only t o  

P, ( f )   f o r  each frequency band can be computed f o r  
- mean  wave d i rec t ion .  The mean  wave direction 

where a and b are   the  Fourier   coeff ic ients  
from t h d  weiahthd  Fourier  expansion 

F ( f , 0 )  = 1/2 a0+c l [a l co~(0 )+b l~ in (B) j  
+ c Z ( a 2 c o ~ ( 2 0 ) + b 2 ~ i n ( 2 0 ) ~  

of Longuet-Higgins e t  a l .  I-31. 

3. Results 

Figure 2 displays  the  time  history o f  the   su i te  
of wave parameters:  significant wave height, 
frequency  of  the  spectral  peak, and  mean  wave 
d i rec t ion  of the spectral  peak. When in te rpre t -  
ing these p lo ts ,  one must be careful   to  compare 
only   those   s ta t ions   a t  the same s i t e .  In Figure 
2 ,  the  notation "1" located above the symbol f o r  
the  Cloverleaf  data  represents  those  data 
recorded  within 1 km of the  12 km s i t e .  The "2" 
above the  symbol represents  those  data  recorded 
w i t h i n  3 km of the  36 km s i t e .  All other 
Cloverleaf  data were taken between these loca- 
t i  ons . 

3.1 Significant Wave Height 

Significant wave heights from the measurement 
systems are plotted i n  Figure 2a. As shown i n  
this f igure  and summarized i n  Table 2, the  
s ign i f icant  wave heights measured by the Wave- 
r i d e r  and ENDECO buoys had be t t e r  agreement 
hefore  passage of t he   f ron t ,  mid-day (GMT) on 
October 25. Then ENDECO and Waverider agreed 
w i t h i n  the Waverider 90 percent  confidence 
l imi t s ,  65 percent of the time.  After  the 
passage of t he   f ron t ,   t h i s  decreased t o  33 
percent. 

The nondirectional  spectra were compared i n  hope 
of   resolving  this   di f ference  in   s ignif icant  wave 
h e i g h t .  I t  was not   possible   to   different ia te  
the  source o f  these  differences between the 
ENDECO and Waverider. However, the  analysis d i d  
dist inguish some basic   character is t ics  between 
the  spectra .  The examples i n  Figure 3 represent 
the  spectra  normalized by the  total   spectral  
density. For t h i s  comparison,  the  spectral 
es t imates   for   the Waverider were averaged by a 
moving window over 50 frequency bands t o  have 
the same resolution  as the ENDECO. I t  was found 
t h a t  spectral  peaks for   the  ENDECO data were 
generally  broader a t   t h e  lower  frequencies t h a n  
those  for  the Waverider. A possible  cause  for 
this could have been the   d i f fe ren t   type  of 
window applied. I t  was a l so  found tha t   t he  h i g h  
frequency end of the Waverider  spectra d i d  not 
t ra i l   off   as   quickly  as   for   the EF!DECO spectra.  
A possible  reason  for  this may be the   d i f fe r -  
ences i n  buoy response which were n o t  adequately 
removed by cal ibrat ion  correct ions.  

The comparison between the Canadian "MET" buoy 
a n d  the Waverider i s  l imited  to  two measurement 
periods  early on October 23. Although these 
d a t a  a r e   i n su f f i c i en t   t o  draw conclusions,  Table 
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Figure 2 .  ldave Parameters: ( a )  Significant Wave Height, (b) Frequency of the Spectral Peak, 
(c )  Mean  Wave Direction for the Frequency of the Spectral Peak. 
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Figure 3. Spec t ra l   Dens i ty   fo r   Waver ider  (-1 
and E N D E C O  (---- ) :  (a)  24 hours   be fo re   t he   f ron ta l  
passage  mid-day  October 25,1980, ( b )  15 h o u r s   a f t e r  
f r o n t a l  passage, ( c )  21 h o u r s   a f t e r   f r o n t a l  passage. 

Table  2.  Comparison o f   S i g n i f i c a n t  Wave Heights  
Measured by  the  Naver ider  Buoy w i t h  
Other  Systems a t   t h e  12 km s i t e  

Measurement Number o f  Number Within  Waverider  Percentage  Within  Waverider 
System Comparisons 90? Confidence  Limjts 90? Confidence  Limits 

ENDECO * 20 1 3  65 
ENDECO ** 12 4 33 
ENDECO *** 32 17 53 

C lover lea f  8 1  12 

Met 2 2 

* Only  t h o s e  measurements taken before   f ronta l  passage on October 2 5 ,  1980. 
** Only those  measurements  taken a f t e r   f r o n t a l  passage on October 25,  1980. 
*** For a l l  measurements. 

_ _  

2 shows t h e   s i g n i f i c a n t  wave heights  measured  by 
t h e  "MET" buoy  were w i t h i n   t h e  90 percent  
c o n f i d e n c e   l i m i t s   o f   t h e   W a v e r i d e r .  

The s i g n i f i c a n t  wave he igh ts  measured by   the  
C l o v e r l e a f  buoy  were  found t o  b e   c o n s i s t e n t l y  
h igher   than  those measured  by  nearby  systems. 
When compared w i th   t he   va lues  measured a t  t h e  12 
km s i t e  by  the  Waver ider ,   the  Clover leaf   data 
averaged 15 percent  h igher.   There was one 
measurement a t  1715 (GFlT) on  October 26, when 
t h e   C l o v e r l e a f  measurement was w i t h i n   t h e  
Waverider 90 percent   conf idence 1 i m i t s .  The 
C lover lea f   buoy  measurements taken  near   the 36 
km s i t e  averaged 20 percent   h igher   than  those 
taken by t h e  XERB buoy. 

The Surface  Contouring Radar (SCR) was f l own  
over   the   exper iment   a rea   a t  2220 (GMT) on 
October 23. The Naverider  which  had been 
deployed a t   t h e   c e n t e r   o f   t h e  S C R  p a t t e r n  
l o c a t e d  20 km of fshore  mal funct ioned and thereby 
l i m i t e d   t h e   g r o u n d   t r u t h   d a t a   t o   t h o s e   d a t a  
measured a t   t h e  12 km and 36 km s i t e s .  The 
s i g n i f i c a n t  wave h e i g h t   o f  1.55 m measured by 
S C R  had b e t t e r  agreement w i t h   t h a t  measured by 
XERB (1.58 m) a t  36 km o f f sho re   t han   t he  Wave- 
r i d e r  (1.73 m) a t  12 km o f fshore .   Th is   m igh t   be  
expected  s ince  the  bottom  s lope was g r e a t e r  
between  the 12 km and  20 km s i t e   t h a n  between 
the  20 km and 36 km s i t e .  

3.P Frequency o f   S p e c t r a l  Peak 

The f requenc ies   o f   t he   cen te r   o f   t he   f requency  
bands i n  which  spect ra l   peaks  occurred  for   the 
wave measurements  systems a r e   p l o t t e d   i n   F i g u r e  
2b. A f t e r   t h e   f r o n t  passed  through  the  s i te  on 
October 25, opposing waves developed. The dual 
spec t ra l  peaks o f  sea  and swe l l  , as shown i n  
Figure  3c,  were at   t imes  about   equal   which 
r e s u l t e d   i n  a  random  choice o f  which peak was 
recognized as t h e   p r i n c i p a l  peak causing  the 
b i f u r c a t i o n  shown i n  F'gure 2b. Table 3 sum- 
m a r i z e s   t h e   r e s u l t s   o f   t h e   s p e c t r a l  peak com- 
p a r i s o n   f o r   s i n g l e  peak spect ra.  As shown i n  
F igu re  2b, the  Waver ider measured t h e   s p e c t r a l  
peak a t  a  lower  frequency when compared w i t h   t h e  
ENDECO. A l t h o u g h   t h i s   d i f f e r e n c e   i s   a   c o n s i s -  
t e n t   s h i f t  i n  the   spec t ra ,  83 percent   o f   the 
t ime  it was w i t h i n   t h e  ENDECO f requency  resolu-  
t i o n  o f  k.025 Hz f o r   t h e   s i n g l e  peak spect ra.  

A l though  there  were  on ly   two  spect ra  avai lab le 
f o r  comparison,  the "NET" and  Waverider  measured 
t h e  same f requency  for   the  spect ra l   peaks.  
These  cases i n c l u d e d   s i n g l e  peak  sea  and swe l l  
spect ra.  

The f requency   o f   t he   spec t ra l  peak f o r   t h e  
C love r lea f   spec t ra  was found  gen.eral ly  in. 
agreement with  those  spect.ra  from  buoys  nearby. 
When compared w i th   t he   Waver ide r   du r ing   bo th  
s w e l l   o r  sea, spectra  agreed within t h e i r  
f requency   reso lu t i on  71  percent   o f   the  t ime.  
When compared with XERR spect ra,   the measure- 
ments  agreed 80 percent  o f  t h e   t i m e   w i t h i n   t h e  
f requency   reso lu t ion .  When comparing  the  f re-  
quency o f  waves measured  by  a buoy with 
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TABLE 3.  comparison of Spectral Peaks for   Single  
Peak Spectra 

Number Within Uithin  Reiolution 
Percent Frequency 

Measurment System number O f  Frequency Frequency (Hertz)  
SYS A / S Y S  8 Compzriron Resolution* R e s o l u t > o n *  SYS A i SYS B __ 

Waverider I EllOECO 23 19 83 .Oli / ,025 

Waverider I Met 2 2 ,011 i ,010 

Uaverider I SCR 1 1 _ _  ,011 i ** 
Wauender I C l o v e r l e a f  7 5 71 ,011 i ,007 
XERB 1 cloverleaf 5 1 60 ,010 i ,007 

XERB I SCR 1 1 ,010 i ** 

* Rewiution used w a s  the  larger valus O f  System R OP 8 .  
** SCR rerolut ian o f  data  in  I: space. 

frequency measured by a renote  sensor 1 i ke SCE, 
i t  i s  important  to  consider t h a t  SCR measures i n  
" K "  (wave number) space a n d  therefore,  computes 
frequency from the  measured wavelengths based on 
wave theory. The October 23 fl iq 'ht  of SCR 
provided peak frequencies  similar t o  the buoys in 
the  area. From the SCR measurements, the peak 
spectral  frequency a t  2220 (GMT) was calculated 
t o  be 0.147 Hz. During this   per iod,   the  
Waverider spectra  indicated  the  spectral peak a t  
0.145 Hz. The XERB spectra  indicated 0.149 
Hz. 

3.3 Mean  Wave Direction of the  Spectral Peak 

The  mean  wave direction  for  the  frequency of the 
spectral  peak s r e  summarized in  Figure IC for  
those  systems  measuring wave direction. Wave 
directions  are  referenced t o  True North ? n d  
indicate  the  direction toward which waves propa- 
gate. 

As shown in  Table 4 ,  when t.he Cloverleaf buov was 
near  the E N D E C O  buoy, mean  wave directions  agreed 
within 4" t o  20". The  wave direction measured by 
the  Cloverleaf buoy indicated a s l i gh t ly  more 
northerly wave direction t h a n  the E\!DECO buoy. 
The Cloverleaf buoy, when in   the  vicini ty  of the 
X E R B  buoy, showed similar agreement with  the 
difference i n  mean  wave direction  ranging between 
1" t o  24". The C1overl:eaf buoy indicated a more 
southerly  direction of the waves t h a n  X E R B .  

Data from the SLAR overflight  near  the 12 km s i t e  
on October 25 did n o t  coincide  with  the  available 
E R D E C O  data. The nearest measurements were a b o u t  
a n  hour  apar t .  These  measurements, as shown in 
Figure  2c,  indicate  the  direction  for  the E N D E C O  
buoy may be  more northerly t h a n  t h a t  measured by 
SLAR. 

Surface  Contouring Radar measurements taken  in 
the  region 20 k m  offshore on October 23 agreed 
with  those measured a t  the 1 2  km s i t e  by the 
Cloverleaf buoy. The SCR measured the wave 

direction t o  be ?lo", while  the  Cloverleaf 
measured the   d i rec t ion   to  be 212". A t  the same 
time,  the X E R R  a t  36 km offshore measured the 
wave direction a t  226". 

When the Canadian "MET" buoy recorded measure- 
ments on October  23,  there was no other wave 
direction d a t a  avai lable   for   the 1 7  km s i t e .  
The only  other  system  measuring wave d i rec t ion  
a t  t h i s  time was XERB, some  24 k m  fu r the r  
offshore. The "MET" data  during  this  time show 
the wave direct ion  to  be  some  30"  more nor- 
therly.  

Table 4.  Comparison of Mean  Wave Directions 
Measured by the  Cloverleaf Buoy 
with  Other  .Directional Buoys 

Measurement  System  Comparisons Range Average 
Number o f  Differences i n  Degrees 

ENDECD 
XERB 

4 4 - 20 1 4 N  

5 1 - 2 4  165  

N - Cloverleaf  data was  more northerly.  
S - Cloverleaf  data was  more southerly.  
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