
Comparison of  Acoustic Doppler Current Profiler and PAPER 
Vector Averaging Current Meter Measurements in a 
Stratified, Freshwater Bay 

ABSTRACT 
Tlte pmfonnance of a moored, ullward-looking 
acoustic Doppler current profiler was com- 
pared wi th  vector averaging current meters at 
tlzree deptlzs i n  a sllallow, stratified bay during 
a 142-da y pm-iod. Mean cu?-ra~zt speeds during 
the pm-iod agreed .!Q better t/m?t 0.2 msl and 
5 degrees itz directiotz. Scat&?' plots slto~o& 
ituta?zlu tteous diffe~c~xcs of 141) [O 10 at=-1 

zchiclt uaw ?dated to tlte flctiue i~zlertznl oscil- 
latio~zs atld c~~isodes of la tgc z~.'itzd-i?zAuced 
tottperatzi 1.e clzanges .!QgeUw with the 0.5 km 
sej.m?nliot~ ofthe t?clo ?tzoo?-i?tgs. 

INTRODUCTION 

T he acoustic Doppler current profiler (ADCP) 
is one of the newer technological develop- 

nients in current velocity nleasurenient instru- 
mentation. Current velocities are determined by 
measuring the Doppler frequency shift between 
the transmitted and the backscattered signals. 
Offering nunierous advantages, such as the 
measurement of the current profile over several 
hundred meters depth, durability with no 
mechanical parts, and the availability of vessel 
nlounted or self-contained models, ADCPs have 
become the instrunlent of choice for the nlea- 
surement of currents. In situ comparisons of 
ADCP data with data from other types of current 
measuring instruments, which have known 
response characteristics, made under a wide 
range of dynamic conditions are important in 
assessing the validity of the data. These types of 
conlparisons have been reported (e.g., Magnell 
and Signorini, 1986; Pettigrew et  al., 1986, Schott 
and Johns, 1987; and Johns, 1988); however, 
they were done with a variety of ADCP models 
or prototypes and were generally for short dura- 
tions (<1 month) in high energy (>50 cms-I) 
environments. 

In this paper we compare current data 
measured by a moored, upward-looking, GOO 
kHz RD Instruments ADCP with data from three 
EG&G vector averaging current meters (VACM) 
moored nearby in a low energy (mean speed < 10 
cnls-I), shallow, thermally stratifled, freshwater 
bay during a 142day period. The response char- 
acteristics of VACMs are well known (e.g., 
Karweit, 1974; McCullough, 1975; Saunders, 
19S0; Beardsley, 1987), and these meters have 
been historically considered one of the stan- 
dards by which to judge the performance of 

other subsulface cut-rent nieasuring instruments 
(Terry, 1986). Newer vector measuring current 
meters (VMChls) were not available to us for 
comparison. 

MEASUREMENT ENVIRONMENT 

G reen Bay is an elongated, 200 knl-long bay 
connected to Lake Micl~igan by four pas- 

sages at its northern end (Figure 1). The mean 
depth of the bay is about 15 m with the deepest 
region in the northern half. The bay has a mean 
width of 22 km. Tliernial (density) stratification 
commences in late May, reaches maxinium 
strenglli (- 1°C 111-1) during ~nid-July througli 
August at a depth between 10 and 18 m (average 
depth 14 n?), tlien deepens and decays by early 
October (Gottlieb etal., 1990). The thermocline 
region is highly active with G ni vertical displace- 
ments common in response to wind stress 
episodes and the resulting forced and free inter- 
nal oscillations. Periods of these oscillations 
range from eight days through near-inertial and 
lunar tidal (15 to 12.4 hrs) to various free surface 
seiche modes (10 to 4 hrs). Currents flowing 
through the 10 km-wide constricted midsection 
of the bay are bidirectional and often in opposite 
directions above and below the thenllocline dur- 
ing stratification (Miller and Saylor, 1985, 1993; 
Gottlieb etal., 1990). Since the bay is narrow, 
winds are fetch limited except along the major 
axis of the bay and wave heights seldom exceed 
1 m. 

During an Environmental ~rotectidn 
Agency sponsored Green Bay Mass Balance 
Study in the summer of 1989, an ADCP was 
moored near the nlidsection of Green Bay in 34 
m of water within 500 m of a mooring support- 
ing three VAChls and 240 m from a thennistor 
chain. A schematic of the moorings is shown in 
Figure 2. 

CURRENT METER SETUP 

T he ADCP determines current velocity by 
measuring the Doppler shift in frequency 

between the transmitted signal and the echo sig- 
nal reflected from scatterers in the water. 
Doppler-shifted frequency is linearly proportion- 
al to the relative velocity between the scatterers 
and the instrument. Range-gating the echo signal 
segments the acoustic path into depth cells or 
bins, and a velocity is computed for each bin. 
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FIGURE 1. Bathyrnetry of Green Bay and location of the rnoorlng site. configuration) with a 30 degree beam angle rela- 
tive to the vertical. The upward-looking ADCP 
was prograniuned for 30 1-ni deptli bins, a 2-111 
pulse length, a id  a 1-~n blanking intenal (a s h o ~ t  
time intcrval to allow the transducer ringing to 

Scale in km 

Contours in meters 

diminish). The 2-m pulsc length reduces rlir 
tracking lowl)ass filter skcw and thc vcloc~t! 
sta~idard deviation. Enscniblc atwages \\.crc 
co~nputcd in eat-tli coordinates using 300 pmgs 
over 15-min intc~vals. Only those pings that liiet 
the "goodness" test (25% of tlie pings exceed the 
signal-to-noise threshold of GdB) were 'accepted, 
arid the velocity data were corrected for sl)eed 
of sound at (lie transducer hcad. Ratidoni crrors 
in c~isemblc avcrages are less than 1.3 c~us-1 for 
tlic sc'trll) paranretcrs given above 1);iscd oli 111r 
~uanr~factitrcr's criteria. Finiiwarc vc~sio~i  l ( i  2'7, 

noisc: bias errors (Clicrcskin et al.. 19S9). \$-as 
used to progralil tlie ADCP. Tlic profilc cstcr~tl- 
ctl over 30 t)itis with 1 . 1 1 ~  top bin cr~itcrcd 4.i 111 

i11)ov~ t.lic water sitrface 1.0 the dccprsl bin ccri- 
tcrcd at. t.hc 28.5 ni dcplh. Near-surface contarui- 
nation, caused when side-lobe returns froni tlic 
water surface overpower the side-lobe sul)l)rcs- 
sion of the transducers, serior~sly degrades the 
data qua1it.y in the upper 15% of tlie acoustic 
range. Tlic range of acceptable data. It,,,,. is 
;11)proxiriialrtl 1)y 

R,,, = D cos O 

where D is tlie distance from the ADCP to the 
surface and C) is the angle of the beam relative 
to vertical (RD Instrun~ents, 1989a; Appell et al., 
1991). The contaminated region is in the upper 
4.5 ni for this mooring. Data were averaged to 
hourly values. More indepth details of ADCP 
theory, operation, setup, and data processing 
have been well described in other publications 
(e.g., RD Instmn~ents, 1989a; Johns, 19SS: Schott 
and Johns, 1987) and will not be repeated here. 
The ADCP, mounted in an 81 cm syntactic foani 

FIGURE 2. Schematic diagram of the VACM, ADCP. and sphere and mooring frame, was deployed in 34 
thermistor moorings and their respective separation m water with the transducers 4 n~ above bottom. 
distances. The VACM utilizes a Savonius rotor. a 

mechanical vane follower, and a magnetic coni- 
pass to time-average east and north displace- 
ments and velocity. The manufacturer's speci- 
fied accuracy is 5 degrees in direction with a 2.5 
cms-1 threshold speed. VACMs were positioned 
under an aluminum torpedo-shaped subsurface 
float (230 kg buoyancy) a t  12 m, 19 m, and 28 n~ 
depths and sampled a t  15-min intenrals then 
averaged to hourly values. 

RESULTS 

ADCP Profiles 
The 614.4 kHz ADCP has four acoustic transduc- Two acoustic beams are necessaly to 
er  heads equally spaced in the azimuth (JANUS compute one horizontal current component and 
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a vertical velocity; the other beam pair computes 
the other horizontal component and a second 
vertical velocity. The difference between the 
t\vo independent estiniates of vertical velocity is 
ternled the el-ror velocity (RD Instrun~ents, 
19S9a) and is useful for evaluating data quality. 
Nonzero emor velocity values indicate either 
that the equipment is nialfunctioning o r  that hor- 
izontal inlioniogeneities in the water are present. 

hleans and standard deviations of the 
horizontal and vertical current components, 
error velocity, and scalar speed for each of the 
30 bins over the 142-day interval provide an indi- 
cation of data consistency. In bins 2 (-27.5 ni 
depth) through 24 (-5.5 m) (the bins within the 
8.5% profile range not contan~inated by side-lobe 
eliergy), the mean nlagnitudes of the long- 
period-averaged horizontal current components 
are very sriiall(< 1 cms-I), which is to  be expect- 
ed in polarized flow, but do show the dominant 
two-layer flow reginle during the thermally strat- 
ified season. Scalar speeds average 6.7 cnis-I 
with a range of <I  cms-1 over the 23 bins. The 
error velocity has a consistent small negative 
bias (-0.09) and standard deviation of i0.28 
cnis-1. The vertical velocities also show a nega- 
tive bias but, in general, are near zero. 

Side-lobe contamination results in 
increasingly large positive values of echo inten- 
sity and current parameters and their standard 
deviations in bins 25 (-4.5 m) to 30 (+0.5 m). The 
142day mean speed a t  -1.5 m, for example, was 
34(i15) cnis-I, which is nearly 4.5 times the 
mean speed, 7.6(*5.0) cms-1, a t  -5.5 m. This is in 
contrast to data presented by Schott (1986), 
Scliott and Johns (1987), and Appell e t  al. 
(1991), who showed that side-lobe contamina- 
tion biases the velocity values towards zero as 
the water surface is approached and intersected. 
Their explanation was that the additional energy 
from the vertically traveling side-lobe signal, 
which has essentially no Doppler frequency 
shift, causes the bias toward lower Doppler fre- 
quencies (velocities). As in the above referenced 
studies, echo intensity reached a maximum 
(-80 dB) a t  bin 28 (-1.5 m), which corresponds 
to the return of the main and'side-lobe beam 
echoes from the surface. Subsequent ADCP 
deployments in different lake and channel envi- 

(-28.2 m). However, the manufacturer recom- 
mends that data from bin 1 not be used because 
low initial backscatter relative to transducer 
ringing will adretsely affect this bin (RD 
Instruments, 19S9b). This effect tr7as demon- 
strated in our data by inconsistencies which 
appeared as a -1.2 cn~s-I Incan bias in the 
Uconiponent and -2.2 cms-1 mean bias in verli- 
cal velocity ~ rhen  compared to bin 2, a factor of 
5 change. The standard deviations are nearly 
equal for all bins, including bin 1, in the 85% 
range, which precludes using this statistic for 
determining data quality. The velocity error 
value is very near zero (-0.03) implying horizon- 
tal liomogeneity in the water. Low-pass filter 
skew errors described and ni~titerically estimat- 
ed by Chereskin et al. (19S9) are riot significant 
since the current sl~ear i n  the lower 3% of tlic 
profile is generally not large. Because of biases 
in bin 1, data froti\ the 27.5 m depth (bin 2) will 
be used for the coniparison with VACM data 
froni -23 m. 

A D C P  - VACM C o m p a r i s o n s  

Tr~bl(% I presents the means and stan- 
dard deviations of the east (U) and north (V) 
components and scalar speed (S) for the VACM 
and ADCP pairs at the three depths for the 
142day measurement period. Because of the 
absence of significant steady currents in Green 
Bay, near-zero vector mean speeds cause resul- 
tant velocities to be uninformative. Standard 
deviations of both current components and the 
scalar speed for the two meter types and for the 
three depths are nearly equal. The last colunin in 
Table 1 gives the arithmetic average of the 
hourly current directions. Recognizing that there 
are inherent problelils in scalar-averaging 
azimuths, the near-equal mean values suggest 
that both types of meters were measuring simi- 
lar directions. 

Tal)le 2 presents the difference (ADCP 
minus VACM) statistics froni hourly current 
components, speed, and direction data  Current 
component differences are less than 0.4 cms-1 
and standard deviations less than 3 cms-1. The 
small negative biases in the Ucomponent and 

rom-nents have shown similady large positive TABLE 1. ADCP and VACM current meter statistics May 23-October 11,1989. 
values as the water surface is approached. Meter Scalar 
Causes for these increases may lie in the fact Depth Meter u (u,) v (vw) sf'o (s,) DIR 
that smaller waves appear to have a greater bias- (,,,I (cm/s) (cm/s) (cmls) (deg) 
ing effect than larger waves (AppeU et al., 1991) -12.5 ADCP -0.1 (25.8) -0.1 (i5.2) 6.7(3.9) 171 
and that the pulse length was set to twice the bin -12.0 VACM tO.Z(k5.4) -0.2(+5.5) 6.7(t4.0) 169 
length, which reduces the spatial resolution. 
Also, wind-driven currents are largest at the sur- -19.5 ADCP -0.4(*6.2) -0.4(i5.2) 6.9(*4.4) 168 
face; some sn~all  part of the speed increase -1 9.0 VACM -0.2(i5.7) -0.5(i5.5) 6.8(i4.2) 166 
could be real. 

Bin 1, centered a t  the 28.5 m depth, is -27.5 ADCP -0.2(+6.5) -0.5(*5.7) 7.2(*4.8) 165 
at the level nearest the depth of the lower VACM -28.2 VACM -0.1 (26.0) -0.6(26.2) 7.3(i4.7)' 161 
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TABLE 2. ADCP minus VACM difference statistics (cms-1) Mav 23-October 11. 1989. and 28 m depths, respectively. A sample time . , .  
Depth Del  U Del V Del Spd Del O i r  

(in) Mean (sd) Mean (sd) Mean (sd) Mean (sd) 
-1 2 4.3(+2.7) 0.2(t2.4) O.O(t2.4) 7(t37) 

tlie positive biases in the V-component may indi- 
cate slight compass differences. Speed differ- 
ences, which are free of compass biases, are 
very near zero with standard deviations less 
than 2.5 cnls-1. 

While the above mean and difference 
statistics illustrate excellent correlation between 
tlie two current nietcr types at the three depths 
wlien averaged over the 14Xday measurenient 
period, substantial i~istantaneous velocity differ- 
c~iccs are present. Scatter plots of the four 
paranieters for each depth for the 142day peri- 
od and the unweighted linear regression statis- 
tics are presented in Figures 3.4, a~ld 5. These 
plots show that speeds are generally less than 
20 cms-1 while 87%,9P?, and 93% of tlie scatter 
was less than +4 cnis-I from unity for the 12, 19, 

FIGURE 3. Scatter diagram of ADCP versus VACM zonal (U), meridionat (V), speed (S), and 
direction data observed from May 23 through October 11,1989. Dashed line is the least- 
squares fit  (Y = a + bX) and R is the correlation coefficient. Depth of the data comparison 12 in. 

0 W) 20 30 40 0 90 180 270 300 

VACM ( a d s )  VACM (deg) 

series of current speeds measured by the ADCP 
and VACMs at the three depths and of contoured 
temperature data for a 20-day period in July 
1989 is shown in Figure 6. The larger differences 
at the 12 and 19 m depths are correlated with 
episodes of either low current speeds and 
changing directions at one of the nleter loca- 
tions or intense, oppositely directed two-layer 
flow associated with large vertical thermal and 
current gradients at the compari?o_n depth. For 
example, on July 14, temperature gradients of 
4°C and current shear as high as  11 cnis-1 
between the 1 l and 13 ni depth resulted in 
greater than 8 cms-1 speed differences and >90 
degree direction variations between meters at 
tlie 12 m depth. The large discrepancies in direc- 
tion indicate that the two nlclers were not nlca- 
suring in the same water mass bccause of the 0.5 
kn~ mooring separation. The largest differences 
at t11c 28 111 deptli arc linkcd to episodes during 
wliicl~ significant teniperature changcs penetrat- 
ed to this depth, thereby disrupting stratifica- 
tion. These events occurred when wind episodes 
of suf!icient strength and duration displaced the 
normally cool bottom-layer water with warmer 
water from southern Green Bay. This occurred 
most often in spring prior to the cstablislinicnt 
of niore stable sunimer conditions. During the 
fall cooling phase, variability near the bottom 
again increased as the upper levels cooled and 
the water mass approached near isothernial con- 
ditions. For this reason, the ADCP-VACM differ- 
ences between depths for the 142 days were 
comparable in magnitude but not highly corre- 
lated (Rc0.25). Spectral analysis of the conipo- 
nent differences showed significant energy at 
the inertial frequency (1.4 cpd) at the 12 ni 
depth, while the spectra at the other two depths 
was red, with no discrete frequencies showing 
significant energy. This is consistent with the 
forcing described above. Also, the regression 
coefficients and correlation during the 30 days 
with strongest stratification were nearly equal to 
those for the 142dayperiod. 

In summary, the comparison of cur- 
rents measured by an upward-looking ADCP 
with VACMs at three depths show very good cor- 
relation and are well within the accuracy of the 
instruments during a 142day deployment. In the 
low current velocity environment of Green Bay, 
mean current speed differences agreed to better 
than 0.2 crns-1 and standard deviations were less 
than 2.5 cms-1. Thii compares with standard 
deviations ranging from 3-to-6 cms-1 reported by 
Magnell and Signorini (1986) and Bos (1991) in 
other comparison studies. Thermal (density) 
sWica t i on  with large internal oscillations cou- 
pled with the 0.5 krn spatial separation of the 
two moorings were the primary cause of instan- 
taneous current differences. 

18 MTS Journal Vol. 27, No. 3 



ACKNOWLEDGMENTS 
This work was supported in part by the 

Great Lakes National Program Office, 
Environ~nental Protection Agency, througll an 
interagency agreement wit11 the Great Lakes 
En\iroru~~cnlal Researcll Lab, National Oceanic 
and .I\tn~osl~heric Ad~ninistration. GLERL 
Contr ibut io~~ No. 832. 

REFERENCES 
Appell, G.F.. Bass, P.D. and Metcalf, M.A. 1991. 

Acoustic Doppler current profiler ~~erfonnance in 
near surface and bottom bolrnda~ics. IEEE J.  of 
Oc.c,crtr ic Ettgittco-itcg 16390496. 

Ikardslcy. R.C. 1987. A co~nl)arison of the vcctor- 
a\.eraging cllrrent nletcr and new Edgerton, 
G m ~ l c s l ~ a ~ ~ s r .  and Crier, Inc.. vector-nlcasuring 
C I I I T ~ I I ~  IIIetcr on a surface mooring in co;lstal ocean 
dynan~ics esl)crin~'~~t 1. .I. Ccoph?/s. Rcs. 
92: I'%.%lS59. 

130s. 1V.C'. 1991. A co~nl)arison of two Doppler current 
profilc~s. IEEE J. Occuni*: Etcgitrecrittg 16:37441. 

Chereskin, T.K.. E. and Gast, J.A. 1989. 
Identifflng anti screening filler skew and noise bias 
in acoustic Dopplcr current profiler nlcasurements. 
J. Alttros. Orcottic Te~;lttcol. 61040-1054. 

Gottlieb. E.S.. Saylor, J.11. and Miller, G.S. 1990. 
C u ~ ~ e n t s  iuld water tc~nperatur~s observed in Green 
Bay. I21ke .\licl~ig,u~. Par1 I: Winter 1088-1989. Part 
11: Sun~n~er 1989. NOAA Tech. Menlo. ERL 
GLERG73.90 pp. 

Johns, W.E. 1988. Near-surface current measurenlents 
in the Gulf Strean1 using an upward-looking acoustic 
Doppler current profiler. J. Almos. Ocmtzic 
Tcci~trol. .5:602-613. 

Iimreit. 11. 1974. Response of a Savonius rotor to 
unsteady flow. J .  Mot-itra Rcs. 323593G4. 

Magnell. B..-\. and Signorini, S.R. 1986. Fall 19S4 
Delaware Bay acoustic Doppler profiler intercom- 
parison experiment. In: Proceedings of U t e  IEEE 
Tltit-d Il'o~kitcg C o n J w m r ~  on Cujmnt. 
Ifeaszm~tcenl, G.F. Appell and W.E. Woodward, 
eds., Jan. 22-24. 1986, Airlie. New York: Inst. of 
Electrical and Electronic Eng. VI, pp. 122-152. 

hlcCullough. J.R. 1975. Vector-averaging current meter 
speed calibration and recording technique. Tech. 
Rep. 7544. Woods Hole Oceanogr. Inst., Woods 
Hole, h U .  

Miller, G.S. and Saylor, J.H. 1985.'~urrents and temper- 
atures in Green Bay, Lake Michigan. J. Great Lakes 
Res. 11:9i-109. 

Miller, G.S. and Saylor, J.H. 1993. Low-frequency water 
volun~e transport through the n~idsection of Green 
Bay, Lake hfichigan, calculated from current and 
temperature observations. J. Great Lakes Res. 
19:3G1367. 

Pettigrew, N.R., Beardsley, R.C. and Irish, J.D. 1986. 
Field evaluations of a bottom-mounted acoustic 
Doppler profiler and conventional current meter 
moorings. In: Avceedings of the IEEE Third 
Wo~kitcg Co)z f~mce  on  Current Measurement, G.F. 
Appell and W.E. Woodward, eds., J a n  22-24,1986, 
Airlie. New Sork: Inst of Electrical and Electronic 
Eng. I?. pp. 150-162. 

FIGURE 4. Scatler diagram of ADCP versus VACM zonal (U), meridional (V), speed (S). and 
direction data observed from May 23 through October 11, 1989. Dashed line is the least- 
squares fit (Y = a + bX) and R is the correlation coefficient. Depth of the data comparison 19 in. 

0 10 30 40 0 180 

V A M  bn/s) VACM (deg) 

FIGURE 5. Scatter diagram of ADCP versus VACM zonal (U), meridional (V), speed (S), and 
direction data observed from May 23 through October 11,1989. Dashed line is the least- 
squares fit (Y = a + bX) and R is the correlation coefficient. Depth of data comparison 27.5 m 
(ADCP mid-bin depth) and 28.2 m (VACM depth). 

. . 

0 X) ' 2 0  30 40 0 90 (80 270 360 
VACM (cmls) VACM (deg) 

MTS JournaL - Vol.. 27, No. 3 19 



RD Instruments. 1989a ADCP principals of operation: 
A practical primer. San Diego, California 38 PP- 

RD Instnunents. 1989b. Velocity measurement bias 
errors in the ADCP. Technical Bulletin ADCP-89a. 

Saunders, P.M. 1980. Overspeeding of a Savonius 
rotor. Dcq-Sea Res. 12755-759. 

Schotf F. 1986. Medium-range vertical acoustic 
Doppler current profiling from submerged buoys. 
Deep-sea Res. 331279-1292. 

Schott, F. and Johns, W.E. 1987. Half-year long mea- 
surements with a buoy-mounted acoustic Doppler 
current profiler in the Somaii Current. J. Geophys. 
R ~ s .  92:5169-5176. 

Terry, W.E. 1986. Standards-why bother. In: 
Ptwmdings oJ Ute IEEE Tl~ilrl WoiolBit~g Corfleret~ce 
on Cut~enl Measurcnnml, G.F. Appell and W.E. 
Woodward, eds., Jan. 22-24, 1986, Airlie. New York: 
Inst.. of Electrical and Electronic Eng. i?, pp. 
22 1-223. 
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