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The Responseof Drifting Buoys to Currents and Wind
W. KRAUSS, J. DENGG, AND H.-H. HINRICHSEN
lnstitutfiir Meereskundean der Universit& Kiel, Kiel, Federal Republicof Germany

Two buoy types have been testedwith respectto their drift performanceunder drogued and undroguedconditions.Additionally,forcesacting on the buoyswere measureddirectly. Quadratic drag
laws have beenconfirmedfor the drag in water and the combineddrag of wind and waves.Stokesdrift
contributes about one half to the wind factor of 0.023, which is obtained for undrogued buoys in the
Atlantic. The forceson a windowshadedrogue are given by a linear relation between force and water

velocityfor speedsexceeding10 cm/s.They have beenextrapolatedto speedsof lessthan 10 cm/s by
both a linear and a quadratic relationship.Correlationsbetweendrift and wind speedin the Atlantic
suggestthat the linear law is a better approximationunder realisticconditions.Accordingto these
measurementsin the Atlantic the describedbuoy-droguesystemwith a windowshadedrogue in 100-m
depthis a goodcurrent-measuring
device.Slippageis negligiblefor wind speedsof lessthan 15 m/s and is
lessthan 2 cm/s under gale conditions.Undroguedbuoysare stronglyaffectedby wind and cannot be
usedfor the analysisof currentswithout correction,evenunder light winds.

1.

INTRODUCTION

Lagrangian drift measurementsare probably the oldest
method of measuring ocean currents near the sea surface.For
instance, drift data from ships, as collected by hydrographic
offices, represent the basis of the present charts of surface
currents. The ship's drift is the difference between the predicted and the actual position of the ship due to wind and wave
action. Despite the fact that a ship is possibly the worst drifter,
the data allowed the derivation of the large-scale circulation
pattern of the world ocean.
Systematic drift measurements in the near-surface layer
have been carried

out over decades with

drift

bottles

or drift

cards in plastic envelopes.This method gives only the starting
and final points of a trajectory. The first systematic use of
remotely positioned Lagrangian buoys is due to Stommel
[1954]. Since the development of techniques to locate the
position of the drifter by satellites,a large number of buoys
have been deployed in the ocean.In the central and northern
North

Atlantic

the most extensive

data set has been obtained

by the Institut ffir Meereskunde, Kiel. Figure 1 depicts the
10-day averagesof all trajectories obtained from 1981 to April
1988. It comprises58,010 buoy days,each typically comprising
4-10 locations by the Argos system.This is a unique data set
for studying the large-scalemean flow [Krauss, 1986] and its
mesoscale variability [Krauss and Kiise, 1984; Krauss and
Biininq, 1987], as well as tidal and inertial currents. The chart
will be supplementedin the northernmost areas by 20 buoys
in the Irminger Seawhich weredeployedin May 1988.
The buoys were releasedin order to study the geostrophic
circulation pattern near the sea surface. For that purpose the
buoys were drogued at 100-m depth in order to reduce the
influence
vertical

of wind-driven

Ekman

currents

and the associated

shear.

The quality of Lagrangian drift data obtained from buoys is
under debate. The entire system consistsof a buoy, which is
exposedto wind and wave forces; a tether line on which the
currentsdrag; and a drogue, which should minimize the near-
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surface effects and should follow the water mass as accurately
as possible.This water-following capability is essentialfor the
quality of a Lagrangian data set.
Unavoidably, owing to the permanent action of waves the
buoys eventually lose the drogues, probably after a drift of
half a year or longer [Richardson, 1981]. Examples of shorter
lifetime are also known [Kirwan et al., 1978a]. This may also
be the case in the northern part of the North Atlantic Ocean,
where during the entire year severe storms can pass by with
extreme wave heights. In most casesno dramatic changes can
be seen in the trajectories after the loss of a drogue. The
reason for that is barely understood, and systematic studies

are required in order (1) to distinguish drogued from undrogued drifters and (2) to clarify whether undrogued drifters
can still be used and related

to the real drift at the sea surface.

Drogue indicators have not been reliable enough in the past,
whether based on measuring the load of the drogue or on
measuring the tilt of the buoy. A reason may be that only
parts of a drogue are lost or that the entire systemchangesits
configuration and its responseas a result of biofouling. Newly
developed devices seem to be more promising (D. Hansen,
personal communication).
To elucidate the problem, we depict two extreme cases in
Figures 2 and 3, where drogue lossis obvious. Figure 2 shows
the trajectory of a buoy which was deployed with drogue on
April 13, 1986, in the western North Atlantic (44ø54'N,
47'31'W), passed the Faeroe-Shetland Channel in February

1987and followedthe NorwegianCurrent during 2« months
with an average speed of 15 cm/s, which seemsto be a reasonable value. In May 1987 the buoy started to drift in the opposite direction, slightly shifted toward the west. The drift

against the Norwegian Current continued for more than 2
months and contradicts any other observation in that area. It
was finally picked up by R/V Poseidon in November 1987.
The underwater part of the buoy was entirely covered by
barnacles.The buoy was undrogued.
Another example is shown in Figure 3 from the eastern
subtropical gyre. Trajectories 3582, 3585, and 3586 stem from
buoys which had been deployed in the western North Atlantic
in August 1984 and arrived in the area under 9 months of
drift. Buoys 3596, 5550, 5551, 5554, 5556, and 5559 had been
launched in the area in April 1985 and show the typical drift
in a current field which is composed of a mean flow and an
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Fig. 1. Trajectories of buoys in the central and northern North Atlantic, 1981-April 1988 (10-day averages).

eddy field. Drift is shown for both sets from June 1 to the end
of August 1985. Note the large difference in mean speed(Table
2a).
Many attempts have been made to get more insight into the
responseof Lagrangian drifters to the various forcesacting on
the system [Kirwan et al., 1975, 1979; McNally, 1981; Niiler et
al., 1987, etc.]. One of the problems is that a large variety of
buoys are used with many different shapes, ranging from
circular floats to cylindrical ones. The drogue configuration
may vary even more: parachutes, holey socks, windowshade
drogues, and various types of crossedvane drogues are in use.

Under stationary conditions,the sum of the forcesK i acting
on the different components of the systemmust vanish,

E Ki-- 0

(1)

i

These forces are (1) wind drag on the buoy, (2) current drag on
the submerged part of the buoy, (3) nonlinear wave action, (4)
drag of currents on the tether between the sea surfaceand the
drogue (the currents may change speed and direction along
the line), and drag on the drogue, if the components 1-4 pre-
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vent the drogue from drifting with the velocity of the surrounding water. These forces are generally assumed to follow
a drag law of the form
K = pcFlvlv/2

where p is the density of the surrounding fluid; F is the cross
area, which is exposed to the flow (or the entire surface); v is
the relative velocity; and c is a drag coefficient, which has to
be determined experimentally (and depends on the definition

of theareaF). Obviously,
theratioZi ciFi/CDFD
mustbesmall
in order to obtain good drift results (D refers to drogue).
Under ordinary conditions, K can be measured easily for
models of the real system under steady flow conditions. A
summary of steady-flow drag coefficientsfor most of the commonly used drogues is given by Vachon [1980].
If waves are present, the conditions become much more
complicated, even in tanks with rather regular waves. Lange
and Hiihne•fuss [1978] arrived at the conclusion that the surface drift due to gravity waves agrees well with the theoretical
Stokes drift velocity, if slicksare used as drift indicators. Using
relatively stiff and thick floats results in drifts up to 150%
higher. Under the combined effect of wind and waves, they
obtained drift speed to wind speed ratios of 2.6% to 5.5% for
slicks.

For floats, submersion and the configuration of the body
become critical. If the drogue line slackens in the wave
troughs, the buoy may surf down the front side of the wave.
Furthermore, wave breaking may force the buoy to move
faster than the surface water. On the other hand, high waves
may reduce the wind effects if large drogues are used and the
buoy is no longer able to follow the surface waves but becomes submerged under the wave crest. In this case the buoy
is mainly exposed to the wind field in the wave troughs during
severestorms, which may reduce the force.
Field
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Drift of buoy 5560 in the Norwegian Sea from February 24,
1987, until September 27, 1987 (5-day averages).

(2)

measurements

under

these conditions

are difficult

to

perform. Niiler et al. [1987] report results for wind speeds of
2-10 m/s and wave heights of 0.3-2.2 m. They compared drift
measurementsin the mixed layer with current velocities measured by two vector-averaging current meters attached to the
top and the bottom of their Tristar drogues. Comparisons of
trajectories of windowshade drogues in the mixed layer with
progressivevector diagrams from moored current meters have
been published by Richardsonand Wooding [1985].
Drift measurements are more critical in the mixed layer
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the experiments.
This may be consideredas a compromise

.• 0.".,0
m'-•

between artificial tank conditions and the deep ocean. In sections 3 and 4 we describe the test area and discuss the results.

0.:t5

0.10

In sections5 and 6 we try to relate them to resultsfrom data
in the North

Atlantic.
2.

BUOY-DROGUE

CONFIGURATION

During 1981-1987,two typesof buoyshave beenusedin
the North Atlantic, which are named according to the manu-

facturer:the Hermesbuoy and the Ceisbuoy.They are depict-

.........

).4

m'

ed in Figure4, theirtechnicalspecifications
arelistedin Table
1, assuming
a densityof 1027kg/m3 for the buoyancy
forces.
The buoysare similarin shape,but the Ceis buoy is heavier
andmoredeeplysubmerged
thantheHermesbuoy,andit has
only half of the net buoyancyif drogued.Thus the Hermes
buoyis moreexposedto wind,whereasthe Ceisbuoyis more
exposed
to wavesandcurrents.The maindifference
in shapeis
the more conical form of the Hermes buoy both above and

I

below sea surface.UndroguedHermesbuoysare inclinedby
about 50'• againstthe vertical,whereasCeis buoys remain
vertical.Comparedwith the droguedcase,wherethe windhas
to forcea verticalcylinderhorizontally through the water, the
Fig. 4. Buoy configurations
of the (left) Hermesand (right) Ceis submerged
part of the undrogued
buoymorecloselyresembles
buoys.
a ship'shull. evenif of complicated
form.We may expectthat
in this undroguedcasethe buoy feelslessresistancein the
than in the layer beneathbecauseof strong shearsin the water and is more exposedto the wind and the Stokesdrift.
Ekman layer, which may resultin kiting and lifting of the The tether line, which connectsthe buoy to the drogue, is a
It is linkedto both
drogue.The drag on the tetheris lessimportantif the cross nylonrope(Polyamid)of 14-mmdiameter.
drogue
area of the line is small comparedto the droguearea. With a endsof the upperbar of the drogue.The windowshade
droguein 100-mdepththe tetherline may be exposedto a is made of canvaswith iron bars at top and bottom. Its size is
complicated
currentprofile[Weller andHalpern,1983;Weller 2.80 x 6.00 m. The upper bar has a weight of 18.5 kg, the
et al., 1985; McNally and White, 1985]. Inertial waves may lower one 27.2 kg, and the canvas10 kg. The entire drogue
etc.)hasa weightof about 60 kg. The two
introduceadditional effects[White, 1986]. However, the main (includingshackles,
0.2:Ira •

slippageresultsfrom the action at the sea surface,which horizontal bars are connected at both ends by 14-mm nylon
rope,whichcarriesthe lowerbar. Its lengthis 5.5 m, which
The applicabilityof quadraticdrag laws is questionable. allowsthe drogueto bow in the current.Experimentsshow

makes it difficult to model the responseof the system.

Kitwan et al. [1978b] tried to correctthe trajectoriesof undroguedbuoysfor wind drag.It turnedout that the corrections due to the quadraticlaw, using real wind data of the
area, were unrealisticallylarge for high winds and that the

that the sail is orientedperpendicularto the current,yieldinga
crossarea of 15.6 m2 including the tether ropes. The entire

uncorrectedvelocitiesseemedto be a better representation of

bined wind and wave forces on the buoy, including Stokes

systemis shownin Figure 5. The followingforcesare acting
on the system:(1) K,•, wind force on the buoy; (2) Ks, com-

drift; (3) Kw, currentforceson the submerged
part of the
In thepresentarticlewe makean attemptto determinethe buoy;(4) KR,currentdragon the tetherrope(thecurrentmay
into a geostrophic
component,
whichis to be
forcesactingon the driftersystemwhichwe usein the North be decomposed
Atlantic(section2). As measurements
of the typedescribed
in
the subsequent
sectionscannotbe performedin the deep
ocean,we chosea shallowarea in the westernBaltic Sea for

the real velocities than did corrected ones.

TABLE 1. Specifications
of the Hermesand the Ceis buoys

BuoyData

Hermes

Ceis

Length,m

2.00

2.10

Maximum diameter, m

0.86

0.80

1.12
0.28
74
0.27
2720
1990
1540

1.50
0.75
90
0.22
2200
1300
850

0.41
0.43
15.60

0.21
0.45
15.60

Submerged
part with drogue,m
Centerof gravity,m*
Weightin air, kg
Volume, m3
Total buoyancy,N
Buoyancywithoutdrogue,N
Buoyancywith drogue,N
Crossarea above sea surface,m2
Crossarea below sea surface,m2
Crossareaof drogue,m2
*Below sea surface.

'lOOm

16rn
3m

Fig. 5. The buoysystem(with and withoutdrogue).
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measured at 100 m depth, and an ageostrophic component);
and (5) K D, current drag on the drogue (note from Table 1 that
the cross-area ratios between half of the buoy (that part which
is in air or water) and the drogue is in both cases approximately 3:100). On average,
Kr + K w + KR + KD = 0

(3)

ß

•Tf

200•

must hold.
3.

THE TEST AREA

For logistic reasons, Kiel Bay and the Fehmarn Belt have
been chosen for the test. Kiel Bay is a shallow area of about
18- to 20-m depth. The Fehmarn Belt is one of the main
connections between the Baltic Sea and the North

Sea. The

currents there are prescribed by topography and coastal configuration. The usual current system consistsof outflow from
the Baltic Sea in the upper layer and inflow of more saline

water in the deeper layers. The average depth in the channel,

50

0

0

Oi

02

03

04

05

06

07

08

v/m s-•

where the maximum currents are observed, is 28 m.

Current speed depends strongly on the large-scale wind
fields and the resultant

sea level difference

between

the Baltic

and the North Sea. This large-scale difference in sea level
controls the flow, which is little influenced by local wind. In
Kiel Bay, currents are weak and variable.
The width of Kiel Bay is about 50 kin, and that of the
Fehmarn

Belt is 20 kin. Measurements

were carried

out with

R/V Poseidon between November 24 and December 3, 1987,
under wind speedswhich varied from 0 to 20 m/s. Wind was
routinely measured (averages of 4 rain) at a height of 22.5 m.
Tests have shown that the speed at this level is not significantly different from that at 10 m but decreasesby 2 m/s
between

10 m and 1 m above

Fig. 6.

sea surface.

Currents between 1-m and 6-m depth were measuredwith a
small drift buoy, which was designedto have a very small drag
area ratio between buoy and drogue. The buoy is a double
cone of 30-cm diameter and a total height of 60 cm, being half
exposedto the wind and half to the water. Its buoyancy is 14.5
kg. The tether between buoy and drogue had a length of 60
cm and an additional weight of 5 kg. The drogue was a biplanar crossed vane of 1 m x 4.75 m canvas, stabilized by a
weight of 2.5 kg. The cross-sectionareas of buoy and drogue
have a ratio of 1'50. They have proven to be very good
indicators of the real current in that depth. Location was by
Decca with an accuracy of +20 m. Wave height was measured with a wave rider buoy, if necessary.
The small buoy has been designedin connection with dye
measurements [Krauss, 1965]. During winds of up to 8 m/s a
solution of rhodamine was released around the drifter, and the

motion of the buoy was observed with respect to the dye. In
the homogenous surface layer without vertical shear, kiting
has not been observed, and the accuracy of the velocity
measurements was in the range of + 1 cm/s.
The experimentsdescribedin the subsequentsectionshave
been carried out during November-December, when the
upper 10 m of the water column are well mixed in Kiel Bay.
As was mentioned previously, the currents are steered by topography and coastal configuration and are driven by the
large-scalepressuredifference.Ekman spirals are not observed
in the area. Vertical shear in the upper meters, therefore, results only from Stokes drift at high wind velocities.The performance of the small drifter at high wind speedsmay be seen
directly from Figure 8, which displays the velocity vector v of
the small buoy and those of two undrogued buoys, which are

Forces on the buoy (in newtons)as function of current velocity (meters per second).

exposed
to windandcurrent
(Vo,andv•,,).Thewindblewin
the direction of 249 ø, and the difference vectors have directions of 249ø and 249.5ø, which is consistent with the accuracy
given above (a deviation of 1ø would correspond to 1 cm/s in
this case).
The

main

difference

between

the test area and the ocean

near the sea surface is the limited fetch in Kiel Bay and, consequently, a different sea state. In the center of Kiel Bay, fetch is
limited to 15 nm. In November the most frequent wave period

is 3-4 s, and the significantwaveheightH•/3 takesvaluesless
than 1.5 m in 96% of all cases.A fully developed sea exists
only for wind speed of less than 6-8 m/s. This has consequencesfor the Stokesdrift and yields different drift characteristics for high wind speed. Nevertheless, the data obtained
there give very useful results, if combined with those from the
Atlantic

Ocean.

4.

RESULTS FROM

KIEL

BAY

The measurements consisted of two types. (1) Forces on
buoy and drogue were measured from the anchored ship
either in the currents of the Fehmarn Belt or by towing the
body towards the ship with constant speed. If required, the
ship was anchored at bow and stern in order to guarantee a
stable platform. (2) Drift measurements of undrogued buoys
were made under various wind conditions. Positioning was by
Decca.

4.1.
Due

Forces Actinet on the Buoy
to Currents

The ship was anchored in different parts of the Kiel Bay
where currents were weak. The buoy was released and then
towed toward the ship by an electric winch with various
speeds. A thin rope was used for towing. Forces were measured with a dynamometer; the currents at the location were
measured simultaneously with the small drifter mentioned previously.
The results are displayed in Figure 6. Each data point includestypically 10-30 measurementsof force and four of current speed, yielding the error bars in the figure. As data of the
Ceis buoys are not essentiallydifferent from those of Hermes
buoys, data from both types are included in the figure (the
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by the averageincreaseof K D with v,
600

K D - 2580 v

v > 0.08 m/s

(7a)

N

and the mean offset of- 8.5 has been neglected.
During the cruiseit was not possibleto extend the measurements into the range v < 0.09 m/s, which is required for the
interpolation of the drift performanceof the system.In Figure
7 the linear law is supposed to hold in the entire range
0 < v < 20 cm/s.

400

200

0
0

0.05

0'10

0 '15

As was pointed out by one of the reviewers,this may be
questionable.Laboratory experimentsindicate that the drag
coefficientis dependenton the Reynoldsnumber, which yields
a quadratic law for small velocitiesand a linear one for large

0 20

vim

Fig. 7.

Forces on the drogue.

drag on the Hermes buoy is slightly smaller). The top (solid)
curve was obtained with a buoy where the load of the drogue
was simulated by a weight of 50 kg directly at the bottom of
the buoy. Thus this buoy stands vertically in the water as
under drogue conditions. The bottom (dashed) curve results
from buoys without additional weight, like undrogued buoys.
They were inclined to the vertical by about 50ø owing to the
ntissing weight at the bottom. Solid and open circles indicate
buoys with an additional frame. They are slightly more exposed to wind.
Quadratic laws are obtained in both cases for velocities
which exceed 0.2 m/s. For values of less than 0.2 m/s a linear
approximation would be possiblein order to reduce the force
to zero at zero velocity. However, it is more likely that the
curves are offset by an additive force due to the movements of
the ship. The resultant relations are

Kw = 23.5+ 346 v2

(4)

for the buoy without weight (inclined to the vertical) and

Kw = 31.4+ 630 v2

(5)

for buoys with weight (vertical position).
All forcesare given in newtons (N), and speedsare in meters
per second. It should be mentioned that these measurements
were made under light wind conditions and therefore do not
include

wave

and wind

effects. For further

considerations

we

neglect the offset in (4) and (5) and use

Whether

or not such a relation

also holds in the

ocean is unknown. For comparsion we additionally used the
quadratic law. According to the laboratory resultsof Vachon

[1980], the linearlaw shouldbe appliedif KD/WD exceeds0.5,
where WD is the weight of the drogue.In the presentcasethis
correspondsto K D -- 200 N or v • 0.08 m/s. If we fit a quadratic law through K D - 200, v - 0.08, we obtain

K D = 31,250v2

(7b)

which results in a considerable reduction of the drag for small
velocities.

It will be shown in sections 5 and 6 that this is not

consistent with observations

in the Atlantic.

In order to get an insight into the behavior of the system
under large waves,the drogue was lifted vertically with speeds
between 0.05 and 0.1 m/s. Forces of about 2500 N were measured due to the drag. As the buoys have a net buoyancy of
only 1540 N (850 N in case of the Ceis buoys), the buoy
cannot lift the drogue in heavy sea,where orbital velocitiesof
several meters per second occur. Instead, the buoy becomes
submergedunder the wave crestsif stretchingof the rope
cannot balance the difference between wave crest and trough.
With a stretch rate of 5%, this will occur for waves higher
than about 10 m, if the drogue remains in 100-m depth relative to the undisturbed

4.3.

surface.

Direct Wind Influence

The force on the part of the buoy that is directly exposedto

K w = 350 /92

(6a)

K w = 630 /92

(6b)

for buoys without and with weight, respectively.The larger
coefficient for the buoy with weight results from the fact that
the buoy is more deeply submergedin the water.
4.2.

velocities.

the wind is difficult to determine, because of simultaneous
wave action. However, as a fully developed sea cannot exist in
Kiel Bay for wind speedsbeyond 8 m/s, force measurementsat
high wind speedshow mainly the direct wind effect.
During the cruise, just one such situation occurred. For a
wind speed of 14 _+0.9 m/s we measured 30 + 9 N. This

would suggesta relation

0.15 W 2

Forces Acting on the Drogue

The ship was anchored in different parts of the Fehmarn
Belt in order to measure the forces exerted on the drogue
under various current conditions. In order to prevent the
drogue from bowing, the drogue was stiflened mechanically by
a frame. The windowshade drogue was kept at a distance of
50 m from the ship and in a vertical position. It could take
any orientation to the current vector. It turned out that the
shade was always oriented perpendicular to the current with
little variations. The results are depicted in Figure 7 and can
be described by a linear relationship. The lowest data point
(120 N) is based on very few measurementsand may be erroneous.If it is omitted, we obtain K D = 43 + 2270 v; otherwise, K = --60 + 2890 v. In Figure 7 the straight line is given

(8)

where W is wind speed. However, we will not make use of
that.

4.4.

The Combined Influence of Wind

and Waves

The drift of a body at the surfacedependson the wind force
Ka; the frictional force K w, which results from moving the
body through the water; and the displacementof the body by
the surface currents. Measurements in the past gave a linear
relationship between drift velocity and wind speed at 10 m,
v = kW, without any significant deflection of the drift direction from the wind direction. Here, k is called the wind factor

and dependsstrongly on the thicknessof the layer represented
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result from the variability of the wind speed during the
measurements,which lasted typically 3-4 hours.
The data for wind speeds of less than 10 m/s yield the
relations

v = 0.053 W
i

i

i

60

I

i

40

i

(12a)

for unweightedbuoys and

,

20

0

v -- 0.037 W

?'/½m $-'•

(12b)

for buoys with 50 kg weight. The measurements at 17-m/s

Fig. 8. Observed
velocityv in 1- to 6-mdepth,driftvelocities
(withweight)and VD,
' (withoutweight),and velocities
VDiff
' and VDiff,, wind velocity gave drift speedsof 0.41 and 0.21 m/s for these
due to the combined wind and wave action (wind from 69ø).

by the drift body in the water. Values varying between 1 and
4.3 have been reported [Tornczak, 1964], with the highest
values for drift cards and oil films at the surface.

Surface currents may be separated into Stokes drift and
other currents at the sea surface,like tidal currents, geostrohic
currents etc. The Stokes drift is due to waves of finite amplitude and is given by
a2toK

(rs)= 2sinh
2•:Hcosh
2tc(z
+ H)

(9)

buoys. As outlined above, the sea is not developed at high
wind speeds.We therefore added the Stokes velocities in shallow water (0.022 W) to the measured data and incorporated
these corrected values into Figure 9 for comparison. As was
already mentioned in connection with Figure 8, submersion of
an undrogued body has a large influence on the drift speed.
4.5. Discussionof the Results
in Kiel Bay

Force measurementsare difficult to achieve on a ship and
may yield large error bars. However, we believe that shipboard measurements are more representative for real conditions

than are measurements

ditions

of a wave

made under the artificial

con-

where coand •: are frequency and wave number, respectively,a
is amplitude, and H is water depth. For a fully developedsea,
G. Neumann (cited by Dietrich et al. [1980, Table 8.02]) has

with R/V Poseidon
(1050 tons),whichwasa rather stableplatform if anchored at bow and stern. Unavoidably, these

tabulatedcorrespondingvaluesof mean waveperiod%, mean
wave length it"., and mean wave height h". as a function of

transferred

wind speed.From this table we derive the following relations:

will be shown in section 5, this yields a reduction of the wind

tank.

The

measurements

have

been made

measurementscan be made only in shallow water and must be
to oceanic conditions

with a different

sea state. As

factor under oceanic conditions, whereas the Stokes drift is

r". = 0.55 W

it., = 0.32 W2

hm-- 0.02 W2

(10)

increasedin Kiel Bay by the depth factor in (9).
Furthermore, the buoys may be submerged more often in
heavy seas in the Atlantic than in Kiel Bay, which would

(11)

further reduce the direct influence of the wind. Nevertheless,

Substitution into (9) yields

(Vs) = O.011 W

we can deduce from these results the main forces acting on a
drogued or undrogued system. For wind speedsof up to 17
m/s we have shown that undrogued buoys are strongly affected by direct wind and wave action. This holds both for
buoys floating at the sea surface and for buoys which are
drifting under similar conditions as if they were drogued.
Buoys that have lost their drogues may respond in any way
Under "combined influence of wind and waves" we summawithin the range described by the two cases, depending on
rize the resulting drift velocity of an undrogued buoy due to fouling and other factors.
The drag law for resistance in water (equation (6)) correthe direct wind influence, the drag due to (6), the Stokes velocity v•, and the direct wave action (surfingetc.).Drift measure- sponds to the expected quadratic law, and the velocity range
ments have been carried out in Kiel Bay. Velocity was mea- from 0 to 0.7 m/s covers the entire range which may occur in
sured again with the small drifter. Buoys with and without 50 the ocean as velocity difference between drogue depth and sea
kg weight were used.The location was by Decca. An example

a direct proportionality between drift and wind velocity at the
surface in deep water. As outlined in section 3, Kiel Bay is a
limited area where a fully developed sea can occur only for
wind velocities of less than 6-8 m/s. Furthermore, the water
depth is about 20 m, which doubles (%) near the surface
owing to the depth factor in (9).

of the combined

influence

of wind

and

waves is shown

in

Figure 8. The wind was 17 m/s from 69ø;vo,and vo,,are the
drift velocities of the buoy with 50 kg weight and without

weight,respectively,
and VDiff,and VDiff,,
are the corresponding

•. '1'0
L

WI,,
•_HOUT
WEIGHT

difference vectors due to wind and waves, which have the
same direction. This shows the large influence of wind and
waves on undrogued buoys. It further elucidatesthat the drift

velocity of these buoys is strongly dependenton the submersion of the buoy.
If we subtract the current velocity (measured with the small
buoy) from the drift velocity, we obtain the resultant velocity

due to wind and waves, VDiff,as function of wind speed W.
This is plotted in Figure 9. The dots refer to buoys without
weight, the circles to those with 50 kg weight. The error bars

0
0

, I
5

10

15

20

WIND/m s-I

Fig. 9. Drift velocitiesvmff as functionof wind speed.Solid circles
correspond to buoys without weight, and open circles correspond to
buoys with 50 kg weight. Solid lines indicate least squaresapproximations in the range W < 10 m/s.
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In order to study the influence of wind and waves on drogued and undrogued buoys in the Atlantic, we use two data
sets which clearly show that some of the buoys lost their
drogues. The first set is shown in Figure 3; the second set is
shown in Figure 10a. In Figure 10a, December 1 on each
trajectory is marked by a dot. A detailed study shows marked
differences between the trajectories before and after this date.
Exceptions are the three trajectories given by heavy lines.
Figure 10b depicts the meridional displacement of four buoys
over a period of approximately 1.5 months in AugustSeptember (left) and December-January (right). Whereas the
displacements are obviously uncorrelated during the first
period, the excursionsoccur simultaneouslyduring the second
one. Such simultaneous displacements in an area which extends 5u in latitude can only result from large-scale wind effects. Inspection of the corresponding weather maps showed
severewesterly storms during December 1983, which extended
over the entire northeastern North Atlantic. The average
mean zonal drift speed of these four buoys increased from 3.2
cm/s during the first period to 24.4 cm/s during the second
one. This further supports our conclusion becausemean velocities at 55•N decrease from the central North Atlantic (positions in August) toward the eastern North Atlantic rKrauss,
1986].
In Tables 2a and 2b we summarize some statistical parame-

ters of both data sets.Although no definite proof can be given,
we refer to the subsetsas drogued and undrogued buoys, respectively.
In the subtropicaleasternAtlantic (Table 2a), undrogued
buoysshowmean drift speedsof 31 cm/s and speedvariances
of 170 cm2/s2. The correspondingvaluesof droguedbuoysin

Fig. 10. (a) Trajectoriesof 11 buoysin the easternNorth Atlantic
in 1983,drifting from westto east.Dot marks December1. (b) Meridional displacementof four buoys of the data set of Figure 10a during
(left) August-September1983 and (right)December-January 1984.

that area are 9 cm/sand 24 cm2/s2. Thus speedof undrogued
buoysis 3.6 timeslarger and varianceis 7.0 timeslarger than
for droguedbuoys.Acceleration
differsby a factorof 1.7,and

surface. For the forces on the drogue we obtain a linear re-

West of Ireland during winter 1983-1984 the situation is
similar.Speedand its variancediffer by factorsof 2.1 and 3.6,
respectively.
The corresponding
factorsfor accelerationand its

lationship betweenforce and current speedfor v > 0.08 m/s,
which is far beyond the range of interest.The ratio of drogue
surfaceto buoy surfacemust be chosensuch that only a few
cm/s occur relative to the drogue.
The main results of these measurements are as follows.

its variance differs by a factor of 3.6.

variance are 1.4 and 2.5. The strong increasein variance seems
to be a good indication of wind effects.
In order to elucidate the relation between drift speedand

wind speed,daily averagesof the drift speedhave beencom-

1. A relative velocity of 10 cm/s exertsa force of 3-6 N on puted and comparedwith wind speedin the area of each
a buoy of the type describedin section2. The value depends buoy.Wind speedwastaken from daily weathermapsat 0000
UT. The nearestship observationswere usedand extrapolated
on the submersion of the buoy.
2. The forceon a windowshade
drogueof about 15 m2 to the buoy position accordingto the pressurefield. This
amountsto about 25 N if the slippageis 1 cm/s and the linear rather crude method turned out to be accurate enough to
law is extended to the range v < 8 cm/s. In the case of the derive a relation. The data have been grouped into classes;
quadratic law the force would be only 3 N, and the system each classinterval has a width of 5 knots (2.57 m/s) as listed in
Table 3 and plotted in Figure 11.
would be under strong wave and wind influence.
Figure 11a depictsthe relation betweendrift speedand
3. The direct influence of the wind is important. For a
moderatewind speedof 10 m/s, 15 N are acting on the buoy. wind speedfor the easternsubtropicalNorth Atlantic.UndroWind speedin all casesrefersto measurements
at 22-m height. guedbuoysyieldthe relation(in metersper second)

Comparisons
haveshownthat the valueat 10 m is not significantly different from that.
4. The combined influence of wind and waves yields drift

velocitiesof 0.4-0.5 m/s for undroguedbuoysat a wind speed
of 10 m/s dependingon the submersionof the buoy. Thus data
from undroguedbuoys of the type describedrequire a very
detailed knowledgeof the wind field and the submersion,in
order for reliable current fields to be derived from their drift.

v = 0.15 + 0.021 W

(13)

where the correlation coefficient is r - 0.92.

Droguedbuoysshowno wind dependency'the formal relation is

v = 0.08 -- 0.0008 W

(14)

with r =--0.58. We interpret the mean valuesof 0.15 and
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TABLE

2a.

Statistical Parameters of Buoys Assumed to Be Drogued and Undrouged During
June 1 to August 30 in the Subtropical Atlantic

Mean speed Ivl,

Var Ivl,

Acceleration lal,

Vat lal, (cm/

cm/s

cm2/s
2

cm/s2 x 10--4

S2)2 X 10-8

Buoy

Undrogued
3582
3585

35.9
28.2

172.8
166.6

6.9
6.6

21.3
17.1

3586
Mean

28.9
31.0

169.5
169.6

7.9
7.1

33.7
24.0

3596

10.4

44.4

4.6

9.8

5550
5551
5554
5556
5559
Mean

10.5
6.8
7.8
9.4
7.5
8.7

26.9
12.4
30.0
19.0
13.7
24.4

4.9
4.5
3.5
3.5
3.3
4.1

8.9
8.4
4.7
4.4
3.8
6.7

Drogued

0.08 m/s in (13) and (14) as mean drift velocities at zero or 100
m, respectively,due to local currents at the average position of
the buoys. The dependency between drift speed and wind
speedfor undroguedbuoys is then
v = 0.021 W

(15)

West of Ireland (Figure 1lb) the relations are
v = 0.14 + 0.025 W

r = 0.97

(16)

r = 0.63

(17)

for undrogued buoys and

From

these measurements

recovered

v - 0.12 + 0.0035 W

v = 0.025 W

(18)

This increase in speed of undrogued buoys with increasing
wind speed is remarkably similar in both areas and highly
significant. It amounts to about double the Stokes drift, indicating that wind and waves are equally important for the drift.
Relation (18) also indicates a small influence of wind on
drogued buoys, but correlation is weak (r = 0.63). This results
mainly from the data at wind speedsof 18 and 21 m/s, which
have the highest variance. If we omit these points, the relation
is v--0.13 + 0.0016 W, and r = 0.5. With wind speedsof 20
m/s (strong gale) we then would have a slippageof 3 cm/s.
TABLE 2b.

that

the use of a

after

several

months

of drift

in the Atlantic

were

covered by barnacles on the submerged part of the buoy,
which

for drogued ones,yielding

we conclude

quadratic law for the drogue forces at low velocities is not
appropriate. The increaseof drift speedof undroguedbuoys as
a function of wind speed in the Atlantic is in good agreement
with the resultsfrom Kiel Bay. In the Atlantic we have a wind
factor of 0.023 on average, to which the Stokes drift contributes 0.011, leaving 0.012 for the wind. In Kiel Bay, shallow
water effectsdouble the Stokes drift to 0.022. Adding the wind
effect of 0.012 yields 0.034, which is very close to the value
0.037 of the undrogued buoy with 50 kg weight. All buoys

would

have increased

friction

in water

and caused ad-

ditional submersion.The reduction of drift velocity in the Atlantic compared with Kiel Bay is thereforenot unexpected.
We finally mention the large error bars in Figure 11. Part of
them may result from the wind data, if the observationsfrom
midnight are not representativefor the entire day (as is to be
expectedespeciallyin mid and high latitudes).Another reason
may be the rather crude method of extrapolation, as mentioned above. Furthermore, different submersion of the buoys
may influence the results.We presently use the wind data of
the European Centre for Medium Range Weather Forecasts
for a detailed analysisin order to separatebuoys with drogues
from undrogued ones.The first resultsfully support the above
conclusions:drogued buoys show no significant relation be-

StatisticalParametersof Buoys Assumedto Be Drogued and UndrougedDuring
December 1, 1983, to February 28, 1984, West of Ireland

Mean speed Ivl,

Var Ivl,

Acceleration lal,

Var lal, (cm/

Buoy

cm/s

cm2/s
2

cm/s2x 10-4

s2)2x 10-8

3560
3563
3564
3566
3567
3569
3572
3575
Mean

56.5
22.4
52.3
46.0
32.4
28.1
55.6
34.8
41.4

717.4
766.5
535.0
946.6
302.6
1019.0
692.8
258.9
654.9

16.2
8.6
14.5
13.0
11.6
7.4
16.2
9.5
12.1

171.1
105.4
123.5
133.6
54.8
122.7
130.7
40.0
110.2

3561
3562
3671
Mean

18.8
14.7
25.4
19.6

189.3
64.9
287.1
180.4

8.6
9.5
9.2
9.1

28.4
30.0
33.7
30.7

Undrogued

Drogued
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TABLE 3. Number of Daily Data Points(Drift Speed)in 5-Knot Intervals of Wind Speed
Wind Speed, knots
0

5

10

Undrogued
Drogued

11
40

'"
10

111
223

Undrogued
Drogued

......
......

15

20

25

30

35

40

45

78
57

43
29

17
26

8
4

Subtropics

84
129

44
80

7
19

West of Ireland

52
21

47
36

94
47

68
36

One knot is equal to 0.514 m/s.

tween drift and wind whereas undrogued buoys move in wind
direction with 2-3% of the wind speed.
6.

CONCLUSIONS

The data from the Atlantic support our results from Kiel
Bay: undrogued buoys of the type used are strongly influenced
by wind and sea. As the resulting drift is nearly half due to
wind and half due to Stokes drift, other buoy types can modify
these results only slightly. Elimination of data from undrogued buoys therefore becomes essentialin order to use a data
set for detailed analysis. Otherwise, only the first few months
should be used, as was done by Krauss and Bb'ning [1987].
Even in areas of very strong currents like the Gulf Stream or
Gulf Stream extension area, severe storms yield deviations
from the real velocities, which cannot be neglected. The performance of drogued buoys of the configuration described in
section 2 is good. The results of the previous section show no
correlation with the wind in the subtropical gyre and only a
slight dependenceon wind speed during heavy winter storms
west of Ireland. This can be quantified on the base of our force
measurements.

The combined drag of wind and Stokes drift on buoys must
follow a quadratic law,

K z = aW 2

therefore without weight), must yield the linear relation
t,= 0.023 W, where the average value of the two data sets has
been used as factor. Substituting v into the relation for K w
and setting it equal to (19) yields a -- 0.18. The drogued buoy
is less exposed to both the wind (deeper submersion) and the
Stokes drift (exponential decrease with depth). If we use the
same value of 0.18 for drogued buoys, the drag from wind and
waves is overestimated. This will give us an upper limit for the
slippage of the system.
Let K R be the force on the rope due to currents. If we use a
drag coefficient of 1.2 (infinitely long cylinder) and assume a
quadratic law, the drag exerted on the rope (100-m length,
1.4-cm diameter) is given by

K R = 860 v2
We consider

(20)

two cases.

Case 1: Wind slippage At; of the system. The balance of
forcesis given by

K s=K w+ Kn+K

D

(21)

with the forces K i accordingto (6b), (7a) or (7b), (19), and (20).
This yields

At;= --0.866 + (0.8662+ 1.208x 10-4 W2)1/2 (22a)

(19)

At,--2.34 x 10-3 W

(22b)

because in the undrogued case the balance of (19) with the

frictional force (equation (6a)), Kw= 350 v2 (undrogued, dependingon whether (7a) or (7b) is used

The result based on a linear drogue force is shown in Figure
12 (solid line), for the quadratic law the dotted curve holds.
For a wind of 15 m/s we obtain a slippage of 1.5 cm/s as
upper limit according to our choice of a in (19). The quadratic
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Fig. 11. Drift velocities as function of wind speed (both in meters
per second) for drogued (solid line) and undrogued (dashed line)
buoys (a) in the subtropical North Atlantic and (b) West of Ireland.
(Drogued buoys have been shifted by 0.2 m/s to the right in order to
distinguishthem from the undrogued ones in the figure).
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Fig. 12. Theoretical slippage Av (in meters per second) of the
drogue due to wind and wave action (bottom) scale)and currentsin
the mixed layer (top scale):solid line, case 1 with linear drogue force;
dotted line, case 1 with quadratic drogue force; dashed line case 2
with linear drogue force; dashed-dotted line, case 2 with quadratic
drogue force.
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law would result in 3.5 cm/s, which contradicts Figure 11a.
The mean wave height under these conditions amounts to 4.5
m, and the mean height of the 10 highest out of 100 consecutive waves is 8.8 m. If the rope stretches by 5% (5 m), the buoy
will already become submerged under the wave crest, which
further

reduces

the

direct

wind

influence.

This

holds

even

more for higher wind speeds.We therefore believe that wind
slippage is lessthan 2 cm/s under all conditions.
Case 2: Currents in the mixed layer. With a Coriolis pa-

rameterf= 10-'• s- • and a drag coefficientof 1.2 x 10-3 for
wind stress, Ekman currents averaged over 30-m depth are

,4tlantic Ocean, vol. 1, Observations,218 pp., Springer-Verlag, New
York,

1985.

Kirwan, A.D., Jr., G. McNally, M.-S. Chang, and R. Molinari, The
effect of wind and surfacecurrents on drifters, J. Phys. Oceanoqr.,5,
361-368,

1975.

Kirwan, A.D., Jr., G. McNally, E. Reyna, and W. J. Merrell, Jr., The
nearsurfacecirculation of the easternNorth Pacific,J. Phys. Oceanmdr.,8, 937-945, 1978, 1978a.

Kirwan, A.D., Jr., G. McNally, and S. Pazan, Wind drag and relative
separation of undrogued drifters, J. Phys. Oceano#r.,8, 1146-1150,
1978b.
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surface current response to wind, J. Phys. Oceano#r., 9, 401-412,
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given by the relation ff = 4.77 x 10-4 W 2 (m/s). Correspond- Krauss, W., Theorie des Triftstromes und der virtuelien Reibung im
ing values are 0.05, 0.11, and 0.30 m/s for wind speedsof 5, 15,
and 25 m/s. We replace the Ekman spiral by a constant cur-

rent /20in the upper 30 m (according to the mean Ekman
values). Then a drag acts on the buoy and the upper 30 m of
the rope and tends to move the system against the resistance
of the remaining rope and the drogue. The force balance is
given by

Meer, Dtsch. Hydrotdr.Z., 18, 193-210, 1965.
Krauss, W., The North Atlantic Current, J. Geophys. Res., 91(C4),
5061-5074,

in the northern

(23)

yielding a slippage

Av = a -- (a2 -- 3.105/202)
1/2

a = 4.511+ 3.077/2
o

(24)

Here,KR(• •- (/20-- A/2)
2,andKR(2),•, (A/2)
2.
This is depicted in Figure 12 as a dashed line for the linear
drogue force. The slippage is less than 2 cm/s, which may
again be consideredto be an upper limit becauseif the Ekman
vector were used,part of the forceswould canceleach other. If
the quadratic drogue force is applied, we have

At; = 0.143 vo

(25)

North

Atlantic

as deduced

from

satellite-tracked

buoys, J. Mar. Res., 45, 259-291, 1987.
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of a mixed layer drifter, Deep Sea Res.,34, 1867-1881, 1987.
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which gives the dashed-dotted line in Figure 12. Again, this
Stommel, H., Series observations of drift currents in the central North
slippage contradicts the observationsdepicted in Figure 11a,
Atlantic Ocean, Tellus, 6, 203-214, 1954.
which are completely uncorrelated with the wind. We thus Tomczak, G., Investigations with drift cards to determine the influence of the wind on surface currents, Stud. Oceanogr., 129-139,
come to the conclusion that even under gale conditions the
1964.
slippageis lessthan 2 cm/s for each of the two casesand can
Vachom W. A., Drifters, in Air-Sea Interaction: Instruments and
be tolerated. Under average conditions, we have wind speeds
Methods, edited by F. Dobson et al., pp. 201-218, Plenum, New
of less than 9 m/s in the northern North Atlantic during
York, 1980.
summer and less than 13 m/s during winter I-lsemer and Weller, R. A., and D. Halpern, The velocity structure of the upper
ocean in the presence of surface forcing and mesoscaleoceanic
Hasse, 1985]. The total slippage in summer should be less
eddies, Philos. Trans. R. Soc. London, Set. ,4, 308, 327-340, 1983.
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cm/s in winter. This is to be compared with rms velocitiesof
C. Boardman, Three dimensional flow in the upper ocean, Science,
20 cm/s in the eddy fields [Krauss and Bb'nin•t,1987] of that
277, 1552-1556, 1985.
area. At mid-latitudes and in the subtropical gyre, slippage is White, W. B., Vertical Reynolds stressdivergencein the upper ocean
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