Ocean Sci., 6, 30B10, 2010 g"‘»\ ]
Wwww.ocean-sci.net/6/301/2010/ GG Ocean Science
© Author(s) 2010. This work is distributed under _

the Creative Commons Attribution 3.0 License.

Entrainment in the Denmark Strait overflow plume by meso-scale
eddies

G. Voet and D. Quadfasel
Institut fur Meereskunde, KlimaCampus, University of Hamburg, Hamburg, Germany

Received: 14 October 2009 — Published in Ocean Sci. Discuss.: 11 November 2009
Revised: 16 February 2010 — Accepted: 21 Februay 2010 — Published: 1 March 2010

Abstract. The entrainment of buoyant ambient water into the transport. About another 6 Sv are supplied as source wa-
overflow plume of Denmark Strait and the associated down+ers from the Nordic Seas. These water masses pass the
stream warming of the plume are estimated using time seGreenland-Scotland Ridge and enter the abyssal North At-
ries of currents and temperature from moored instrumentalantic mainly in the two overflows through the Faroe Bank
tion and classical hydrographic data. Warming rates are highChannel and Denmark Strait. After crossing the sills of the
est (0.4-0.5 K/100 km) within the first 200 km of the sill, and two straits, the dense overflow plumes are subject to strong
decrease to 0.05-0.1 K/100 km further downstream. Stirringentrainment of ambient wateDickson and Brown1994).

by mesoscale eddies causes lateral heat fluxes that explaifhe plume transport is almost doubled by entrainment. Thus,
the 0.1 K/100 km warming, but in the first 200 km from the entrainment processes are involved in the formation of North
sill also vertical diapycnal fluxes, probably caused by break-Atlantic Deep Water and contribute about another third or
ing internal waves, must contribute to the entrainment. 6 Sv to it Hansen et al2004).

Entrainment in the Denmark Strait overflow plume was
apparent early from hydrographic sections, showing that the
mean density contrast between plume and ambient water de-
creased with increasing distance from the Slinth, 1976.

The Meridional Overturning Circulation in the North At- However, the amount of entrained water could not be quan-

lantic Ocean is the system of southward flow of cold andtified until direct current measurements at the sill and dif-
dense water at depth and the compensating northward floferent sites downstream became available. First measure-
of warm and buoyant water at the surface. This circulationments with current meters showed an overflow volume trans-
is maintained by meridional density gradients in the deepPOrt of around 3Sv at the Denmark Strait sWgrthing-
ocean. The transformation of the buoyant surface componerPn. 1969. More recent measurements with moored Acous-
to the dense deep component takes place in the Labrador S&& Doppler Current Profilers yield approximately the same
(Schott et al.2004 and the Nordic SeasMauritzen 1996 transport Macrander et aJ.20_05. Current meter measure-
where convective processes lead to the production of dens@€nts downstream of the sill show a transport increase to
waters that contribute to the North Atlantic Deep Water, theS-2 SV within 300km distance from the silDickson and
principal component of the lower limb of the Meridional Brown, 1994. leferent entrainment regimes regarding the
Overturning Circulation. The total amount of North Atlantic Strength of entrainment were found along the path of the

Deep Water leaving the subpolar North Atlantic southward isOverflow plume. From velocity and hydrography surveys,
around 18 Sv (1 Sv=fam%/s) (Stahr and Sanford.999. entrainment rates were estimated that increased by about one

The deep water formed in the Labrador Sea enters th@rder of magnitude from the sill to 125 km downstream from
abyssal North Atlantic without topographic constraints. It the sill where the overflow plume enters steeper topography
contributes 4-6 Svqchott et al.2004) to the North Atlantic ~ (CGirton and Sanford2003.

Deep Water corresponding to around one third of its total What are the processes that drive the strong entrainment?
Both, turbulent mixing and lateral stirring, can lead to the

mixing of ambient water into the overflow plume. Mixing
Correspondence toS. Voet through Kelvin-Helmholtz instabilities is induced by strong
BY (gunnar.voet@zmaw.de) vertical velocity shear, horizontal velocity shear may lead to
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mixing through horizontal instabilities. Meso-scale eddies After giving an overview of the observational data used in
can induce stirring of different water masses, the strong vethis study in Sect. 2, we provide a theoretical basis for the
locities of the overflow plume may induce Ekman pumping calculation of eddy driven entrainment with a statistical ap-
through bottom friction. These processes all have differentproach in Sect. 3. We present overflow plume characteristics
length scales ranging from below one meter to several kilofrom time averaged quantitites and establish a mean plume
meters. With the data available at present, only the largevarming rate along the plume pathway in Sect. 4. A warm-
scale processes can be resolved from measurements. Foiirgy rate from eddy driven heat fluxes is calculated in Sect. 5.
budget of the different entrainment processes, we can cal€onclusions are drawn in Sect. 6.
culate the large scale eddy stirring and estimate the Ekman
pumping. The effect of small-scale processes like breakin
internal waves can then be estimated as the residuum in th
budget.

Current measurements and temperature records of th
Denmark Strait overflow plume show a high variability on
timescales of 2-5days close to the sioss 1984 and

Data

Mooring arrays were set across the pathway of the Denmark
Strait overflow plume at four different locations over the past
twenty years (Figl). The array located at the Denmark Strait

1-12 days about 500 km downstreaBidkson and Brown sill cor_15|sts of bottom mo_unted ADCPs with the flrstdeploy-_
) . ment in 1999 and sustained redeployments thereafter until
1994. Pulses of strong current velocity are accompanied

by an increase in overflow plume height. These domes opresentl(/lacrander et al 2005 Quadfasel and &s¢ 2007).

cold water are in rotation and connected to surface eddie@rraysAand B at 200 and 360 km distance from the sill were

observed in satellite infrared image®r(ice 1995 Krauss (rj:splz)(/:(taiselln ;)?t?l?sgc;]r grel}élloESrSovc\)/f tlh;gg ml\ag?r?nansr rt;lne Cyear,
1996 and satellite altimetryHgyer and Quadfase?001). P y n i g Y

: Ftt 520 km distance downstream of the sill was deployed re-
The meso-scale eddies reach throughout the whole water co Seatedly from 1986 to 199@{ckson and Brown1994 and
umn. They have a diameter of 20—40 km and travel with thep y n

velocity of the overflow plume. Similar eddies have been again from 1995 until presenbickson et al, 2008 in one

observed with moorings in the overflow plume downstreamgfoiyrﬁgrzltosziég t;é%i};g%gv gsu;?sapr)rr?))\//igeiitr?efrboergttggagiz
of the Faroe Bank Channel overflos¢yer et al. 2006.

. . . _coverage of the overflow plume together with minimum in-

The breakup of an overflow plume into barotropic eddies : :
. . . . strument failure. All moorings at arrays A, B and C were
was also simulated in laboratory experiments with dense cur-

rents on a sloping bottom in rotating tank§lfitehead et a|. equipped with two to four Aanderaa Rotor Current Meters

1990 Cenedese et al2003. Generation mechanisms for measuring speed and direction of the cqrrent. In addition
temperature sensors were attached to all instruments.

the observed eddies were investigated in numerical studies. The coordinate system for each mooring is rotated to be

A steady streamtube model resembling the overflow showed |. . S
2 I . aligned with the mean flow, thus each mooring is allocated
baroclinic instabilities at a period of 2.1days and a wave-

. . : : . _ its own coordinate system. The angle of rotation is given by
length of 80 km, comparing well with dominant periods in N . .
. . : the mean direction measured at the instrument just above the
mooring records$mith 1976. The partly barotropic out-

flow through Denmark Strait and the subsequent descent Ol?ottom Ekman layer. In these. new coordinate systems, the
. v-component of the current points toward the mean flow di-
the dense bottom current makes vortex stretching another ~ - . : .
. . : . rection (SW-W) while the u-component points perpendicular
possible eddy generation mechanisspall and Price1 998, to the right (upslope), as in a regular right-handed coordinate
More complex 3-D models with realistic bottom topography 9 PS'Ope), 9 9

. ) . L system. Figure shows an illustration of the rotated coor-
explain the eddy formation with a combination of both baro- ~; : . .
S - - dinate system together with an example for the time series
clinic instability and vortex stretchingliang and Garwoqd

1096 Krauss and kise 1998 Jungclaus et a12007). recorded by an instrument at the central mooring at array C.
. . Hydrographic data from the overflow region is used in ad-
As it almost doubles the overflow plume transport, entrain-

. ; . dition to the mooring data (Fid.). Six standard sections nor-
ment strongly influences the formation rate of North Atlantic . T . .
: - . .~ mal to the slope, of which four coincide with the location of
Deep Water. Furthermore, it modifies the final characteris-,

tics of the North Atlantic Deep Water as less dense ambien%he mooring arrays, were served "?‘”””a”y since 128i¢
o . son et al. 2007). The hydrographic data complements the
water is mixed into the overflow plume. We therefore re-

gard entrainment as an important element of the Meridionalhlgh temporal resolution mooring time series with snapshots

Overturning Circulation. While the amount of entrained wa- of high spatial resolution.

ter into the Denmark Strait overflow plume is relatively well

known, the relative contributions of horizontal and vertical 3 Heat fluxes and entrainment

turbulent processes to the entrainment are not quantified yet.

This study is dedicated to the question of the importance ofThe entrainment of buoyant ambient water into the dense
the horizontal turbulence associated with meso-scale eddiesverflow plume decreases the overall density of the plume
for the entrainment into the Denmark Strait overflow plume. while it increases the transported volume. The mooring time
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Fig. 1. Map showing the bathymetry of the Denmark Strait and the area south of it. Green circles mark the positions of hydrographic stations.
One hydrographic section further south off Cape Farewell is not shown on the map. Red crosses mark the mooring positions. Mean velocities
from the instruments (array A to C) or bins (sill array) just above the bottom Ekman layer are shown with the black vectors. Mean velocities
from instruments that were not situated in the overflow plume are shown with grey vectors.

series only partially include density data. Instead of densityequation per unit area:

fluxes we use the heat flux into the overflow plume as aproxy — _ _ _ _
for the entrainment rate. This is justified with salinity val- 97 ;0T 0T 0T
ues varying by only about 0.05 between the overflow plume it-/ ax ay 9z

and the ambient water (see e.g. the salinity sectididels  Local change Advective terms

et al, 1999, making density dependent on temperature only 0 I

in a first approximation. = 5”7/ + 51)’7" + &w/T/ (2)
With heat defined as the product of density times specific

heat times temperatur®, = pc, T, heat fluxes per unit area Turbulent terms

in a turbulent flow are given by the heat transport equation:  Geometry and dynamics of the overflow plume allow a
simplification of the temperature transport equation. We con-

90 +ﬁ@ +5@+wg sider the overflow to be stationary in zeroth approximation.
j; ax ay 0z This eliminates the time derivative of the mean temperature.
Local change Advective terms Since the coordinate system is aligned with the mean flow
9 9 9 direction, the mean velocity normal to the mean flaijs
= au’Q’+5v’Q’+ a—zw’Q’ (1) zero by definition. We compare the order of magnitude of
the remaining two advective terms against each other as fol-
Turbulent terms lows. A vertical mean velocitw may arise from a divergent

Ekman transport at the bottom. The magnitudesafan be
estimated from the mean downstream velogitys it deter-
cr]ines the Ekman transpdft,

Here,Q and (i, v, w) are the mean heat and the mean veloc-
ity components of the flow whilg®’ and ¢',v',w’) are the
fluctuations of these. Integrating this equation over a close
volume gives the change of heat within that volume. cpv?

The mooring data only provides measurements of temper-TE = T @)
ature and velocity at certain points. The integration over
closed plume surfaces will be done later and in the follow-with the bottom drag coefficientp = 102 (Kase et al.
ing discussion we will simply use the temperature transport2003 and the Coriolis parametef. Division of Tg by the
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AV

the two remaining advective terms in the temperature trans-
port equation is

"""""" g aT aT
T—=2x1077  T—=1x10°° (6)
50 0z ay

mean flow
direction

4
| Velocity (cm/s)

Hence, the horizontal advective term is approximately one
order of magnitude larger than the vertical advective ferm
This indicates that the vertical advective temperature flux
[ ‘ . ‘ ‘ ] may be small enough to be neglected in the analysis. Vari-
ations of the drag coefficient and local fluctuations of mean
velocity and vertical temperature gradient can, however, lead
to considerable variations in the size of the advective terms.
The two horizontal turbulent terms can be compared to
07/15 0801 0815 0901 09/15 10/01 each other. The divergence of turbulent motion in the
direction is very strong. There is a transition from (nearly)
zero turbulent motion outside the plume to vigorous turbu-
Fig. 2. Time series of temperature (lower panel), velocity perpen-lent motion in the plume centre over a distance of less than
dicular to the mean flow (middle panel) and along the mean flow50 km. The eddies travel with the overflow plume in the
direction of the overflow plume (upper panel). The time series weredirection, leading to only little changes in turbulent motion
recorded at the central mo_oring atarray C at a height of 1Q2 m abF’V%Iong they-direction. We thus also neglect the term with
the bottom. Shown here is only a part of the complete time series The remaining terms show that the warming of the plume

that has a length of one year. Black curves give the full spectrum

of the data at a resolution of one hour. Red curves show bandpas%long its path is driven by turbulent temperature exchanges

filtered time series with an added mean value to make them com!" the x- andzjdlrectlon and a possible contribution of ne-
parable to the original data. The inset to the upper left illustratesgl€cted terms included here es

the rotation of the original coordinate system with east and north 9T 9 3

components (dashed arrows) to a coordinate system aligned wityy_— — 777 1 a_w/T,+€' )

the mean flow (full arrows) as used for u and v shown here. dy ox z

Velocity (cm/s)

Temperature (EC) I
n o

w
T

-
T

With our data we can calculate the warming rate alpramnd

Ekman layer depthg yields an estimate of the mean Ekman horizontal turbulent temperature fluxes along

velocity wg. The Ekman velocity has its maximum at the

plume core where the highest mean velocitiese reached. 4 gtructure of the overflow plume and its downstream

It decreases to the sides of the overflow plume. By making warming

the assumption of zero Ekman velocities outside the plume

ug(edge =0, the divergence can be estimated: After crossing the Denmark Strait sill, the overflow plume
dug  up(core —ug(edge accelerates'on the first 125 km until it reaches its maximum
—= 4) mean velocity of about 65 cm/&{rton and Sanford2003.

dx  x(corg—x(edge Thereafter the mean velocity decreases to about 45cm/s at

This divergence must be balanced by a vertical velagityy ~ Mooring array A, 25cm/s at array B and 20cm/s at array C

can be calculated from the equation of continuity: (Fig. 1). Atall three arrays the flow has a baroclinic structure
with highest velocities close to the bottom.
0 d A ineti i i
Jw . u _ O w— —qu (5) The eddy kinetic energi e of the flow is defined as
dz  0x Ax 1
— (2 12
A mean downstream velocity= 0.2 m/s leads to a mean Ek- Ke= 2 W= +v9) ®)

man velocity ofug = 0.02 m/s. The resulting vertical veloc- .
Y Oolue 9 whereu’ andv’ denote the fluctuations of the mean flow. As

fy is w=4x10"*m/s. The temperature gradients'/dz e are interested in the energy of the meso-scale eddies, we
and dT/dy can be estimated from temperature measure-" lud ' t onl tlh gf]);h i ies but al 1€s, W
ments in the overflow plume and the ambient water. These *clUde not only the mean of the ime Series but also vari-

show a temperature difference of about 5K over a distancé"bi”ty deriving from processes other than eddies, e.g. inter-
of 1000 m that lead to a gradient 8" /dz = 5 x 10-3 K/m nal waves or tides. The tidal signal is estimated by means of

The mean plume temperature in thelirection changes by 1the estimate fow calculated here gives an upper limit. An
about 1.5K over a distance of 500km as will be shown in gpposite Ekman transport at the upper boundary of the plume and

the next section. This leads to a temperature gradient ofion-zero Ekman transports at the plume edges lead to a reduction
dT /dy =3x 109 K/m. With these values, the magnitude of of the estimate.

Ocean Sci., 6, 301340, 2010 www.ocean-sci.net/6/301/2010/
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harmonical analysis (software provided Bgwlowicz et al. i

2002 and substracted from the time series. This removes 40-
only about 5% of the overall velocity variance as the tides 200} f'/\/h\%wl 1
are weak in this area.

Using a bandpass filter we remove the remaining variabil-
ity on long and short timescales while the signal in the fre-
guency domain of the meso-scale eddies is kept. Figure
shows spectra of velocity time series recorded by the moor:
ings. The time scale of the eddies grows with increasing dis-
tance from the sill and we therefore use different filter pa-
rameters for each mooring array to account for this increase & c
cut-off periods for the bandpass filter chosen are 28 h to 200 | g 400
at mooring array A, 36 hto 200 h at array B and 60 h to 300 h * 200 2l
at array C. Thus, about 3—4 eddies are covered within the " ——— A

: 10° 10° 10
bandwidth. Frequency (cycles per day)

We use the bandpass filtered time serieandv’ to cal-

Culate_ mean eddy k!netlc ene.rgles. The highest eddy l.“net'(\Fig. 3. Power spectral density calculated from velocity time series
ene_rgles are found in the region of the plume C(,)re (A at each mooring and array. The velocity component perpendicular
defined here as the part of the plume where the highest dowrlb the mean flow direction was used. Colours from light to dark
stream velocities are reached. In contrast to the mean Vesorrespond to mooring depth at the shelf from shallow to deep. The
locities that have their maximum close to the bottom, thegrey shaded areas for arrays A to C show the frequency domain that
mean eddy kinetic energy is highest at the top of the overs used for the bandpass filtering.

flow plume at all mooring arrays. It decreases from around

200 cnt/s? atarrays A and B to around 100 éfs at array C.

The overflow plume is generally defined as water with
a density anomaly higher than 27.8kd/rtDickson and
Brown, 1999 corresponding to temperatures below 2€3
For a separation of the overflow water and the overlying wa-
ter masses at each array we use the temperature time s&
ries available from all moorings. The temperatures vary ong gl
approximately the same time scale as the plume velocities
reflecting the variability in plume height. When domes of 200"
cold overflow water pass a mooring the height of the plume
boundary can change by several hundred meters. This make 2so0- 00000
the temperature data from the moorings, despite their low . = = e hE I I o
spatial resolution, a better choice for the determination of the Distance (m)
upper limiting isotherm than data from hydrographic surveys

that only consist of single snapshots once a year. Fig. 4. Mean eddy kinetic energies (8#52) at mooring arrays A to
From the temperature time series and the hydrographic. The green circles show the size of the eddy kinetic energy at each

data set we calculate mean plume temperatures at severalirrent meter. The eddy kinetic energies were calculated from the

sites downstream of the sill. These mean temperatures prd»andpass filtered velocity time series. The blue shaded area shows

vide an estimate for the mean plume warming rate with re-the mean temperature structure of the overflow plume as calculated

spect to the distance from the sill. One way to find the tem-from the temperature time series at each instrument.

perature change along the plume pathway is to calculate the

mean temperature over the whole cross-sectional area below

the limiting upper isotherm. This can be done for each hy-mean temperature for each mooring array is then calculated

drographic section and for the mooring arrays A, B and C.as the mean of these three values.

The mooring array at the sill only has bottom temperature The mean plume temperatures calculated in both ways are

time series that do not allow this calculation. A second wayshown in Fig.5. Both the mean bottom temperatures and

to determine a mean plume temperature is to calculate théhe vertically averaged temperatures increase by about 1 K

mean bottom temperatures of the plume at each mooring aren the first 200 km. Farther away from the sill the warming

ray. This can also be done with the mooring array at the sill.is smaller with less than 0.1 K per 100 km for the vertical

The core of the plume is here defined as the three time seaveraging method and about 0.1 K per 100 km for the bottom

ries with the lowest mean temperatures from each array. Théemperature method.
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Fig. 5. Mean plume temperatures downstream of the Denmark Strait sill. The upper panel shows mean plume temperatures calculated from
hydrographic sections occupied between 1997 and 2008. For each section and each year, the mean plume temperature for the cross-sectior
area below the 2%isotherm was calculated (blue crosses). Blue dots show the mean plume temperature at each section as a time mean ovel
the individual years. As the measurements show two different warming regimes, temperature gradients were calculated with linear fits for

the distance from the sill to the first section downstream and from thereon to a section about 1000 km downstream of the Denmark Strait

sill. Lines show the linear fits to the mean plume temperatures, the numbers give the temperature gradients in mK per 100 km. The lower
panel shows mean plume temperatures as measured by the mooring instruments. The vertically averaged temperature was calculated as f
the hydrographic sections. The bottom temperature was calculated by taking the mean over the three coldest bottom-near time series at eac
array. Temperature gradients are shown as in the upper panel.

— — — w 3.6 estimate for eddy driven heat transports into the overflow
- Oﬁ’:wﬁ’@%QW@M"MM@ﬁ 32 plume is first illustrated with data from mooring array C. This
< ‘ 28 dataset is more comprehensive than the two other arrays from
= 2475 which the results will be presented thereafter.
g 2 %
g 16 £ 5.1 Eddy heat transports at array C
s 12"
e 08 The rotational motion of the eddies does not lead to a net
looL—40cmis ‘ ‘ ‘ M, water mass transport since the time mean of the current fluc-
5 10 15 20 25 30 tuationu’ is zero by definition. However, a net temperature

Time (days) pubid
e flux u'T’ can take place by the transport of warm and cold

water in opposite directions. The variation ©fl’ across
Fig. 6. Hovmoeller diagram of bottom temperatures (within 50m the plume corresponds to the horizontal turbulent term in the
of the bottom) at array C showing bandpass filtered data. Overlayriemperature transport (Eqg. 2). We focus again on the meso-
are stick plots of bandpass filtered velocity time series recorded atcale eddies by using the bandpass filtered time sgriasd
the same locations. A reference velocity for the stick plots is showny’ - Figure 6 illustrates the correlation betweer and 7.
to the lower left. The stick plot shows the rotational motion of the overflow

plume and its relation with temperature fluctuations. The

fluctuations of the current on the eddy time scale lead to a
5 Eddy heat transports redistribution of warm and cold water.

Figure 7 shows the mean eddy temperature fluxes at ar-

The overflow plume has high eddy kinetic energies on theray C. The region of highest eddy temperature flux corre-
time scale given by the meso-scale eddies. We now estisponds to the region of highest eddy kinetic energy. The di-
mate the contribution of eddy stirring to the warming of the rection ofu’T’ has a similar pattern for all moorings in the
overflow plume, i.e. its contribution to the entrainment. An array. The eddy temperature flux is directed downslope at the

Ocean Sci., 6, 301340, 2010 Www.ocean-sci.net/6/301/2010/



G. Voet and D. Quadfasel: Entrainment in the Denmark Strait overflow 307

600

,-0.1

1000 =

0.0

1400

Depth (m)

1800

2200~

2600 = 1Kcm/s

L L L L L L L L L
0 25 50 75 100 125 150 175 200
Distance (km)

Fig. 7. Mean eddy temperature fluxasT’ (Kcm/s) at arrays A to C. The red bars give the direction and magnitude of the mean eddy
temperature flux. A scale for the red bars is given to the lower right. Numbers next to the red bars give the exact magnitude of the mean
eddy temperature flux. Grey crosses mark instruments where no mean eddy temperature flux could be calculated. The temperature structur
of the plume is shown as in Fig.

bottom and reverses with increasing height above seabed. In
both cases, the temperature flux is opposite to the tempera-
ture gradient. Thus, not surprisingly, heat is transported from
warm into cold regions. The magnitude:sf’ between 0.1

and 1 Kcm/s is up to an order of magnitude smaller than the
products of the standard deviationsmwofnd T that have a
magnitude of about 4 Kcm/s. The product of the standard
deviations may be regarded as the maximum possible tem-
perature transport due to fluctuations of velocity and temper-
ature. Its difference to the mean eddy temperature flux calcu-
lated here is partly due to variability outside the bandwith of
the bandpass filter. Furthermore, the correlation between ve-
locity and temperature fluctuation does not always have the
same phase. Figuieshows positive and negative correlation

4001

w w

o a

o o
T T

N

a

o
T

Height above bottom (m)
[ N
a =)
o o

=

o

o
T

50F of current and temperature fluctuations.
Interpolation, subsequent vertical integration of the eddy
o 05 0 05 1 temperature fluxes from the bottom to the limiting upper

Eddy temperature flux (K cm/s) isotherm and multiplication by specific heat and density

gives the net eddy heat transport at a mooring line. Usu-

Fig. 8. Example for the interpolation of mean eddy temperature aIIyt.thelrS.atre two t]? fgur ;n;(;gjmer_}ts agifach Toont?]g C(ijver a
fluxes with height with data from two moorings at array C. Dots vertical dis ancep a, ou m wo ditieren me ods are
show mean eddy temperature fluxes as calulated at the height of th\e‘Sed for the vertical interpolation between the instruments.

current meters. Lines in light color show the vertical interpolation /N the first method, the profiles are interpolated linearly be-
of the mean eddy temperature flux with a linear method. Dark linestween the data points and taken constant elsewhere. In the
show vertical interpolation with polynomials. The dashed lines give Second method, polynomials are used for data inter- and ex-
the mean 2.8C isotherm at the location of the mooring that serves trapolation. Figure8 shows a examples for the two interpo-
as upper integration boundary for the results in Big. lation methods.
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Fig. 9. Net eddy heat transports (10/ms) at the mooring lines are shown with numbers and arrows above each mooring. The net eddy heat
transport was calculated by interpolating and integrating the mean eddy temperature fluxes up to the linfi@ngdlserm that is shown

by the dashed black line. Red and blue colours show convergences and divergences of the net eddy heat transport in each box. Numbel
below each box give the net warming rate (mK/100km) for each box.

We use the 2.0C, 2.5°C and 3.0°C isotherms as upper
integration boundaries. Together with the two vertical inter-
polation methods for the eddy temperature fluxes this results

> s T oo Inestipolynomst in six different realizations for the following calculation of
4507 Eddy w;r[ning rate linear/polynomial net eddy heat transports.
0o A Each pair of moorings forms a box together with the lim-
§ 3501 below 3.0 C sotherm iting upper isotherm. The net eddy heat transport into these
S ] — Ul e boxes is the sum of the eddy heat transports through both
< 300 = Warming rate from mooring T . . . .
E S sides. Figured shows the vertically integrated eddy heat
& 2507 B fluxes and the net eddy heat transport into the boxes for the
égoo, 2.5°C case. The eddy heat fluxes lead to a net warming in the
E A - centre of the plume. The region of the plume edges is cooled
g 1501 * by the eddy heat transports. The position of the convergent
100¢ * ¢ region of eddy heat transport varies with the different plume
50t * boundary definitions. The region is situated downslope for
o the 2.°C-plume while it is more pronounced upslope for

0 200 400 kebo 800 1000 the 3.0°C-plume.
Dist
tance fm) By making the assumption that the eddy heat transport ob-

served at the array C is regionally a steady process, we are
Fig. 10. Comparison of plume warming rates derived from direct able to calculate a warming rate per downstream distance.
temperature measurements as calculated inF{tines) and eddy ~ The time period for which the plume is exposed to the eddy
driven warming rates of the plume core (stars). The different warm-mixing process is calculated from the mean plume velocity.
ing rates from direct temperature measurements stem from differ\We use a mean velocity of 20cm/s at array C. This is less
ent calculation methods as explained in Sect. 4. Results from twahan the mean bottom velocity of about 25cm/s as it gives
different interpolation methods and three different upper limiting 5 vertical averaged value of the whole plume. The highest
isotherms are shown for the eddy driven warming rates. warming rate for a single box is 100mK per 100km. The

mean value for the convergent part of the plume, i.e. the part

of the plume that gains heat through eddy heat transports,
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is 54 mK per 100 km. The warming rates derived from the We find high eddy induced plume warming rates of up to
two other boundary definitions are of the same order of size200 mK/100 km at the upper part of the slope at both arrays.
with 72 mK per 100 km for the 2.9C-plume area and 45mK The overall warming rates per 100 km for the parts of the
per 100 km for the 3.0C-plume area. A comparison of the plume that have a convergent eddy heat transport are shown
results from linear and polynomial interpolation gives an es-in Fig. 10. They are about 120 mK/100 km at array A and
timate for the uncertainty of the calculations. The warming about 160 mK/100 km at array B. While the eddy heat trans-
rates for the whole convergent plume area differ by 11% withports are approximately the same at the two upstream arrays,
the 2.5 and 3.9C-boundary and by 43% with the 2Q- the smaller mean plume velocity at array B leads to the higher
boundary. eddy induced warming rates. Results from the two interpola-
tion methods differ by 10% at both arrays.
5.2 Eddy heat transports at arrays A and B

The eddy heat fluxes at the two upstream arrays A and B ar@ Conclusions
calulated in the same way as for array C. Only the parameters
for the bandpass filters are different, as described above. A comparison of the overall plume warming rates with the
The eddy temperature fluxes at the two arrays are showeddy driven plume warming rate shows the relative impor-
in Fig. 7. The eddy temperature fluxes at the bottom con-tance of horizontal and vertical turbulent processes for the
verge in the centre of the plume at both arrays. This indicateentrainment. Figurd0 compares the eddy driven warming
that the whole plume core is covered by the mooring arraysrates calculated at the three mooring arrays A to C with the
The magnitude of the eddy temperature fluxes is roughly thewvarming rates derived from the downstream development of
same at both arrays and approximately twice as high as ahe mean plume temperatures. From array A to array C, the
array C. Only the eddy temperature flux at the bottom instru-eddy heat transports do explain the warming of the plume and
ment of mooring four at array A is five times larger than all the meso-scale eddies are thus the driving mechanism for the
other eddy temperature fluxes calculated here. This is théemperature increase in the region farther than 200 km from
point where the isotherms indicate the location of the plumethe sill. Unfortunately, no eddy driven warming rates be-
edge. It appears to be a region of strong mixing, possibly between the sill and array A could be calculated in this study.
cause of the strongly inclined isotherms. Diapycnal mixing However, it is questionable whether eddies alone lead to a
induced by horizontal eddy motion may take place here.  warming rate that is three to four times larger on the first
Net eddy heat transports into the overflow plume, limited 200 km behind the sill than in the mooring arrays analysed
again by the 2.5C isotherm, are shown in Fi§. The high-  here. Thus, on the first 200 km after the sill vertical processes
est convergence in eddy heat transport is found at the uppeghould play an important role in the mixing.
part of the slope at both arrays. At the lower edge of the From the results presented here, together with the findings
plume at array A strong cooling is observed. This resultsfrom other studiesGirton, 2001, Girton and Sanford2003
from the high eddy heat flux in combination with the small Kase et al. 2003, a picture of three different entrainment
volume of the box. The data from array B was not sufficient regimes in the Denmark Strait overflow plume emerges.
for a calculation of the eddy heat transport at the lower part The first regime is located between the Denmark Strait sill
of the slope. and ~125 km downstream of the sill. Here the plume ac-
At both arrays the magnitude of the convergences in heatelerates from a mean speed of about 40 cm/s at the sill to
transports is approximately three times higher than at arits maximum speed of 60 cm/s. The current has a barotropic
ray C. The highest value is found upslope at both arraysstructure close to the sill, i.e. there is no strong shear be-
However, lowering the upper plume boundary toZ0does  tween the overflow plume and the watermasses above. Thus,
not shift the convergent region downslope as it was the caséttle vertical turbulence should occuRudels et al(1999
at array C. At array A, the region of convergent eddy heatobserved a capping of the overflow plume with low salin-
transport for the 2.0C-plume is even shifted upslope as only ity water that survived the initial descent of the plume. This
the upper two boxes show a net warming. This indicates thasuggests that vertical mixing is weak during the initial de-
the plume core has not migrated downhill yet. scent as the capping would be disturbed by the mixing. The
To calculate plume warming rates from the eddy heatoverall entrainment is estimated to be one order of magni-
transports, the mean plume velocity is again used to estitude smaller than beyond 125km from the sfHliton and
mate the time that the eddy mixing process can act on thé&anford 2003. High variability in the bottom current with a
plume. The mean plume velocity is 45 cm/s at array A while dominant time-scale of 1.8 days suggests that eddies are gen-
at array B the plume has slowed down to 25cm/s (B)g. erated in the overflow through baroclinic instabilitgngith,
These values are chosen to represent the mean velocity u®76.
to the plume boundary. Compared to array C the plume The region of strong entrainment into the overflow plume
velocities are still high. They lead to shorter time periods characterises the second regime. It reaches approximately to
that the eddy mixing is effective than farther downstream.array A 200 km downstream of the sill as indicated by the
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high plume warming rate. The high plume velocities and theJiang, L. and Garwood, R. W.: Three-Dimensional Simulations of
transition to a baroclinic flow lead to large vertical velocity =~ Overflows on Continental Slopes, J. Phys. Oceanogr., 26, 1214—
shears. This shear and low Richardson numbers indicate ver- 1233, 1996.

tical instability. Jungclaus, J. H., Hauser, J., andg¢, R. H.: Cyclogenesis in the
The third regime beyond 200 km downstream distance is Denmark Strait Overflow Plume, J. Phys. Oceanogr., 31, 3214—
3229, 2001.

characterized by the domina_mce of eddies_in the entrainmquése, R. H.. Girton, J. B., and Sanford, T. B.: Structure and vari-
process. The vertical velocity shear provides the energy to ability of the Denmark Strait Overflow: Model and observations,
feed baroclinic instabilities. The enhancement of the eddy 3. Geophys. Res., 108, C6, 3181, 2003.
field already starts at125 km, but the eddy mixing becomes Krauss, W.: A note on overflow eddies, Deep-Sea Res. Pt. |, 43,
the dominant process for the entrainment into the overflow 1661-1667, 1996.
plume here. As the mean plume speed decreases, the velo§rauss, W. and Ese, R. H.: Eddy formation in the Denmark Strait
ity shear also decreases and the effect of vertical turbulence overflow, J. Geophys. Res., 103, 15525-15538, 1998.
diminishes. Macrander, A., Send, U., Valdimarsson, Hondson, S., and &se,
R. H.: Interannual changes in the overflow core from the Nordic
Seas into the Atlantic Ocean through Denmark Strait, Geophys.
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