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|. Abstract

The formation of North Atlantic Deep Water (NADW) is an important part of the global
Thermohaline Circulation (THC). Warm and saline surface waters are carried by the North
Atlantic Current into the Nordic Seas. Here, cold dense water is produced by surface cooling
and vertical mixing, that enters the deep North Atlantic as dense overflows across the sills
of the Greenland-Scotland Ridge. The densest contribution to the NADW is the Denmark
Strait Overflow Water.

The meridional heat transport of the THC contributes significantly to the global climate
system, and it particularly influences the North Atlantic and Northern Europe region. There
is growing evidence, that the THC reacts sensitive to climate change, and most climate
models predict a substantial weakening of the THC in global warming scenarios.

Hence, the Denmark Strait between Iceland and Greenland may be considered as a key
region to assess the deep branch of the THC with respect to climate change.

In this study, time series of the Denmark Strait Overflow, obtained in the framework of
the SFB 460 project at the University of Kiel, are investigated.

It is found, that the chosen bottom mounted Acoustic Doppler Current Profilers and
bottom Pressure sensors / Inverted Echo Sounders deployed at the sill of Denmark Strait
are capable to monitor the dense overflow.

During the observation period from 1999 to 2003, the Denmark Strait overflow, previ-
ously regarded as stable on interannual timescales, exhibited significant changes: In 1999,
the measured transport of 3.7Sv ! was about 30 % larger than previous observations. Until
2003, the volume transport of dense overflow water decreased from 3.7 to 3.1 Sv, while the
temperature increased temporarily by 0.5°C.

The investigation of the dynamic relations that control the overflow reveals, that the
overflow may be considered as a combination of a density driven, hydraulically controlled
flow and a barotropic, wind driven component. It is suggested, that an upstream reservoir
height reduction and a decrease of the wind stress forcing contributed equally to the observed
overflow transport decrease.

The transport reduction is consistent with a decrease of the North Atlantic Oscillation,
though the time series are too short yet to prove this relation. Moreover, the observations
confirm theoretical predictions of a negative correlation with the Faroe Bank Channel over-
flow, which is the second important dense water gateway across the Greenland-Scotland
Ridge.

There is evidence, that the key region controlling both dense overflows from the Nordic
Seas to the deep Atlantic ocean is located in the Iceland Sea. Hence, the data give new insight
into the controlling mechanisms of the Denmark Strait Overflow, and open perspectives for
long time monitoring of the THC with respect to climate change.

'Sv: Sverdrup. 1Sv = 1-10% m3/s.






. Zusammenfassung

Die Produktion von Nordatlantischem Tiefenwasser (NADW) ist ein wichtiger Teil der
globalen Thermohalinen Zirkulation (THC). Warmes und salzreiches Oberflichenwasser
wird durch den Nordatlantischen Strom in die Nordische See!' transportiert, wo es durch
Abkiihlung und vertikale Vermischung zu Wassermassen grofser Dichte transformiert wird.
Diese stromen als kalte, dichte ,Overflows* iiber die Schwellen des Gronland-Schottland-
Riickens in den tiefen Nordatlantik. Die dichteste Komponente des NADW wird durch das
Déanemarkstrafen-Overflowwasser gebildet.

Der meridionale Warmetransport der THC tragt wesentlich zum globalen Klimasystem
bei, und beeinflult insbesondere die Nordatlantik- und Nordeuropa-Region. Es gibt An-
zeichen dafiir, daf die THC empfindlich auf Klimadnderungen reagiert, und die meisten
numerischen Modelle sagen eine erhebliche Abschwichung der THC in Treibhausszenarien
voraus. Daher kann die Ddnemarkstrafe zwischen Island und Gronland als eine Schliisselre-
gion betrachtet werden, um Klimaverdnderungen zu beobachten.

In dieser Arbeit werden Zeitserien des Danemarkstrafsen-Overflows im Rahmen des
SEFB 460 an der Universitat Kiel untersucht. Es wird gezeigt, daft der dichte Overflow mit
am Meeresboden ausgelegten profilierenden akustischen Stromungsmessern, Bodendrucksen-
soren und Echoloten beobachtet werden kann.

Wihrend des Beobachtungszeitraumes von 1999 — 2003 zeigte der Dénemarkstrafien-
Overflow, der bislang auf saisonalen und interannualen Zeitskalen fiir stabil gehalten wurde,
deutliche Anderungen: 1999 war der gemessene Transport mit 3.7 Sv 2 ca. 30 % héoher als bei
fritheren Beobachtungen. Bis 2003 nahm der Transport um 0.6 auf 3.1 Sv ab. Die Temperatur
stieg voriibergehend um 0.5°C an.

Die Untersuchung der dynamischen Relationen, die den Overflow kontrollieren, zeigt, dafs
der Overflow einen dichtegetriebenen, hydraulisch kontrollierten Anteil und eine barotrope,
windgetriebene Komponente umfaft. Die Beobachtungen lassen den Schlufs zu, dafs eine
Abnahme der stromaufwirtigen Reservoirhéhe und der Windschubspannung zu gleichen
Teilen zu der beobachteten Transportabnahme beitrugen.

Die Transportabnahme ist konsistent mit einer Abnahme der Nordatlantischen Oszil-
lation, obgleich die Zeitserien bislang nicht lang genug sind, um eine kausale Relation zu
verifizieren. Ferner bestitigten die Beobachtungen theoretische Vorhersagen einer gegen-
satzlichen Korrelation mit dem Farder-Bank-Kanal-Overflow, der den zweiten wichtigen Ex-
portweg fiir dichtes Tiefenwasser {iber den Grénland-Schottland-Riicken darstellt.

Es gibt Anzeichen dafiir, daf die Islandsee eine Schliisselregion fiir die Kontrolle beider
dichter Overflows von der Nordischen See in den tiefen Atlantik ist. Die Beobachtungen ver-
tiefen das Verstdndnis von den Prozessen, die den Danemarkstrafen-Overflow kontrollieren,
und erdffnen Perspektiven fiir eine Langzeitbeobachtung der THC im Bezug auf Klima-
anderungen.

Nordische See: Grénland-, Island- und Norwegische See.
2Sv: Sverdrup. 1Sv = 1-10% m3/s.
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1. Introduction

1.1. The Denmark Strait as a gateway for the
Thermohaline Circulation

The Thermohaline Circulation (THC) is an important part of the global heat bud-
get (IPCC, 2001), carrying warm surface waters to high latitudes, where these are
transformed to cold, dense deep waters. The North Atlantic as a particular convective
ocean has a key role for the deep branch of the THC (IPCC, 2001).

Estimates of the total Atlantic Meridional Overturning Circulation (AMOC)!
range between 11 and 18 Sv 2 (SCHMITZ, 1995; GANACHAUD AND WUNSCH, 2000;
BRYDEN AND IMAWAKI, 2001). The AMOC effects a northward heat transport of
1.3 PW (at 24°N, LAVIN ET AL., 1998) over the entire Atlantic ocean. Numerical
experiments of VELLINGA AND WOOD (2002) showed, that a total shut-down of the
AMOC has a global impact on climate. The largest changes are observed over the
northern hemisphere, and in particular over the North Atlantic, a breakdown of the
AMOC might lead to a temperature decrease of 3 — 6°C.

There is evidence, that the formation processes of North Atlantic Deep Water
(NADW), i.e. gradual cooling and subduction in the Nordic Seas® (MAURITZEN,
1996a) and convection (e.g. in the Labrador Sea, MARSHALL AND SCHOTT, 1999)
are sensitive to forcing changes, since they depend on a weak density stratification to
allow vertical mixing. Evidence from paleorecords and numerical models suggest, that
large freshwater fluxes, that frequently occurred during the last interglacial cycle, sig-
nificantly reduced the NADW formation and hence the AMOC strength (SARNTHEIM
ET AL., 2001). Large freshwater fluxes are also expected due to Arctic ice melt and
enhanced atmospheric moisture transport related to global warming (IPCC, 2001),
and might weaken the dense water formation (RAHMSTORF, 1996), whereas advec-
tion of more saline surface water may have a stabilizing effect on the AMOC (LATIF
ET AL., 2000). Hence, the reaction of the AMOC to global warming is presently un-
certain, although most numerical climate models predict, that the THC decreases
substantially for greenhouse scenarios (for a review, see IPCC, 2001).

!The THC is characterized as the buoyancy driven circulation of the ocean. Different definitions of
the THC exist in the literature (WUNSCH, 2002). The actual meridional overturning comprises
both a buoyancy and and wind driven component (RAHMSTORF, 2003). However, the AMOC is
commonly used as a representative for the THC.

2Sv: Sverdrup. 1Sv = 1-10°m3/s.

3Nordic Seas: Greenland, Iceland and Norwegian Seas.
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1. Introduction

At present, approximately 6 Sv of the NADW are produced in the Nordic Seas.
These enter the deep ocean as dense overflows across the Greenland-Scotland Ridge
(GSR). The topographic constrictions of the GSR control the density driven exchange
between North Atlantic and Nordic Seas and focus the deep flow through a few
gateways. A volume flux of approximately 3 Sv leaves the Nordic Seas via the Den-
mark Strait between Iceland and Greenland to form the deepest part of the NADW
(HANSEN AND ()STERHUS, 2000).

Ocean circulation models suggest, that the density of the Denmark Strait Over-
flow Water (DSOW) has a major impact on the total AMOC strength further south
(SCHWECKENDIEK AND WILLEBRAND, 2004). Moreover, it has been shown, that the
Denmark Strait Overflow is at least critical for the northernmost extension of the
THC into the Nordic Seas, and the presence of the dense overflow is considered as
essential for the present stability of the global THC (LOHMANN AND GERDES, 1998).

The Denmark Strait Overflow may therefore be considered as a critical location
to assess global warming induced changes of the deep branch of the THC.

In contrast to predictions of numerical models (NILSEN ET AL., 2003; BIASTOCH
ET AL., 2003), previous observations characterized the Denmark Strait Overflow as
rather stable on interannual to decadal timescales (DICKSON AND BROWN, 1994).

The aim of the observations carried out in the framework of the Sonderforschungs-
bereich 460 “Dynamik thermohaliner Zirkulationsschwankungen” at the University of
Kiel is to detect possible changes of the Denmark Strait Overflow, and to identify the
mechanisms that govern the dense water transport.

The multi-year time series may thus improve the understanding of the role of the
Denmark Strait Overflow with respect to climate change.

1.2. Past observations

The Denmark Strait Overflow and the descent of dense water downstream of the
sill has been known from observations since KNUDSEN (1899). The hydrographic
conditions of the Nordic Seas and the North Atlantic suggested, that the overflow
contributes to the North Atlantic Deep Water (NADW; HELLAND-HANSEN AND
NANSEN, 1909). However, research specifically focused on the Denmark Strait Over-
flow did not start before COOPER (1955) proposed, that the Denmark Strait Overflow
Water (DSOW) is an important source for the NADW. Since then, the nature and
variability of the overflow has been investigated by various research cruises and de-
ployed instruments.

1.2.1. Hydrographic surveys of the Denmark Strait Overflow

The first quantitative estimates of the Denmark Strait Overflow have been obtained
from hydrographic sections taken in 1958 and 1962 and yielded a transport of 2.8 Sv
(for T'< 1.8°C; WORTHINGTON, 1969).

HARVEY AND SHOR (1961) observed sporadic overflow of cold, dense Norwegian
Sea Deep Water in current meter records at the Denmark Strait sill.

18



1.2. Past observations

Direct current measurements during a cruise in 1967 revealed 2.7 Sv (for T' < 4 °C;
WORTHINGTON, 1969); from current meter deployments, only one instrument deliv-
ered useful data. The time series showed near-bottom currents up to 1.4m/s and large
temporal variability on timescales of a few days (WORTHINGTON, 1969). Repeated
hydrographic surveys exhibited high spatial variability of water mass distribution in
Denmark Strait on timescales less than 10 days (MANN, 1969; STEIN, 1972).

The first successful mooring array that covered the overflow across the sill (see
Fig. 2.1, page 27) was deployed for a time of five weeks as part of the OVERFLOW’73
project in 1973 (R0Oss, 1984). These observations again confirmed the high variability
on timescales of a few days, and did not show any “long-term” (i.e. multi-weekly) vari-
ability. Two current meter moorings 160 km downstream of the sill (MONA-array, Fig.
2.1, page 27) obtained the first one-year long records of the overflow. The time series
exhibited no significant seasonal or interannual variability (AAGARD AND MALM-
BERG, 1978).

Between 1986 and 1994, three long-term current meter arrays were deployed in
the “Lowestoft” arrays (Fig. 2.1, page 27) to observe the downstream evolution and
entrainment into the Denmark Strait Overflow (DICKSON AND BROWN, 1994). The
observations supported the apparent long term stability of the overflow. These mea-
surements have been continued at several locations until present (later referred to
as “Angmagssalik” array; Fig. 2.1, page 27). In contrast to the findings of DICK-
SON AND BROWN (1994), preliminary results of the multi-year “Angmagssalik” array
time series revealed at least some interannual transport and temperature variability
(unpublished, DYE ET AL., 2004).

JONSSON (1999) investigated the upstream regions, based on Icelandic observa-
tions from a current meter array 200 km northeast of the sill (close to “KG5”, Fig. 2.1,
page 27), and a single ADCP* that was deployed at the sill from 1996 to 1999. In com-
bination with hydrographic observations, the results changed the view of the sources
of the DSOW. JONSSON AND VALDIMARSSON (2004a) found, that a significant frac-
tion of the overflow approaches the sill from the Iceland Sea instead of the deeper
part of the East Greenland Current, as was concluded from water mass analysis by
RUDELS ET AL. (2002).

As part of the SFB 460 project, the overflow dynamics have been studied on
three cruises of R/V Poseidon (P222, P230, P244). These cruises gave new insight
into dynamical processes of the descending plume. The observed downstream eddy
generation was investigated by KRAUSS AND KASE (1998). Further extensive analysis
of eddy activity and energy budget of the plume was carried out by GIRTON (2001)
and GIRTON ET AL. (2001), and was compared to a high resolution model of the
overflow (GIRTON AND SANFORD, 2003; KASE ET AL., 2003).

At the sill, DSOW transport estimates were always in the range of 2.9 Sv (ROSS,
1984; GIRTON ET AL., 2001) to 2.5Sv (SAUNDERS, 2001) with high variability on
timescales of 2 to 10 days (SAUNDERS, 2001), but with no significant seasonal or
interannual transport or temperature signals (DICKSON AND BROWN, 1994).

The apparent long-term constancy lead to the assumption, that the overflow is

4Acoustic Doppler Current Profiler, see page 39.
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1. Introduction

limited by hydraulic control (see WHITEHEAD, 1998, for a review), which agrees with
model results (KASE AND OSCHLIES, 2000).

1.2.2. Interannual variability and external forcing

The dominant mode of atmospheric variability over the North Atlantic is the North
Atlantic Oscillation (NAO; HURRELL, 1995), which closely interacts with the ocean
(BJERKNES, 1964). The ocean exhibits both a local and fast response to forcing
changes, and a delayed response on interannual and longer timescales, in particular
for the large scale and overturning circulation (VISBECK ET AL., 2003).

In recent time, there have been speculations which link the observed NADW vari-
ability to the North Atlantic Oscillation (NAO) or changes in deep water formation
in the Nordic Seas. DICKSON ET AL. (1996) analyzed convection and dense water for-
mation in the Greenland and Labrador Seas and their correlation with the large-scale
atmospheric circulation pattern reflected by the NAO. In hydrographic data near
Southern Greenland, that include both dense overflows from the Nordic Seas into the
Atlantic Ocean, BACON (1998) found large interdecadal variability, which the author
attributes to polar air temperature. MCCARTNEY ET AL. (1998) discussed a negative
lagged response of the DSOW transport to the NAO, with low NAO enhancing the
buoyancy forcing of the overflow. DICKSON ET AL. (1999) speculated, that an anoma-
lous warming of the plume, observed in 1996/1997 by the “Angmagssalik” array, had
been advected from Fram Strait three years earlier, which in turn reflected a positive
NAO phase.

Model experiments show an almost instantaneous response of the barotropic circu-
lation around Iceland to wind stress curl changes over the North Atlantic (BIASTOCH
ET AL., 2003), with positive NAO wind stress curl pattern enhancing the net south-
ward flow through Denmark Strait. Since the overflow at the sill is predominantly
barotropic (GIRTON, 2001), this implies a positive correlation between NAO and
overflow (KOSTERS, 2004b). The positive correlation of the outflow through Den-
mark Strait is also supported by numerical studies of NILSEN ET AL. (2003).

While a recent study of the Faroe Bank Channel overflow revealed a possible
correlation with the NAO (HANSEN ET AL., 2001), observational evidence for the
Denmark Strait Overflow has been little so far. Data from hydrographic cruises are
always likely to be biased by the large short-term variability. Coherent long-term
observations only exist further downstream (DICKSON AND BROWN, 1994), where
the DSOW is already modified by entrainment processes and merged with Iceland
Scotland Overflow Water (ISOW), which originates from the overflows through the
Faroe Bank Channel and the Iceland-Faroe Ridge (HANSEN AND (OSTERHUS, 2000).

These time series did not show any signs of interannual variability (DICKSON AND
BROWN, 1994). However, recent results of the Angmagssalik array (unpublished, DYE
ET AL., 2004) and this study might modify this view.
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1.2. Past observations

1.2.3. Overflow response to climate change

A major concern in global warming scenarios is a possible weakening or total shut-
down of the Thermohaline Circulation (THC; IPCC, 2001). The THC sensitivity to
increased CO, forcing varies between different climate models, ranging from a stable
THC (LATIF ET AL., 2000) to a moderate to strong reduction in most other climate
models (for a review, see IPCC, 2001). A substantial reduction of the THC would
have a global impact on ocean circulation and climate (IPCC, 2001), in particular
for the temperatures over the North Atlantic region (VELLINGA AND WOOD, 2002).
Numerical studies suggest, that a total shut-down of the THC leads to a cooling
by 5°C over the North Atlantic, which regionally counteracts the global warming
(RAHMSTORF, 2002). The individual influence of the Denmark Strait Overflow on
surface air temperature has been estimated to 1.5 — 0.5°C over the northern North
Atlantic (KOSTERS, 2004b).

The current state of the THC with cooling and dense water formation in high
latitudes depends critically on high surface densities in the northern North Atlantic,
and since the conceptual box model of STOMMEL (1961), it is known, that other
stable states of the THC are possible. Since then, multiple equilibria of the THC
have been investigated in several studies (e.g. BROECKER ET AL., 1985).

RAHMSTORF (1995) found, that the production rates and convection sites of North
Atlantic Deep Water (NADW) are highly sensitive to surface freshwater fluxes. The
freshwater budget is influenced by net precipitation, continental runoff, and sea ice.
The effects of sea ice include brine release during freezing, thermal insulation of the
ocean in ice-covered regions and freshwater input from ice melt. Further, the NADW
formation is affected by wind stress and surface heat fluxes, and the properties of the
water masses advected from the Atlantic ocean and the Arctic Mediterranean (for a
comprehensive review, see MARSHALL AND SCHOTT, 1999).

While some of the coupling mechanisms have a stabilizing effect on the AMOC,
enhanced freshwater input in high latitudes is regarded as the key process that leads to
a weaker overturning in global warming scenarios (e.g. RAHMSTORF, 1996; OTTERA
ET AL., 2003), and it may be expected that the dense overflows over the GSR, that
feed the NADW as the deep branch of the AMOC, are sensitive to climate variability.

Changes of the Denmark Strait Overflow Water (DSOW) production rates and
properties are likely to influence the total strength of the Meridional Overturning Cir-
culation (GERDES AND KOBERLE, 1995; DOSCHER AND REDLER, 1997) and hence
the oceanic heat transport to the North Atlantic (BONING ET AL., 1996).

Paleoclimatic records give evidence, that during the past 120,000 years, the THC
experienced abrupt changes, being greatly reduced at times of maximal glaciation
(RAHMSTORF, 2002). Model studies of KOSTERS ET AL. (2004) showed, that the
Denmark Strait Overflow has been reduced by a factor of 5 during the Last Glacial
Maximum, compared to present-day conditions, being a measure for the strength of
the Meridional Overturning Circulation.

Focusing on present-day measurements, large interannual fluctuations have been
observed in the Labrador Sea, where the least dense part of the NADW is formed. The

21
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variability in convection depth and Labrador Sea Water production rates are linked
to changes of freshwater fluxes (SCHMIDT, 2003) and wind stress forcing (DICKSON
ET AL., 1996).

The dense overflows across the GSR mainly originate from intermediate water
masses in the Nordic Seas, that are formed by shallow convection (SWIFT ET AL.,
1980) and through gradual cooling of the inflowing Atlantic Water (MAURITZEN,
1996a). During the past decade, significant changes of water mass properties have
been observed in the Greenland Sea, that in turn may influence the overflows. A
density decrease of the entire water column, associated with a warming and freshening
in the upper and intermediate layers, and a warming and salinification in the deep
layers might lead to a reduced density and higher temperature of the Denmark Strait
Overflow Water (KARSTENSEN ET AL., 2004).

The study of DICKSON ET AL. (2002) has put emphasis on interdecadal trends in
salinity, questioning, whether the observed freshening in the northern North Atlantic,
including the Denmark Strait Overflow, may be attributed to climate change. These
observations are consistent with CURRY ET AL. (2003), who observed a salinification
in the subtropics, and a freshening in the high latitudes of the Atlantic ocean, which
they attribute to changes of the global freshwater fluxes.

This issue has been further addressed by HANSEN ET AL. (2004b), including the
observational evidence for a 20 % decrease in the Faroe Bank Channel Overflow from
1950 to 2000 (HANSEN ET AL., 2001).

For the Denmark Strait Overflow, however, no continuous time series exist, which
allow for consistent estimates of variability on interannual and interdecadal timescales.
In contrast to the known variability of the dense water formation processes, it is widely
believed, that the Denmark Strait Overflow is stable on timescales longer than a few
weeks (DICKSON AND BROWN, 1994). However, conclusions regarding the lack of
interannual variability of the Denmark Strait Overflow have been based on either
short-term studies, hydrographic sections or result from mooring time series further
downstream, where entrainment has already changed the initial properties of the
overflow.

1.3. Present study

To evaluate the sensitivity of the present-day Denmark Strait Overflow to climate
variability, and to overcome the lack of consistent observation time series, the SFB
460 TP Al project at the University of Kiel was focused on observations of the
Denmark Strait Overflow right at the sill. Here, the geographical constrictions of the
strait focus the flow in a narrow zone, making this point predestinated for direct
observations. Also, the overflow water mass properties are less affected by mixing
and entrainment processes as further downstream. Thus, observations at the sill are
better suited to detect the influence of changes in production rates and water mass
properties in the Nordic Seas.

The long term goal of the ongoing SFB study carried out in cooperation with
Hafrannsoknastofnunin (Marine Research Institute, MRI) Reykjavik, is to
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quantify the overflow during a longer period and with higher cross-strait res-

olution than before by means of moored Acoustic Doppler Current Profilers
(ADCP),

detect overflow plume thickness and sea surface height (SSH) acoustically for
geostrophic estimates of both baroclinic and barotropic transports,

verify the governing dynamic relations, particularly of hydraulic control mech-
anisms, geostrophy and upstream pathways, and NAO-related barotropic wind
stress forcing,

establish reliable relationships for overflow transport estimates to optimize long
term monitoring with respect to climate change.

In the following paragraphs, a brief outline of this thesis is given:

Chapter 2 gives an introduction to the dominant hydrographic features and
water masses of the Denmark Strait.

In Chapter 3, the observation and data processing methods applied to the
field experiment are described in detail. By comparison of time series, the per-
formance of three independent methods to acoustically observe the overflow
plume thickness is validated.

Chapter 4 introduces a high resolution process model that has proven to re-
alistically reproduce the structure, strength and short-term variability of the
overflow. In the numerical simulation, the deployment positions for the acous-
tic observation array have been optimized by a multilinear regression, and the
ability of the array to capture the DSOW transport variability has been deter-
mined.

Chapter 5 deals with the SFB observations in the Denmark Strait from 1999
to 2003. After a summary over all research cruises and deployment activities
(section 5.1), the following sections 5.2 and 5.3 give a descriptive overview of
the observed time series with emphasis on both short and long term timescales.

The observations are then analyzed to evaluate the governing mechanisms that
control the Denmark Strait Overflow.

Chapter 6 investigates the hydraulically controlled component of the overflow,
that is driven by the density gradient between the Nordic Seas and the North
Atlantic ocean.

The relation of the barotropic flow through Denmark Strait to wind stress forc-
ing is discussed in Chapter 7.

Chapter 8 evaluates the upstream pathways to the Denmark Strait sill and
investigates large scale coupling mechanisms with the Faroe Bank Channel over-
flow.
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e In Chapter 9, a synthesis of density and wind stress forcing is proposed and

will be merged with the observational evidence of large scale coupling mecha-
nisms that may explain the observed variability and interannual decrease of the
Denmark Strait overflow.

e Chapter 10 gives an outlook to future observation plans and further investi-

gations to establish long-term monitoring of the dense overflows, including the
perspectives for remote sensing and in-situ measurements.

e Conclusions and a summary of the main results of this study are found in

Chapter 11.

e The Appendix contains a complete glossary of all abbreviations and acronyms

used in this thesis. All geographical locations are shown in Fig. 2.1 on page 27.
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2. Denmark Strait Hydrography

2.1. General circulation pattern

Across the Greenland-Scotland Ridge (GSR), warm surface waters of the North At-
lantic Current enter the Nordic Seas in several branches. One of these is the Irminger
Current (IC) / North Iceland Irminger Current (NIIC, Fig. 2.1 '), which flows through
Denmark Strait between Iceland and Greenland (for a review, see HANSEN AND
(DSTERHUS, 2000).

From the Nordic Seas, cold, low-saline surface waters of the East Greenland Cur-
rent (EGC, Fig. 2.1) flow southward along the east Greenland coast through Denmark
Strait into the Atlantic. Additionally, sea ice is exported by the EGC from the Arctic
Ocean. Its gradual melting contributes to the low salinity characteristics of the EGC.

Dense waters, that are formed in the Nordic Seas due to air/sea interaction, en-
ter the Atlantic across the sills between Greenland, Iceland, the Faroe Islands and
Scotland. For these deeper layer currents, topographical restrictions play a major role.

The Denmark Strait Overflow (DSO, Fig. 2.1) flows across the roughly 600m
deep Denmark Strait sill. Downstream of the sill, it descends rapidly along the East
Greenland shelf edge, and forms the deepest part of the North Atlantic Deep Water
(NADW; SAUNDERS, 2001).

The width of the part deeper than 300 m that can be occupied by the dense over-
flow water is larger than 100 km. Since the internal Rossby radius R = /g % Hy /f
is around 10km (GIRTON, 2001) to 14km (WHITEHEAD, 1998), the overflow dy-
namics are heavily influenced by Earth’s rotation. The Denmark Strait may thus be
considered as “wide strait” (WHITEHEAD, 1998).

A number of theoretical studies have been performed to describe the governing
relations that limit the flow through sea straits (a.o. GILL, 1977; KILLWORTH AND
McDONALD, 1993; BORENAS AND LUNDBERG, 1986; NIKOLOPOULOS ET AL., 2003,
further details: see section 6.1).

!Legend to Fig. 2.1: Ezplanation of moorings indicated on the map: Red + mark the ADCP moorings
A, B, C at the sill, a red 7 the upstream TP mooring and x the Icelandic IS7 current meter
mooring. Two PIES, that have been deployed halfway between ADCPs A and B, and B and
C, respectively, have been omitted for clarity. Black symbols denote current meter moorings of
previous studies: A: OVERFLOW’78 (Ross, 1984), *: MONA (AAGARD AND MALMBERG,
1978), O: “Lowestoft” arrays (DICKSON AND BROWN, 1994). Violet & mark positions of the
Angmagssalik array 1986 — 2004 (DICKSON ET AL., 2002; DYE ET AL., 2004), mooring codes
Fi1, F2, UK1, G1, UK2, G2 from northwest to southeast.
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Figure 2.1.: Map of Denmark Strait. Contours show SMITH AND SANDWELL (1997)

topography. Current vectors indicate principal circulation pattern, follow-
ing HANSEN AND OSTERHUS (2000) and JONSSON AND VALDIMARSSON
(2004a). EGC: East Greenland Current, NIIC: North Iceland Irminger
Current, DSO: Denmark Strait Overflow. For orientation, this map shows
all of the locations mentioned in this thesis. Dotted green lines denote
hydrographic standard sections of Hafrannsoknastofnunin, named Ldtra-
bjarg, Kogur, Hornbanki and Siglunes from southwest to northeast. KG5,
SI8 denote particular repeated stations. The bold green line across Den-
mark Strait sill on Ldtrabjarg section marks the central section reqularly
occupied by R/V Poseidon and Meteor on the SFB cruises. Explanations
of mooring symbols, see footnote 1 on page 26.
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Poseidon P262 (Jul. 2000): Section across Denmark Strait sill
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Figure 2.2.: Hydrographic sections across Denmark Strait sill from R/V Poseidon
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cruise P262, 2000. Section location marked on inset map. Panel a: Po-
tential density. Panel b: Potential temperature. Panel c: Salinity. Note
the nonlinear colour scales in panels a and c to show the different water
masses more clearly. Red x: ADCPs, green /\: PIES.



2.2. Water masses in the Denmark Strait

The typical features and water mass distribution for a section across the Denmark
Strait sill is shown in Fig. 2.2. The hydrography is dominated by the three main water
masses discussed above:

On the Iceland side of the Strait, warm, haline Atlantic Water (AW) of the NIIC
(HANSEN AND (JSTERHUS, 2000) is flowing into the Nordic Seas. On the Greenland
side, cold, fresh water masses of arctic origin are advected southward with the EGC
(RUDELS ET AL., 2002). Below, dense water of low temperatures and intermediate
salinity represents the Denmark Strait Overflow Water (DSOW), which downstream
of the sill descends into the deep Atlantic (observations: e.g. GIRTON ET AL., 2001).

The dominant density contrast of 0.3 to 0.45 kg/m? (WHITEHEAD, 1998; GIRTON,
2001, respectively) between DSOW and the NIIC and EGC water masses is the major
driving force for the exchange flow through the strait. Due to the effects of rotation,
the dense overflow is banked to the Greenland side of the sill section (Fig. 2.2).

2.2. Water masses in the Denmark Strait

2.2.1. Sources of the Denmark Strait Overflow

In the literature, Denmark Strait Overflow Water (DSOW) has most often been char-
acterized by potential density oo > 27.8kg/m? (DICKSON AND BROWN, 1994). This
water occupies the deeper part of the Denmark Strait to the Greenland side, as visible
in Fig. 2.2 a. It has an intermediate salinity (S ~ 34.88, as observed by R/V Poseidon
in 2000) and low temperatures, which generally lie in the range of —0.3°C to +0.8°C
(Fig. 2.2 b), but at times reach 1.5,°C, as will be shown in the mooring time series
(Fig. 5.4, page 68).

The origin and formation processes of the dense overflow water have been debated
in water mass analyses by SWIFT ET AL. (1980), STRASS ET AL. (1993), MAURITZEN
(1996a) and RUDELS ET AL. (2002).

Based on 7'/S and Tritium data, SWIFT ET AL. (1980) attributed most of the
overflow to Polar Intermediate Water (PIW), formed in the Greenland Sea due to
winter cooling, and Arctic Intermediate Water (AIW), which is produced by cooling
in the Greenland and Iceland Seas.

From newer hydrographic data, STRASS ET AL. (1993) emphasized the formation
of water with DSOW characteristics due to isopycnal mixing of Returned Atlantic
Water (RAW) and Upper Arctic Intermediate Water (UAIW) in the Greenland Sea
rather than the Iceland sea.

This view was questioned by MAURITZEN (1996a), since the production rates
in the Greenland and Iceland Seas appeared to be too low to feed the overflows
across the GSR. Based on a comprehensive review of hydrographic data sets and
an inverse model (MAURITZEN, 1996b), a revised circulation scheme was suggested,
where Atlantic Water (AW) is already gradually cooled on its northward way in the
Norwegian Atlantic Current, and returns in Fram Strait as RAW (also referred to
as Lower Arctic Intermediate Water, LAIW, 0°C < © < 2°C, 349 < S < 35.0).
A second branch passes through the Arctic Ocean, and joins the EGC as slightly
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2. Denmark Strait Hydrography

fresher Arctic Atlantic Water (AAW, also referred to as UAIW, 0°C < © < 2°C,
34.7 < S < 34.9), being the primary source for the Denmark Strait Overflow.

In contrast to the long-distance advection of DSOW suggested by MAURITZEN
(1996a), the role of local water mass modification and mixing processes in the Green-
land and Iceland Seas and close to Denmark Strait was highlighted by RUDELS ET AL.
(2002), who concluded, that the dense overflow is formed by diapycnal mixing of Po-
lar Intermediate Water (PIW) and Iceland Sea Arctic Intermediate Water (IAIW)
close to the sill. Referring to RUDELS ET AL. (2002), PIW represents the colder, less
dense part of the thermocline of the EGC. IAIW in turn results from mainly isopycnal
mixing of RAW and AAW in the Greenland Sea, and is further modified locally in
the Iceland Sea.

Conspicuously, RUDELS ET AL. (2002) could not continuously track the RAW
core in the EGC in the region just north of the Denmark Strait. From current me-
ter and hydrographic observations, JONSSON AND VALDIMARSSON (2004a) found a
direct pathway from the Iceland Sea to the Denmark Strait sill, which supports the
importance of processes in the Iceland Seas. The assumption of a branch of the deep
EGC, that is flowing through the Iceland Sea and along the north Icelandic shelf edge
towards Denmark Strait sill would merge these findings. Recent model results agree
with this theory (KASE, pers. comm.; KOSTERS, 2004b). If this current is fed by a
deep EGC branch flowing through the Iceland Sea, the findings of RUDELS ET AL.
(2002) and JONSSON AND VALDIMARSSON (2004a) are not in opposition, though.

2.2.2. Irminger current and East Greenland Current

On the Iceland side of the section, warm (7" > 5°C) and saline (S > 35.0) Atlantic
Water (AW) is carried northward by the NIIC.

On the Greenland side, different water masses contribute to the southward flowing
EGC. Much of the EGC part of the section is occupied by modified Polar Interme-
diate Water (PIW), following the definitions of RUDELS ET AL. (2002). This water
mass, formed presumably by mixing of PIW and AW of the Irminger Current, is char-
acterized by temperatures in the range 1°C < © < 3°C and slightly higher salinities
(S > 34.5).

Water masses of S < 34.5 and © < 0°C represent Polar Surface Water (PSW).
This water mass, additionally fed by the freshwater flux due to ice melt, spreads far
out to the Icelandic side in a thin layer at the surface. As is evident in Icelandic
CTD? data at the Kogur 5 station (Fig. 6.12, page 105), this low-saline surface water
exhibits a large seasonal cycle.

2.2.3. ©/S properties observed on SFB cruises

Reasoning from any of the studies mentioned above, the ©/S characteristics of the
overflow do not only reflect property changes of the upstream source water masses,

2CTD: Conductivity-Temperature-Depth: Instrument lowered from a vessel to obtain vertical pro-
files of temperature, salinity and other properties.
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2.2. Water masses in the Denmark Strait

but also depend on the actual mixing ratios of the different sources.

The SEFB sections at Denmark Strait sill corroborate this conclusion. In Fig. 2.3,
all CTD-profiles taken on the annual SFB cruises from 2000 to 2004 are shown in the
©/S space.

Denmark Strait Theta/S 2000-2004

10 — T
e P262 /2000
* M50/4 / 2001
* P293 /2002
sH P301 /2003
e P315 /2004

AY
o o

L[]

Theta / °C

2
34.3 34.4 34.5 34.6 34.7 34.8 34.9 35 35.1 35.2
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Figure 2.3.: ©/S diagram for all sill sections. The oo = 27.8kg/m? isopycnal, typi-
cally used as upper overflow boundary, is highlighted as bold line. Different
colours denote the years 2000 - 2004. All stations on the central section
contributing to the sections in Fig. 2.4 are shown on 2 dbar intervals.
Water mass labels according to RUDELS ET AL. (2002). IAIW includes
the range from UAIW to LAIW.

Above the dense overflow, in the density range oo < 27.7kg/m3, PIW (O <
0°C), AW (© > 5°C / S > 35) and a PIW/AW compound water mass (1°C <
© < 3°C / S > 34.5; RUDELS ET AL., 2002) is present. Between the 27.7 and 27.6
isopycnals, a broad range of intermediate water masses indicates isopycnic mixing of
PIW and AW (Fig. 2.3).

The densest part of the DSOW is fairly stable in ©/S properties, compared
with the larger variability above. According to RUDELS ET AL. (2002), it is a mixture
of ATW and uPDW (upper Polar Deep Water, occupies the deeper parts of the Iceland
Sea basin, oo > 27.97kg/m?). From og = 27.95kg/m?® (0 ~ +0.5°C/S ~ 34.89)
to 0o = 27.8kg/m? (O ~ —0.3°C/S =~ 34.6), the ©/S characteristics match almost
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2. Denmark Strait Hydrography

exactly the RUDELS ET AL. (2002) definition of IAIW. The high temperature / salinity
end of this range also represents the LAIW (RAW/AAW mixture) mentioned by
MAURITZEN (1996a).

In the less dense part of the overflow (27.8kg/m’® < 0g < 27.95kg/m?),
the ©/S characteristics are delimited by the IAIW on the cold/fresh side, and by
mixing products between LAIW and AW on the warm/salty side. In between, all
kinds of mixing products between LAIW /TAIW and the aforementioned waters of
the PIW-AW range exist. There exists both high spatial variability (Fig. 2.3, consider
the profiles of the same year, but taken at different positions on the section) and
temporal variability (Fig. 2.3, consider profiles of different years).

Other, temperature-based definitions of the overflow (0 < 2°C; Ross (1984); or
© < 3°C; SAUNDERS (2001)) include much of the less saline and hence less dense
waters of the EGC (Fig. 2.2, page 28), which do not contribute to the descending
plume.

2.3. Variability of circulation and water mass
properties

Baroclinic instability mechanisms (first applied to the overflow by SMITH, 1976) lead
to high spatial and temporal variability of the overflow. This is evident in five realiza-
tions of the central CTD section, as shown in Fig. 2.4. The location of the temperature
and salinity fronts is highly variable due to the strong eddy activity in the Denmark
Strait (for an extensive discussion, based on observations, see GIRTON, 2001). The
horizontal extension of the warm, saline AW varies by around 50km. In some of
the sections (Fig. 2.4, M50/4, P301, P315), isolated intrusions of AW can be found
in the EGC. This feature has already been observed by DEFANT (1931). RUDELS
ET AL. (2002) assumes that most likely these AW lenses have been separated from
the northward flowing NIIC in the strait.

The structure of the EGC is much less homogeneous than that of the NIIC, and
reflects the different source water masses that are advected southward by the EGC.
Water of lower salinity is regularly found over large parts of the upper boundary of
the dense overflow. This low-salinity lid has also been observed downstream of the
sill (RUDELS ET AL., 2002). Even in 2003, when the horizontal extent of AW was at
its maximum, an isolated lens of low saline (S =~ 34.65) and cold (© =~ 0°C) water
resembling IAIW properties was found on the upper boundary of the overflow.

Considering interannual changes, the large short-term variability in the Denmark
Strait has to be taken into account, which aliases the sections taken once per year
only. However, some consistent signals are evident in the hydrographic sections.

The AW has warmed by =~ 1°C from 2000 to 2003, coherent with a salinity in-
crease by 0.05. This agrees with the seasonal Icelandic hydrographic surveys that
showed stronger Atlantic inflow with higher temperatures and salinities during this
time (VALDIMARSSON, pers. comm.). The larger AW extent and the increased tem-
perature contrast between AW and the dense overflow might have consequences for
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Figure 2.4.:

Central section across the Denmark Strait. All five SFB cruises since
1999, i.e. P262 (2000, panels a, b, ¢), M50/4 (2001, panels d, e, f), P293
(2002, panels g, h, i), P300/301 (2003, panels j, k, 1) and P315 (2004,
panels m, n, o). Left: Potential temperature. Centre: Salinity. Right: Po-
tential density; oo = 27.8kg/m?® marked as heavy line. Section location,
colour scaling and mooring symbols similar to Fig. 2.2, page 28. For sev-
eral cruises, the extension of the hydrographic sections is limited by

sea ice, weather and cruise schedules.



2. Denmark Strait Hydrography

entrainment processes in the upstream approaches to the sill, as will be discussed in
chapter 8.

The salinity of the dense overflow, typically in the range from 34.85 to 34.90, is
spatially less homogeneous in 2003. Particularly in those regions, where AW is located
directly above the overflow plume, dense water with higher salinity (S > 34.90) and
higher temperature (in parts, © lies between 2 and 2.5 °C) exists. In the ©/S diagram
(Fig. 2.3, page 31), these direct mixing products of LAIW and AW are evident only
in 2000 and 2003.

Short term variability prevents to derive long-term signals for the overflow water
masses from these five cruises alone, but the enhanced Atlantic influence shall be
considered in the discussion of the mooring time series (section 5.3 and chapter 8).

Associated with an overall freshening of the northern North Atlantic, DICKSON
ET AL. (2002) observed a long-term salinity decrease of the Denmark Strait Overflow
of 0.013 per decade. In the hydrographic profiles of the SFB cruises 1999 — 2003, the
bottom values of salinity lie within the expected range [34.877 34.894], but do not
show any significant long term trend (Fig. 2.3, page 31). Since the CTD data are
taken once per year only, they are likely to be affected by the much larger short term
variability. Even in DICKSON ET AL. (2002), the long-term freshening is superimposed
by large variability on timescales of a few years, thus, a time series of just four years
is too short to prove interdecadal trends.

2.4. Alongstream development

The time averaged spatial distribution of potential density along the overflow path for
three subsequent Poseidon cruises is shown in Fig. 2.5. The pathway was identified
by maximum density at the bottom and agrees well with the direct current observa-
tions and the centre of gravity overflow pathway estimate of GIRTON (2001). 80 km
upstream of the sill, dense water (0o > 27.8 kg/m?) is piled up to a height of 300 m
above the sill crest. On its way to the sill, the dense water height has decreased by
~ 100 m.

Further south, the plume descends along the topography with a fairly constant
rate of 6 m/km between 50 and 250 km downstream of the sill, which agrees with the
observations of GIRTON (2001). The highest current velocities were observed between
50 and 100 km downstream (GIRTON, 2001), a fact that is reflected by the low plume
thickness in this region. Further downstream, the plume thickness increases, and
flow speed decreases (GIRTON, 2001). This may be attributed to the reduced density
contrast to the ambient water, which reduces the buoyancy forcing of the descending
plume. Turbulent mixing reduces the maximum density at the bottom by around 0.1
0e units along the overflow path.

Further discussion about direct current measurements and downstream plume
dynamics can be found in GIRTON (2001). The observed features discussed in this
section are compared with the energy balance in the high-resolution process model in
section 6.2.1.
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2.5. Current structure at the sill

Composite from Poseidon P222, P230, P240: Sigma-Theta along overflow path
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Figure 2.5.: Hydrographic section along the overflow path. Objective analysis of three
subsequent Poseidon cruises P222, P230, P2/4, covering different re-
gions. og = 27.8kg/m? isopycnal marked by heavy line. Note decreasing
density due to entrainment during the descent of the overflow plume. In-
set map: Spatial coverage of hydrographic surveys indicated. Heavy line
marks location of the section along the overflow pathway. Bottom den-
sity shaded with same colour range as in the main figure. Colour scaling
similar to Fig. 2.2, page 28.

Qualitatively, the descending isopycnals in Fig. 2.5 are suggestive for hydraulic
control mechanisms. Quantitative tests in both the model and the observations (chap-
ter 6) suggest, that the Denmark Strait Overflow is indeed hydraulically controlled.

2.5. Current structure at the sill

Despite of the large density contrast with steeply inclined pycnoclines across the
sill section (Fig. 2.2, page 28), the structure of the current velocity is predominantly
barotropic. This has been observed on various cruises. An extensive rapid survey with
expendable probes by R/V Poseidon in 1998 confirmed, that the eddies, that dominate
the variability, cover the entire water column. From vimADCP? sections, FRISTEDT
ET AL. (1999) concluded, that the current at the sill behaves like a barotropic jet.
This structure has also been confirmed by vimADCP and LADCP* sections from
the SFB cruises (Fig. 2.6). As expected, the northward flowing NIIC is evident on the
eastern side; on the western side of the strait the EGC dominates with currents to the
south-west. In addition to the highly barotropic current structure, a considerable near-
bottom intensification of the outflow marks the dense overflow plume, that occupies

3vymADCP: vessel mounted ADCP, see appendix A.
4LADCP: Lowered ADCP, see appendix A.
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2. Denmark Strait Hydrography

the Greenland side of the section with an average thickness of 100 — 200 m (compare
hydrographic section, Fig. 2.2, page 28).

It might be questionable, to which degree these patterns are influenced by tides,
that have not been taken into account.

The observations of moored ADCPs revealed, that the barotropic M, tide is the
dominant tide. During the time of the vmADCP sections shown in Fig. 2.6, the
tidal currents at ADCP B had a typical peak-to-peak amplitude of 0.2m/s (not
shown). The range is consistent with an inverse model for barotropic tides (EGBERT
AND EROFEEVA, 2002), which revealed, that the maximum tidal velocities at the sill
reach 0.25m/s. Hence, the tides are much weaker than the maximum velocities in the
vimnADCP sections.

In contrast, the vmADCP sections (Fig. 2.6) exhibit barotropic in/outflow features
with larger peak-to-peak amplitudes of &~ 0.7 m/s, associated with a horizontal length
scale of 20 — 30 km.

The entire section of 180 km took around 18 hours, and thus covered roughly 1.5
times the semidiurnal tidal cycle. Hence, the semidiurnal M5 tides should be expected
to project on a horizontal scale of ~ 60 km. The apparent variability on 20 — 30 km
scales are thus likely to indicate barotropic eddy activity. They agree well with the
spatial extent of eddies observed in 1998 by GIRTON (2001).

The barotropic flow structure, combined with a notable near-bottom intensifica-
tion of the current, has implications for the transport mechanisms of dense overflow
water across the Denmark Strait sill:

While the alongstream baroclinic pressure gradient drives a deep current, that
may be assessed with the theories of hydraulic control (discussed in chapter 6), the
overflow may be additionally forced by barotropic mechanisms (discussed in chapter
7). Numerical experiments suggest, that the Denmark Strait Overflow may be con-
sidered as a linear superposition of a density driven baroclinic component and a wind
driven barotropic part (KOSTERS, 2004b).
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Poseidon P262, Denmark Strait, vmADCP-Section # 10
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Figure 2.6.: Examples of typical vmADCP sections across the sill, measured during
R/V Poseidon P262, 2000. Blue marks outflow to the south-west, yellow
and red inflow to the north-east. Current velocities out of the vmADCP
range calculated with geostrophy inferred from CTD-profiles (Fig. 2.2,
page 2.2). Transport estimates below the oo = 27.8kg/m* isopycnal
(green line) yield values of (2.4 £ 0.5) Sv (panel a) and (3.3 £ 0.5) Sv
(panel b), respectively.
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3. Observation methods

The main focus of the SFB project was to obtain continuous multi-year time series
of the overflow by means of moored instruments. This chapter addresses the chosen
observation strategy and the postprocessing methods applied to the data.

3.1. Observation strategy

The high spatial variability in Denmark Strait (shown in previous chapter) requires
several moored instruments deployed at properly selected positions to obtain accurate
overflow transport estimates.

Heavy fishing activities take place in parts of the Denmark Strait, which is a po-
tential risk for loss of conventional taught wire moorings. At the sill section, this is
particularly the case for the shallower part > 15 km northwest of the sill (VALDIMARS-
SON, pers. comm.). Additionally, drifting sea ice of the East Greenland Current and
icebergs pose danger on mooring parts close to the surface. This lead to the strategy
of acoustical observation with instruments deployed at the bottom. All moorings de-
ployed > 15 km northwest of the sill were protected against fishing by trawl-resistant
shields®.

In the Denmark Strait (maximum depth ~ 600m), bottom mounted Acoustic
Doppler Current Profiler (ADCP) are capable of measuring current profiles of the
entire water column.

Critical for DSOW transport observations is to obtain the thickness of the dense
overflow plume. Bottom mounted instruments, though, can not measure directly the
vertical ©/S profile. The distinct stratification of light AW /PIW/PSW above the
dense DSOW, however, allows for remote acoustical detection of the interface depth

Zing-

1. Maximum of acoustic backscatter: Typically, suspended matter (e.g. plankton)
accumulates in pycnoclines.

2. Maximum of current shear: Assuming geostrophic balance, an inclined pycno-
cline, which is normally observed in the Denmark Strait Overflow, is associated
with a maximum in current shear.

I Two series of trawl-resistant shields were employed to accommodate ADCP and PIES instruments.
Both types were developed at IFM-GEOMAR  in Kiel.
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3.2.  Data processing

For integrating geostrophic estimates, Pressure sensors / Inverted Echo Sounder
(PIES) were deployed, which utilize the difference of sound velocity between DSOW
and the warmer AW. From acoustic travel time bottom—surface-bottom, and actual
bottom pressure, both interface depth and sea surface height (SSH) can be calculated
with the assumption of a two layer system.

To ensure the best possible performance of the mooring array, and to obtain re-
liable error estimates, different configurations were simulated in a high resolution
process model (KASE AND OSCHLIES, 2000) of the Denmark Strait, which are dis-
cussed in chapter 4.

3.2. Data processing

The postprocessing methods applied to the field data have been described in detail
by MACRANDER (2001). For the integrity of this thesis, the most important steps are
briefly outlined here.

3.2.1. ADCP data

Acoustic Doppler Current Profilers (ADCP) measure a vertical current profile of the
water column, utilizing the Doppler frequency shift, that affects sound signals reflected
by moving objects in the water (for technical details, see RD INSTRUMENTS, 1998).
At the Denmark Strait sill with depths < 650m, 75 kHz ADCPs are capable to scan
the entire water column from bottom to surface. Depending on the reception time
of the echoes, the resulting data are binned into depth cells, which, in case of the
ADCPs deployed in Denmark Strait, were chosen to 16 m.

Besides the actual velocity data, ADCPs also record the acoustic backscatter
amplitude for each depth bin. This allows to estimate the amount of suspended matter
(e.g. plankton) in the water column.

3.2.1.1. Interface detection from maximum of current shear

Typically, the pycnoclines of the upper boundary of the overflow exhibit a large
cross-stream slope, which in turn leads to maximum geostrophic current shear (for
geostrophic balance of the overflow, see section 6.2.4). This is confirmed by the di-
rect current observations (Fig. 3.1). The depth of maximum current shear has been
obtained from the ADCP measurements as the maximum of the bin-to-bin difference
of the strait-parallel current velocity v,. The vertical resolution is thus given by the
bin size of 16 m.

During periods with a distinct current shear (Fig. 3.1 a), the RMS error of each
individual measurement equals approximately the bin size of 16 m. The uncertainties
are larger (RMS error for each observation > 100 m) when the baroclinic component
is less evident (Fig. 3.1 ¢).

Since the semidiurnal tides represent the fastest mode of physical variability (con-
sidering current velocity spectra, Fig. 5.2, page 64), a 5 hours low-pass filter conserves

39



3.  Observation methods

L |
100 y [ F
200+ 1 f r

300 Wl 3

Depth /m

400 : L L

L a)l

500 o
00 08 16 00 08 16 00 08 16 00 08 16
Dec 6 1999 Dec 7 1999 Dec 8 1999 Dec 9 1999

ADCP B, backscatter amplitude / rel. units

00 08 16 00 08 16 00 08 16 00 08 16
Dec 6 1999 Dec 7 1999 Dec 8 1999 Dec 9 1999

ADCP B, diff(v parallel) / cm/s

1004 L L L L L h L L
. ‘}
{

200
£ { :
< 300+ f r
=
©
[a)

400 L

500 ' i i 1 1 1 1 1 g Bl 9)'

00 08 16 00 08 16 00 08 16 00 08 16
Dec 19 1999 Dec 20 1999 Dec 21 1999 Dec 22 1999

ADCP B, backscatter amplitude / rel. units

00 00

08 16
Dec 22 1999

08 16 00 08 16 00 08 16
Dec 19 1999 Dec 20 1999 Dec 21 1999

Figure 3.1.: Ezample of ADCP B observations: Current shear (panels a,c) and acous-
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tic backscatter(b,d). Green lines: DSOW/AW interface depth, obtained
from PIES deployed in 500 m distance to ADCP B. Panels a,b: Typical
pertod with large baroclinic shear. Panels c,d: Period with small baroclinic
shear, and diurnal cycle of the mazimum backscatter depth, likely associ-
ated with vertical excursions of plankton. Figure adopted from MACRAN-
DER (2001).



3.2.  Data processing

the physical variability, whereas the noise in interface depth detection is reduced due
to averaging over several independent measurements. The resulting RMS error for
each value is estimated to be 13m 2. A 40 hour low-pass filter was applied for de-
tided estimates, reducing the RMS error to 2m.

The method to determine the overflow plume thickness by current shear maxi-
mum has also been successfully applied to the Faroe Bank Channel (FBC) Overflow
(HANSEN ET AL., 2001). Although the flow in the FBC is much more baroclinic than
at the Denmark Strait sill, the current shear maximum is considered to be the best
way to detect the upper DSOW boundary.

3.2.1.2. Interface detection from maximum of acoustic backscatter

Suspended matter, e.g. plankton, typically accumulates on pycnoclines. This leads
to enhanced acoustic backscatter of the ADCP’s ping. To identify these scattering
layers, the background reflection of clear water has additionally to be taken into
account. Since the amplitude of the backscattered signal decreases with distance, the
coefficients of an exponential function A + Be~“% have been empirically determined
for each profile to obtain a “best fit” for the theoretical clear water backscatter profile
(Examples shown in Fig. 3.2). Negative deviations from the fitted curve have been
penalized by a factor of 10 to optimize its clear water characteristics. Scattering
layers have then been identified by maximum positive deviations of the actual scatter
amplitude from the exponential clear water fit.

During periods of large baroclinic current shear, a clear signal is typically found
in the same depth range (Figs. 3.2 a, 3.1 b). During periods of weak shear, however,
no clear backscatter maximum is found (Fig. 3.2 b). Occasionally, the maximum
backscatter shows daily vertical excursions between the surface during the night and
larger depths during daylight (Fig. 3.1 d, MACRANDER, 2001). During wintertime,
the backscatter amplitudes are generally lower than in summer, which makes the
determination of backscatter maxima less accurate. Both effects are likely attributed
to biological activity.

In summary, acoustic backscatter is a valuable quantity to verify the results from
maximum current shear or travel time measurements by PIES. For the construction
of long-term DSOW transport time series, however, the depth of maximum current
shear, which represents a kinematic criterion to define the overflow plume thickness,
has been preferred.

3.2.2. DSOW transport calculation from ADCP data

In order to obtain the volume transport of DSOW from ADCP measurements, the
strait-parallel current velocity v, has been vertically integrated below the depth of
maximum current shear Zgpearmax- Lhe resulting integral of transport density (units:

2RMS error estimate based on the normal distribution of the differences between consecutive values
with ¢ = 13 m. This estimate does not account for any errors that may arise from differences
between this kinematic interface definition and the depth of certain isopycnals.
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Figure 3.2.: Two examples of vertical profiles of acoustic backscatter at ADCP B. In
both panels, the heavy red line marks an individual profile of backscatter
amplitude, whereas the thin red line is an empirical exponential fit for the
“clear water” backscatter. The particle-associated backscatter is illustrated
by grey shading. Dots denote individual bins. Positive deviations of the
observed profile depict either the surface echo (VISBECK AND FISCHER,
1995) or accumulated scattering matter. In blue, the strait parallel current
profile is additionally shown. Panel a: Distinct mazimum backscatter at a
depth of 480m, corresponding to a maximum current shear at the upper
overflow plume boundary. Panel b: The overflow plume extends to a depth
of 300 m; the backscatter mazimum associated with the depth of maximum
current shear is less well defined.

m?/s) has been multiplied with a horizontal scale width z; for each instrument and
summed over the entire array with N moorings:

N Zshearmax
Qapce = > ; Up, (2) dz + Qogis (3.1)
=1 Zbottom
The scale widths x; and the correction term @.gs resulted from a multilinear
optimization of the array in a high resolution overflow process model (chapter 4).

Error estimates

Following, the errors in determining the DSOW transport with ADCPs shall be
assessed.

Instrumental errors, associated with the uncertainties in current velocity mea-
surements (1.9 cm/s per 10-ping ensemble), ADCP compass error (+ 5° at an inclina-

42
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tion of 60°, RD INSTRUMENTS, 1998), and the uncertainties in the determination of
the depth of maximum current shear (13 m for 5 hour low-passed time series), yield a
total transport RMS error of 0.15Sv for each individual value of 5 hours low-passed
time series.

Array-configuration related errors: The dominant variability of the over-
flow on timescales of 2 — 10 days (Fig. 5.2) is associated with eddies. It depends on
the mooring array configuration, how well this variability is captured. The numerical
simulation yields RMS errors of 0.93 Sv for ADCPs A+B, and 1.20Sv for B+C, re-
spectively (see Table 4.2, page 58). For approx. 300 days of each deployment period
and an integral time scale of 4 days, the time series includes 75 independent estimates
(for details on error treatment, see EMERY AND THOMSON, 2001). The error of the
mean transport is subsequently reduced by a factor of v/75 & 8.7 to the order 0.1 Sv.

Systematic errors: Small arrays will underestimate the true transport, since
part of the flow occurs outside of the mooring array. The multilinear optimiza-
tion in the process model provides an additional term Qg to correct for this sys-
tematical offset. It has been applied as an additive constant to match the tempo-
ral means of ADCP-estimated and actual transport in the numerical model, i.e.
mean (Qpsow (model)) = mean(Qapcp(model)) + Qofis- Since the actual transport in the
real Denmark Strait might be larger than mean(Qpsow(moden)), @ multiplicative cor-
rection has also been tested. The differences are, however, smaller than 0.1 Sv.

Hence, the largest errors result from uncaptured spatial eddy-related DSOW trans-
port variability. On longer timescales, the systematic error Qugs, that has been derived
from the numerical simulation, remains as the largest uncertainty. It depends on the
assumption, that the process model realistically reproduces the spatial distribution
of the overflow transport at the sill section (KASE ET AL., 2003).

3.2.3. Interface depth and SSH from PIES observations

As part of the SFB array, Inverted Echo Sounders (IES) with Pressure sensor (termed
PIES) manufactured by the University of Rhode Island (URI) have been deployed for
integrating geostrophic measurements.

PIES measure the two-way travel time ¢pgs of an acoustic signal between bottom
and surface. Additionally, the instruments are equipped with a pressure and tem-
perature sensor, measuring bottom pressure ppigs and temperature 7Tpigs. Further
technical details can be found in UNIVERSITY OF RHODE ISLAND (2000).

The acoustic travel time tpigg is given by:

0 1
tpips = 2 eomes C2(S,T.p) dz (3.2)
with ¢, as sound velocity, which is a nonlinear function of salinity S, temperature
T and pressure p (CHEN AND MILLERO, 1977).

Since sound velocity in water primarily depends on temperature, the acoustic
travel time is a measure of the mean temperature of the water column. In the Den-
mark Strait, the cold overflow water (T' < 2°C) and the warm AW (7" > 5°C) are
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Figure 3.3.: Hydrographic profiles close to ADCP B. Panel a: Temperature. Panel
b: Sound welocity. Panel c: Potential density. Note the 2-layer sound
speed characteristics for the profiles, where warm AW is situated above
the DSOW. For cold EGC water conditions, the sound speed difference
vanishes, although the density profile has similar 2-layer characteristics
as for AW conditions.

well approximated by a two-layer system (compare typical profiles, Fig. 3.3), with ho-
mogeneous temperatures and salinities in the upper and lower layers and a significant
difference in sound velocity. When cold water of the EGC is above the overflow, the
difference in sound velocity is much smaller (Fig. 3.3). During the PIES deployments
1999/2000, and 2000,/2002, however, most of the time warm AW was observed above
the DSOW.

Referencing equation 3.2 to pressure p instead of depth z, and introducing upper
T1, 51 and lower Ty, Sy layer properties, travel time is defined by

Dint 1 1 0 ]_ ].
tpims = 2/ dp—l—2/
PIEs PPIES gQ(SQ)TQ)p) 65(527 T27p) Pint QQ(SI; Tlap) CS(SI)TI)p)

with pressure p;,; at the interface depth, acceleration of gravity ¢ and density o as
function of S, T and p (UNESCO International Equation of State IES80, described
by FOFONOFF, 1985).

The distance between PIES and sea surface (i.e. water depth minus height of the
PIES itself) Dpgg is then given by

dp (3.3)
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Pint 1 0 1
Dprps — / . / —d 3.4
PIES DPIES gQ(827 T27p) P Dint gQ(Sla Tlap) b ( )

With known temperatures and salinities of both layers, the system of equations
3.3 and 3.4 can be solved for the two unknowns Dp;ps and AW/DSOW interface
depth piy. Since ¢s(S, T, p) and o(S, T, p) are nonlinear functions, the system has to
be solved numerically, varying Dp;gs and p;,; to match the measured tpigs and ppigs.

For the lower layer, a linear 7'/S relation was employed to obtain Sy in depen-
dence of the bottom temperature 75 that was measured by the PIES. Since the bottom
mounted PIES does not measure the upper layer 7'/S properties, constant values of
Ty = 6°C and S = 35.0 derived from hydrography have been used for the AW.
It might be argued that Tpgs underestimates the mean temperature of the lower
layer. Therefore, the temperature contrast for both layers was varied systematically
to obtain a realistic interface depth sensitivity for travel time and bottom pressure
changes (MACRANDER, 2001). The values given above represent the best fit to mini-
mize the differences between interface depth derived from PIES data, and the depth
of maximum current shear and maximum acoustic backscatter of an ADCP, that in
1999/2000 was deployed just 500 m apart from a PIES. Fig. 3.4 (page 48) demon-
strates the agreement between all three interface depth detection methods.

The absolute Sea Surface Height (SSH), which is relevant for the barotropic com-
ponent of geostrophically balanced currents, can not be obtained from PIES, since
the vertical position of the instrument relative to the geoid is unknown. Therefore,
Dpigs = D + ( is separated into a mean depth D and fluctuating sea surface height
anomalies (. The SSH anomalies ¢ will later be used for geostrophic calculations,

which, however, have to be referenced to direct current measurements (see section
6.2.4).

3.2.4. DSOW transport calculation from PIES data

At the Denmark Strait sill, the overflow is mainly in geostrophic balance. This has
been verified for both the model and observations, using PIES measurements of SSH
and the DSOW /AW interface depth (see Fig. 6.7, page 93).

The geostrophically balanced current velocity is given by

of Oy
~ of Ox

(3.5)

with pressure p, Coriolis parameter f and wu,v as velocity components in x,y
direction.

The horizontal pressure gradient V,, p = (9Op/0x, Op/dy) includes both an external
component given by the SSH slope 0gV}, ¢, and an internal component given by the
vertically integrated density of the water column V,, [ og dz.
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The assumption of a 2-layer system introduced in the previous section, allows to
calculate the geostrophic current velocities of the upper (v;) and lower (vy) layer,
using the MARGULES equation. Replacing the partial derivatives by finite differences,
as obtained from instruments at two distinct positions, the following expression holds:

Upper layer:

9 AC
== 3.6
T s (36)
Lower layer:
01 Azips g Ap
Vg = —Up + = — 3.7
‘T Az f oo 3.7)

with ¢ as acceleration of gravity, Coriolis parameter f, and upper/lower layer
densities p;, 0o, respectively. The density difference is noted as Ap = 02 — 01. SSH (
and interface depth z;,, is measured by e.g. moored PIES. Az denotes the distance
between the two observing instruments, and v the geostrophic velocity component
perpendicular to the connecting line between both instruments.

Since the absolute height of the PIES relative to the geoid is unknown, the veloci-
ties have to be corrected by a constant offset, which may be obtained from independent
current observations.

The DSOW transport is obtained by vertical integration of vy from bottom to
interface z;,; and horizontal integration over the distance Az between the observation
instruments.

Error estimates

Instrumental errors: The absolute accuracy of the Paroscientific pressure sensor of
the PIES is £0.6 dbar, the resolution +0.002 dbar (UNIVERSITY OF RHODE ISLAND,
2000). The travel time measurement yielded an RMS error of 1.67 ms for one 12-ping
ensemble mean. The resulting RMS error of the DSOW /AW interface depth is 52 m,
which is primarily caused by the uncertainties of the travel time measurements. For
5-hours low-passed time series, the RMS error is reduced to 20 m, since the travel time
measurements represent independent observations. The sea surface height is estimated
with an RMS error of 0.039m for each 12-ping ensemble mean, reduced to 0.013m
for 5-hours low-passed time series.

In 2001/2002, two PIES were deployed 5 and 17 km west of the sill. The uncertain-
ties in interface and surface detection by PIES lead to errors of the 2-layer geostrophic
transport estimates. A transport error of 0.12Sv is caused by a low-pass interface
depth standard deviation of 12m for each PIES, 0.45Sv is due to surface inclination
errors of 9 mm. However, the actual mean has to be corrected by independent current
observations, as PIES do not determine the absolute SSH gradient.

In addition to these instrumental errors, the natural variability of the Denmark
Strait overflow is a challenge for geostrophic observations:

e The typically non-uniform slope of the DSOW /AW interface (see CTD-sections,
Fig. 2.4, page 33) yields a non-uniform velocity field between the two observation
positions. For standard applications with flat bottom and similar depths at
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3.3. Validation of observation methods

the endpoints, this is irrelevant due to the integrating character of geostrophic
observations. In Denmark Strait with a complicated sloping bottom topography,
this is a possible source for errors. The assessment of geostrophic estimates from
hydrographic sections (section 6.2.5) reveals, that the non-uniform interface
slope yields transport errors of O(0.25Sv). Further uncertainties may result
from a non-uniform external velocity component due to variable SSH.

e The (unknown) interface position outside of the array, in interaction with the
irregular topography, may add an unknown additional DSOW transport volume.

As a rough estimate, integrating geostrophic transport calculations over a distance
of O(50 km) to include the bulk of the overflow may yield transport errors of O(0.5Sv)
due to the effects of a non-uniform velocity field over sloping topography.

PIES deployments with a wide distance to integrate over a large part of the over-
flow have unfortunately not been recovered due to instrumental problems, though.
Only in 2000 - 2001, two PIES could be recovered, allowing for geostrophic estimates.
Here, the instruments were deployed 5 and 17 km west of the sill — thus, the trans-
port outside of the array is likely to be the largest error source. This “small” PIES
array yielded current estimates that were essentially similar to those of the local cur-
rent at ADCP B, that was deployed halfway between both PIES (see section 6.2.4).
Therefore, these PIES time series may be considered as “local” rather than integrating
measurements, and the transport errors are similar to the error estimates of a single
ADCP (see Table 4.2, page 58, for ADCP B ~ 10km west of the sill). For this con-
figuration, the model simulation yields an RMS error between “observed” and actual
transport of 1.22 Sv (correlation r = 0.69).

3.3. Validation of observation methods

In the field experiment, the accuracy of all three methods was validated in 1999,/2000,
when an ADCP and PIES were deployed only 500 m apart from each other. The time
series allow to compare the interface depth estimates of (i) maximum current shear,
(ii) maximum backscatter, and (iii) the two-layer sound propagation model for PIES
observations.

The results of all three methods agree well (Fig. 3.4). The data show the large
short term variability the Denmark Strait Overflow is known for (e.g. GIRTON, 2001).
The interface depth exhibits typical vertical amplitudes of O(100m) and timescales
of 2 — 10 days (as observed by R0ss, 1984). The mean depth of the upper overflow
plume interface is (318 + 63) m for (i) , (311 &+ 67) m for (ii) and (313 £ 73) m for
(iii). Moreover, the hydrographic observations (Fig. 2.4, page 33) agree well with the
range established by the moored instruments. The values are highly correlated and
prove the suitability of all three observation methods.

Effects of correlated variability of plume thickness and velocity

Both the plume thickness and the overflow velocity are highly variable (Fig. 3.5).
On the timescales of tides (Fig. 3.5 b shows an example for ADCP B, 1999), no
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3.  Observation methods

Observations of ADCP and PIES at Position B: Interface Depths
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Figure 3.4.: Test of three independent DSOW /AW interface detection methods. Both
the depth of maximum current shear and maximum acoustic backscatter
reveal the interface depth calculated from vertical travel time and bottom
pressure data (PIES). Shown is a typical part (50 days) of the 1999/2000
time series with ADCP B and and PIES moored at the same location.

significant correlation is evident. A quantitative analysis (not shown) revealed, that
de-tiding of the interface depth and current velocity time series (with a 40 hours
low-pass filter) yields DSOW transport errors < 0.05 Sv.

On the timescales of the dominant eddy variability (2 — 10 days), plume thickness
and current velocity at ADCP B are moderately anticorrelated (Fig. 3.5 a). Large
current velocities are typically followed by minimum plume thickness a few hours
later. However, the vertically integrated DSOW transport is at maximum during the
times with fast current, since the thickness reduction does not outbalance the larger
velocity. Separating plume thickness H, and strait parallel velocity v, into mean Hy,
7, and fluctuating parts Hy, v}, transport estimates based on the mean integral H, v,
underestimate the actual transport by ~ 5% (0.15Sv), since Hj - v, # 0 due to the
anticorrelation of both quantities.

To obtain realistic transport estimates, it is hence necessary to observe both plume
thickness and current velocity.

Far downstream, e.g. in the Angmagssalik array (DICKSON ET AL., 1999), this
may be different; preliminary results calculated with a fixed mean cross-section show
consistent transport variability compared with transport data of the SFB array at
the sill (DYE ET AL., 2004, see section 5.5).
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3.3. Validation of observation methods

ADCP B 1999/2000: Correlated near-bottom current and interface depth (40h low pass)
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Figure 3.5.: Correlated variability of current and interface depth at ADCP B. Panel
a: 40 hours low-passed time series. Panel b: Tidal signal (5 h low-passed
minus 40 h low-passed time series).
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4. Model Studies

The Denmark Strait Overflow is spatially highly variable, as shown in section 2.3.
A small number of moored instruments can thus lead to large uncertainties in the
determination of the actual DSOW transport volume. To find the best compromise
between the number of instruments and transport estimate accuracy, a numerical
process model of the Denmark Strait Overflow was used to simulate and optimize the
acoustic observations.

4.1. High resolution process model

In this study, a high resolution process model of the Denmark Strait Overflow is
employed. Details are discussed in KASE AND OSCHLIES (2000); here, a brief overview
about the main features of the model is given. Table 4.1 lists the principal model
parameters.

Table 4.1.: SPEM model parameters

Model parameter Values
Horizontal grid average 4.5 x 4.5 km resolution, curvilinear grid
Model area 18 —35°W / 62.8 — 69.5°N,

980 km along strait, 580 km cross strait
Vertical grid 31 equidistant bottom following o levels

Boundary conditions Closed boundaries at walls

Free surface

Land areas replaced by 150 m deep shelf seas
Equation of motions Primitive Equations
Equation of state Linear, only temperature dependent
External forcing No surface fluxes, no meteorological forcing

The model is a version of the o-coordinate Primitive Equation Model of Rutgers
University (SPEM), documented by SONG AND HAIDVOGEL (1994). The model do-
main consists of a 940 km x 580 km area aligned along the axis of the strait. It has a
horizontal resolution of approx. 4.5 km, with 31 bottom-following o-levels.

The topography is a slightly smoothed version of the real topography of the strait
to avoid excess errors due to numerical inaccuracies of the pressure gradient term,
but the principal topographic features of the Denmark Strait are kept. The land areas
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4.1. High resolution process model

Figure 4.1.: Denmark Strait overflow plume in the process model. Black and red denote
large thickness of water colder than 2 °C, the thinner edge of the plume
corresponds to yellow shading. After a “dambreak” at the sill (see text), a
dense plume descends along the Greenland shelf edge. Note the formation
of eddies, that agree with observations. SFB mooring array at the sill
overlaid. Figure from C. Begler, IFM-GEOMAR Kiel.

of Greenland and Iceland are replaced by shelf seas 150 m deep to avoid numerical
problems with the o coordinates at coastlines. Despite of this modification, the deep
overflow is realistically reproduced.

In contrast to large-scale ocean circulation models, the KASE-OSCHLIES model is
able to properly reproduce eddies (Fig. 4.1). This is important for realistic modelling
of the overflow dynamics, since the horizontal grid resolves the Rossby-Radius of
deformation, which in the Denmark Strait lies in the range of 10 km (GIRTON, 2001)
to 14km (DICKSON ET AL., 1990; WHITEHEAD, 1998). The downstream descent
of the plume, and the generation of eddies compare well with observations (KASE
ET AL., 2003).

Although the model has no meteorological forcing, the principal overflow char-
acteristics are well represented, since windstress forcing is likely more important on
interannual timescales (see chapter 7). Fig. 4.2 compares observed and modelled cur-
rent profiles at the position of ADCP B at the sill. Both model and observations
reveal a bottom-intensified current. Some differences are evident, e.g., the barotropic
outflow is weaker in the model due to the missing barotropic forcing, and the closed
model domain, that allows no barotropic net-flow over the sill. Further, the repre-
sentation of the frictional near-bottom layer differs between model and observations.
However, the overflow pathway, current velocities, plume thickness, spatial and tem-
poral scales of variability and eddy scales are generally consistent with observations
(GIRTON ET AL., 2001; KASE ET AL., 2003).

The density contrast between DSOW and AW responsible for the exchange flow

ol



4.  Model Studies

Observations: Current profiles at ADCP B, 1999-2000
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Model: Current profiles at ADCP B
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Figure 4.2.: Vertical profiles of strait-parallel current velocity (positive: to the north-
east). Panel a: Observations of ADCP B. Bold lines indicate mean profile,
light blue lines mark range of variability. Narrow dark blue lines represent
an arbitrary selection of indiwidual profiles. Note, that the most distinct
baroclinic shear occurs, when the surface currents are weak and the plume
thickness is low (for discussion, see section 6.2.4). Panel b: As above, but
for the process model. The frictional bottom layer is less well represented
as in the observations. In both panels, bold red lines mark the mean cross-
strait component.

is realized by a linearized equation of state where density is entirely defined by tem-
perature:
k k
o= o(T) = 1027.95m—g3 - o.osmg—choc (4.1)

Different model runs have been studied, varying friction parameters and dense wa-
ter sources. The experiments included steady sources at different upstream locations
and “dambreak” experiments, where the sill is opened at ¢t = 0, releasing an outflow
of the dense water initially impounded in the upstream basin.

In the steady source experiments, dense water inflow was prescribed at a constant
rate either at the northern boundary or at arbitrary positions in the interior of the
upstream basin. The circulation in the upstream basin is influenced by the location
and nature of the dense water source. In particular, the observed pathway along
the Icelandic shelf edge towards the sill (JONSSON AND VALDIMARSSON, 2004a), i.e.
the left-hand wall, is not reproduced in some of these experiments, which might be
attributed to a changed potential vorticity (PV) in the upstream basin. HELFRICH
AND PRATT (2003) showed, that the PV balance determines, from which side of the
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4.1. High resolution process model

basin the sill is approached (further discussion: chapter 8).

KOSTERS (2004b) investigated the effects of different sources. Continuous flow
along the left-hand wall was realized by an interior downwelling source, whereas flow
along the right-hand wall (the Greenland side) was realized by a horizontal inflow
at the northern boundary. A spin-down experiment with no dense water source in
the upstream basin exhibited left-hand wall flow during the first 35 days, before
substantial changes in the upstream flow structure occur.

The model results shown here used for the mooring array optimization result
from a “dambreak” spin-down run of 32 days without a dense water source in the
northern basin. It is initialized with a temperature contrast of 6 °C between the warm
AW (T = 5°C) and the overflow water (1" = —1 °C), which leads to a density contrast
of Ap = 0.48 kg/m?.

Initially, dense water is located north of the sill in a depth larger than 150 m, and
light water everywhere else. The model domain is closed, there are no sources or sinks
of dense or light water. At time ¢ = 0, the “dam” at the sill is removed and dense water
spills over the sill into the southern basin, moving along the Greenlandic shelf edge,
influenced by the effects of rotation. For at least 32 days, a realistic overflow occurs in
the model; later, decreasing upstream reservoir height and fill-up of the downstream
basin lead to ceasing overflow.

At least for the first 32 model days, which have been used here, plume pathway,
velocities and eddy dynamics of the model are comparable to those observed in the
field studies(KASE ET AL., 2003; GIRTON, 2001). In addition, the upstream pathway
confirms recent findings of JONSSON AND VALDIMARSSON (2004a), who showed from
observations, that a large contribution to the overflow approaches the sill in a current
confined to the Icelandic shelf break (for details, see chapter 8).

The “Icelandic side pathway” is confirmed by the DSOW transport streamfunction
in the model (Fig. 4.3 a). At the sill the flow is confined to a narrow band; > 80 % of the
average dense water transport occurs in a zone < 50 km wide. Due to recirculations,
the DSOW transport contribution across the Greenland shelf north-west of the sill is
less than 1Sv (Fig. 4.3 a).

The height h;,, of dense water above the sill (Fig. 4.3 b) is around 500m in the
interior of the upstream basin. In equivalent hydraulic transport units (0.5 g’hiﬁ /1,
KILLWORTH AND MCDONALD, 1993, see section 6.1), this would correspond to a
theoretical maximum transport of 4.4Sv . Along the Icelandic shelf break, where
most of the transport towards the sill takes place, the dense water height decreases
rapidly in cross-flow direction. Thus, upstream reservoir height measurements (e.g.
by mooring “TP”, Fig. 4.3) depend heavily on the actual location of the flow.

YWHITEHEAD (1998) stated a lower transport bound of 3.8 Sv due to a significantly lower density
contrast of Ap = 0.3kg/m? (DICKSON ET AL., 1990). The assumed reservoir height was slightly
larger (580 m, DICKSON ET AL., 1990), though. In the model, Ag = 0.48 kg/m® has been used,
based on hydrographic data of the SFB observations.
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Model: Stream Function (Ave.); DSOW currents: actual (blue), 2-1 geostr. (red)
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Figure 4.3.: Panel a: Average DSOW transport streamfunction and DSOW current
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vectors in the model. Integrated and time-averaged DSOW transport
streamfunction below the 1.88°C isotherm (i.e. 27.8kg/m? isopycnal)
contoured. —1 and —2Sv contours highlighted as bold lines to denote
the overflow pathway. Blue vectors indicate actual mean DSOW current,
red vectors show geostrophic currents calculated from 2-layer geostrophy.
Panel b: Height of the 27.8kg/m® isopycnal above the sill crest (depth:
600m). Note the decreasing height in the pathway towards the sill. In
the white areas, dense water is absent during the entire model run. High
values on the Icelandic shelf area are an artifact of the model initial-
wzation, this water, however, does not contribute to the dense overflow
(consider the streamfunction, panel a). Blue vectors represent averaged
DSOW transport in m?/s. In both panels, bottom topography is indicated
by heavy contours for the 500 and 800 m isobaths. Field experiment moor-
ing positions: « ADCPs A, B, C; A\ PIES; 7 TP.



4.2. Simulation of acoustic observations

4.2. Simulation of acoustic observations

GIRTON (2001) and KASE ET AL. (2003) showed, that the model is capable to re-
alistically reproduce the overflow. Therefore, it has been considered suitable for a
simulation and optimization of the observation strategy for the field experiment.

For this purpose, both ADCP and PIES measurements were simulated in the
model, and the resulting “measured” transport time series were compared with the
known true model transport.

For direct current observations, transport estimates Qsimapcp can be calculated
for an array with /N instruments using multilinear interpolation, equivalent to

N Zinti
QsimADCP = Y & /D Vip dz (4.2)
i=1

with water depth D, upper DSOW interface depth zin,, v;, as measured current
velocity parallel to the strait, x; as a horizontal scale width and 7 as index for the N
instruments. All z; were determined using multilinear regression, and were optimized
in a least square sense to minimize the variance o2 between the “measured” Qgmapcp
and the known total DSOW transport @,,.qe; in the model, defined by the transport
below the 7' = 1.88 °C isotherm (corresponding to the og = 27.8 kg/m? isopycnal):

UZ(Qmodel - QsimADCP) = min (43)

Additionally, the mean difference between Qgmapcp and Q00 Was determined
as a systematic offset (Qoqs due to unresolved flow outside the array:

Qoffs = Qmodel - QsimADCP (44)

The correlation between “measured” and actual transport is a measure for the
performance of the array to capture transport fluctuations.

With simulated ADCPs and PIES at all 130 model gridpoints on a cross section at
the sill, the overall RMS transport error is < 5 % for ADCPs and interface detection by
sound speed criteria (Fig. 4.4, light red line), < 8 % for ADCPs and interface detection
by maximum current shear, and < 12% for geostrophic estimates from simulated
PIES, which demonstrates the principal suitability of the underlying concept. The
temporal variability is captured with a correlation of 0.99 for ADCPs and 0.95 for
geostrophic PIES measurements.

In the actual optimization procedure, the optimum positions for mooring arrays
with 1 to 4 instruments were determined by multilinear regression, varying system-
atically location on the cross-sill section, spacing between the moorings, and total
number of instruments. As a measure of performance, for each configuration the fol-
lowing quantities were determined:

e Variance o2 between “measured” and true transport.

e Systematic underestimate @)ogs, resulting from unresolved flow outside of the
mooring array.
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Figure 4.4.: Model: Actual DSOW transport, compared with simulated observations

o6

of ADCPs and PIES at different locations. Panels a and b: Time se-
ries. Heavy blue line depicts actual DSOW transport, integrated across
the entire sill section below the 1.88°C isotherm (corresponding to o =
27.8kg/m3). Light red line: Transport as determined by simulated ADCP
and PIES at every gridpoint. Dashed green lines: Transport as deter-
mined by multilinear regression for ADCP arrays at positions given in
the panel legends. Panels ¢ and d: Scatter plot illustrating the correlation
between actual and “measured” transport for a one-instrument configu-
ration (top panels) and the optimized 3-ADCP-array. Correlation coeffi-
cients r = 0.50 (for one ADCP) or r = 0.86 (optimized 3-ADCP-array).



4.2. Simulation of acoustic observations

Model: Correlation DSOW-Transport / "Observations™ of 3-ADCP Array
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Figure 4.5.: Model: Multilinear optimization of moored ADCP arrays. In the figure,
the correlation between actual and “measured” transport is contoured for
three-ADCP arrays with varying position of the easternmost mooring
(z-azis) and spacing between the moorings (y-azis). The mazimum at
(0,14) km represents the best choice for overflow observation with three
ADCPs.

e Correlation between “measured” and true transport.

For any given number of instruments, all possible configurations were tested. Fig.
4.5 depicts the correlation for a 3 ADCP array as a function of the distance of the
easternmost mooring to the sill location (z-axis) and the mean distance between
the instruments (y-axis). The contours show a clear correlation maximum of 0.87 at
location (0,14) km. The best results are therefore obtained with the first instrument
at the deepest part of the sill and the others at the Greenland slope separated by 1.5
times the Rossby-radius distance. Further investigations revealed, that the optimum
3-ADCP-configuration is achieved with instruments placed 0, 11 and 25 km northwest
of the sill.

Similarly, arrays with 1, 2, or more instruments were investigated. For arrays with
1, 2, 3, and 4 ADCPs, the optimum results are listed in Table 4.2.

For one instrument, the correlation maximum between “measured” and true
transport is just < 0.69, unresolved spatial fluctuations yield a high variance of
Qumodet — Qsimapce (RMS standard deviation o = 1.22Sv) as best estimate for a
single ADCP 10km west of the sill. Another example, resembling the single ADCP
“A” at the sill, is shown in Fig. 4.4 a, c. An additional device raises the correlation
to 0.80, but still, 0 = 0.93 Sv is caused by the flow across the Greenlandic shelf not
covered by the array. The optimized 3-ADCP-array (correlation 0.865, 0 = 0.69 Sv,
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Table 4.2.: Model results of multilinear regression between simulated ADCP observa-
tions and known total model DSOW transport.

ADCP positions | deployed in scale widths correlation | std dev | Qofs
dist. NW of sill | field exp. z;(W < E) / km Sv Sv

[0] [A] 2003 — x [22.6] 0.50 1.49 1.23
[10] |~ B [26.1] 0.69 1.22 0.71
[11 0] [B A] 99-01 + 02-03 [21.9 12.4] 0.80 0.93 0.36
[25 11] [C B 2001 — 2002 [10.5 24.0] 0.64 1.20 0.49
[25 11 0] [C B A] | 2002 (May-Aug) || [14.0 15.5 13.9] 0.865 0.69 0.13
[45 27 13 2] [31.7 17.8 11.7 17.2] | 0.91 0.57 0.11

Fig. 4.4 b, d) was implemented in the field experiment. However, due to instrument
failure only 2 ADCPs were operational most of the time (periods indicated in Table
4.2).

With more than 3 resources, the gain in correlation is smaller, since 3 ADCPs
already cover more than 90 % of the total dense water transport with a resolution
close to the internal Rossby radius of 10 km.

Concluding, the numerical simulation of observations proved as a useful approach
to optimize the deployment configuration for the field experiment, and to evaluate
the performance of the chosen 2 and 3 ADCP arrays to measure the Denmark Strait
Overflow.
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5. Observations in the Denmark
Strait

5.1. Overview of cruises and deployments

Since 1996, numerous cruises of research vessels have been conducted in the framework
of SFB TP Al (see Table 5.1 1).

The first two cruises (P222, P230) investigated the downstream pathway and
dynamics of the overflow plume in the Irminger Sea. On P244, rapid sections with
XCTD? and XCP? were carried out close to the sill; the results are discussed in detail
by GIRTON (2001).

Beginning in 1999, moorings were deployed at the Denmark Strait sill to obtain
continuous time series of the overflow.

While the DS-1 ADCP “A”, which forms an integral part of the SFB array, is main-
tained by Hafrannsoknastofnunin (Reykjavik) in the framework of the VEINS* and
ASOF-West® projects, the other ADCPs, PIES and upstream temperature recording
moorings deployed from 1999 to 2003 were funded by the SFB 460.

In cooperation with Hafranns6knastofnunin, several deployments and recoveries
were conducted on the regular seasonal cruises by the Icelandic research vessels Bjarni
Seemundsson and Arni Fridriksson.

Each year late summer, when meteorological and sea ice conditions in Den-
mark Strait are most favourable, extended surveys of R/V Poseidon and Meteor
were conducted. The central section across the sill was repeatedly occupied with
CTD/LADCP /vmADCP. Moreover, the annual exchange of the moored instruments
was carried out.

In total, 20 moorings were deployed in the period from 1999 to 2003 (Table 5.21),

!Explanations to Tables 5.1 and 5.2: Bracketed Cruise-IDs: Arbitrary IDs for referencing in Table
5.2. For the Icelandic cruises, ports of call and cruise dates refer to the cruise legs where SFB
mooring work was scheduled. Key to abbreviations: LR, NB: types of ADCPs. WD: Argos watch-
dog for satellite tracking of drifting equipment. ROV: Remotely Operated Vehicle. See also the
glossary (appendiz A).

2eXpendable Conductivity-Temperature-Depth: Expendable probe to obtain a vertical profile of
salinity and temperature, see appendix A.

3eXpendable Current Profiler: Expendable probe to obtain a vertical profile of current velocity; see
appendix A.

4VEINS: Variability of Exchanges in the Northern Seas.

®ASOF: Arctic/Subarctic Ocean Fluxes.
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5. Observations in the Denmark Strait
Table 5.1.: List of all cruises in Denmark Strait contributing to SFB TP Al
| Cruise-ID | Ship Name | Time | Ports of call | Instruments / Remarks
P222 Poseidon .08.1996 Reykjavik CTD
.08.1996 Reykjavik
P230 Poseidon 14.06. — Reykjavik — CTD, LADCP, vmADCP
02.07.1997 Reykjavik XBT
P244 Poseidon 14.09. - Reykjavik — CTD, vmADCP
04.10.1998 Kiel XCTD, XCP
B13-1999 | Bjarni Seemundsson | 20.09. — Reykjavik — CTD
29.09.1999 Reykjavik mooring deployments
B16-1999 | Bjarni Szemundsson | 10.11. — Reykjavik — CTD
08.12.1999 Reykjavik mooring deployment
B02-2000 | Bjarni Seemundsson | 16.02. — Reykjavik — CTD
Isafjorour — mooring recoveries
22.02.2000 Siglufjorour
P262 Poseidon 19.07. — Reykjavik — CTD, vmADCP, vimLRADCP
30.07.2000 Reykjavik mooring deployments
B10-2000 | Bjarni Seemundsson | 09.08. — Reykjavik — CTD
05.09.2000 Reykjavik mooring deployment
(HV-2001) | HDMS Hvidbjgrnen | 18.01. - Narssarsuaq — | salvage of drifting
22.01.2001 Reykjavik mooring
B02-2001 Bjarni Seemundsson | 13.02. — Reykjavik — CTD
16.02.2001 Isafjorour
B05-2001 | Bjarni Seemundsson | 14.05. — Reykjavik — CTD
19.05.2001 Reykjavik mooring recoveries
M50/4 Meteor 17.07. — Reykjavik — CTD, LADCP, vmADCP
12.08.2001 Rendsburg mooring rec./depl.
B02-2002 | Bjarni Seemundsson | 11.02. — Reykjavik — CTD
14.02. Isafjorour —
16.02.2002 Siglufjordur
B05-2002 | Bjarni Szemundsson | 13.05. — Reykjavik — CTD
30.05.2002 Reykjavik mooring deployment
P293 Poseidon d 07.08. — Galway —
d 17.08.2002 | Reykjavik — CTD, vmADCP
a 26.08.2002 | Reykjavik mooring recoveries
d 27.08.2002 | Reykjavik CTD, vmADCP
a 01.09.2002 | Reykjavik mooring deployments
(AF-2002) | Arni Frioriksson 08.11. - Reykjavik — CTD
12.11.2002 Bildudalur mooring deployment
(GF-2003) | Gunnar Fridriksson | 27.05. — Isafjorour — salvage of drifting
28.05.2003 | Isafjorour mooring
B03-2003 | Bjarni Szemundsson | 06.08. — Reykjavik — CTD
23.08.2003 Reykjavik mooring recovery
P300/301 | Poseidon d 09.08. — Glasgow — CTD, LADCP, vmADCP
d 20.08.2003 | Isafjcrour — mooring recoveries
d 24.08.2003 | Reykjavik —
d 06.09.2003 | Isafjorour —
a 07.09.2003 | Reykjavik
B10-2003 | Bjarni Seemundsson | 05.11. — Reykjavik — CTD
03.12.2003 Reykjavik mooring deployment
P315 Poseidon 26.07. — Reykjavik — CTD, LADCP, vimADCP; ROV
31.07.2004 Reykjavik (failed); mooring. rec./depl.
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5.1.  Overview of cruises and deployments

Table 5.2.: List of all SFB deployments in Denmark Strait

Mooring | Depl. date | Depl. position Depth | Depl. cruise | Instruments /
-ID Rec. date | Rec. position Rec. cruise | Remarks
V401-01 | 22.09.1999 | 66°07.94’ N 27°13.92’ W | 578 m | B13-1999 ADCP B
18.02.2000 | 66°07.93’ N 27°13.92° W B02-2000 LR #925
V402-01 | 23.09.1999 | 66°22.51’ N 26°16.71’ W | 640 m | B13-1999 ADCP NB
18.02.2000 | 66°22.50" N 26°16.70° W B02-2000 NB # 340
V400-01 | 27.09.1999 | 66°36.12’ N 25°27.04’ W | 672 m | B13-1999 Thermistor chain
A-TK 1133,
18.02.2000 | 66°35.04” N 25°31.42° W B02-2000 A-TR 711
DS-1 27.09.1999 | 66°04.73’ N 27°04.97 W | 648 m | B13-1999 ADCP A
18.02.2000 | 66°04.70° N 27°04.98° W B02-2000 NB # 1287
V412-01 | 14.11.1999 | 66°07.86" N 27°14.15’ W | 574 m | B16-1999 PIES PE
18.02.2000 | 66°08.02" N 27°15.28° W B02-2000 P # 005
V423-01 | 23.07.2000 | 66°11.56’ N 27°35.49° W | 494 m | P262 ADCP C (shielded)
12.12.2000 surfaced, adrift
20.01.2001 | 61°01.20° N 40°00.60° W HV-2001 WD recovered only
V421-01 | 23.07.2000 | 66°09.92’ N 27°26.28’ W | 493 m | P262 PIES PW
19.05.2001 | 66°10.12" N 27°26.55° W B05-2001 P # 006
V422-01 | 23.07.2000 | 66°06.48’ N 27°10.52’ W | 625 m | P262 PIES PE
19.05.2001 | 66°06.36" N 27°11.10° W B05-2001 P # 005
V425-01 | 24.07.2000 | 66°07.60’ N 27°16.10° W | 582 m | P262 ADCP B
19.05.2001 | 66°07.60° N 27°16.10° W B05-2001 LR # 1181
V424-01 | 26.07.2000 | 66°35.60° N 25°26.30’ W | 664 m | P262 Thermistor chain
A-TK 1133,
P293, P302 | A-TRP 1356; lost
DS-1 14.08.2000 | 66°04.96’ N 27°04.79° W | 650 m | B10-2000 ADCP A
19.05.2001 | 66°04.96’ N 27°04.79° W B05-2001 NB # 1287
V423-02 | 18.07.2001 | 66°11.60° N 27°35.50’ W | 498 m | M50/4 ADCP C (shielded)
18.08.2002 | 66°11.60° N 27°35.50° W | 498 m | P293 NB
V421-02 | 18.07.2001 | 66°14.00’ N 27°45.00’ W | 487 m | M50/4 PIES PW (shielded)
P # 006 (lost, AR)
V425-02 | 19.07.2001 | 66°07.60’ N 27°16.20’ W | 582 m | M50/4 ADCP B
18.08.2002 | 66°07.60’ N 27°16.20° W | 582 m | P293 LR
V422-02 | 19.07.2001 | 66°06.50’ N 27°10.50’ W | 625 m | M50/4 PIES PE
18.08.2002 | 66°06.50’ N 27°10.50° W | 625 m | P293 P # 005
DS-1 17.05.2002 | 66°04.96’ N 27°04.79° W | 650 m | B05-2002 ADCP A
28.03.2003 End of record
08.08.2003 | 66°04.96’ N 27°04.79°’ W | 650 m | B03-2003 NB # 1287 recovered
V422-03 | 30.08.2002 | 66°06.45’ N 27°10.55° W | 623 m | P293 PIES PE
15.08.2003 | 66°06.24’ N 27°10.60° W | 618 m | P301 P # 005
V425-03 | 30.08.2002 | 66°07.25’ N 27°16.20° W | 578 m | P293 ADCP B
15.08.2003 | 66°07.32’ N 27°16.177 W | 580 m | P301 LR
V423-03 | 30.08.2002 | 66°11.40° N 27°35.30’ W | 497 m | P293 ADCP C (shielded)
P301 NB (release failed)
V424-02 | 31.08.2002 | 66°40.50’ N 25°26.50’ W | 800 m | P293 TP
25.03.2003 WD surfaced
28.05.2003 | 66°32.28’ N 26°06.84’ W GF-2003 WD salvaged
17.08.2003 | 66°40.50° N 25°26.05’ W | 800 m | P301 mooring recovered
V421-03 | 10.11.2002 | 66°13.95’ N 27°46.29° W | 477 m | AF-2002 PIES PW (shielded)
P301 P # 073 release failed
DS-1 08.11.2003 | 66°04.96’ N 27°04.79° W | 650 m | B10-2003 ADCP A (ASOF-W)
27.07.2004 | 66°04.96’ N 27°04.79° W P315 NB # 1287 recovered
DS-1 29.07.2004 | 66°04.96’ N 27°04.79’ W | 650 m | P315 ADCP A (ASOF-W)
NB # 1287 61




5. Observations in the Denmark Strait

which is the most extensive survey of the Denmark Strait Overflow at the sill that
has been undertaken so far. Since 2003, only the ADCP A at the deepest part of the
sill is continued by Hafrannsoknastofnunin; the time series of these deployments are
not finally analyzed yet.

Due to technical problems, some 5 moorings were lost, however. Parts of two moor-
ings, which surfaced unexpectedly, lead to salvage operations of the Danish Coast
Guard vessel HDMS Hvidbjgrnen (for V423-01, shielded ADCP C, instrument lost)
and the Isafjorour lifeboat Gunnar Fridriksson (for top float of V424-02, TP; remain-
ing mooring recovered by P301). V421-02 (PIES) surfaced unnoticed. V424-01 (TK)
has not been found and may be regarded as lost. Moreover, the release of V423-03
(shielded ADCP C) and V421-03 (shielded PIES) failed, although there are chances,
that these instruments might be recovered by a ROV® salvage operation. The loss
of 5 instruments affects the performance of the ADCP transport observations, since
only three months of time series of the planned optimized 3-ADCP-array are avail-
able. Geostrophic estimates by PIES measurements now cover just one year instead
of three.

However, the resulting total data set contains the records of 15 moorings, which
still allows to evaluate reliable estimates of DSOW transport and temperature vari-
ability and to detect, for the first time, interannual changes.

5.2. Observed short-term variability

Earlier observations revealed, that the overflow is highly variable on timescales of a
few days. The observations of the SFB array agree well with the results of AAGARD
AND MALMBERG (1978); Ross (1984); GIRTON ET AL. (2001).

Fig. 5.1 shows typical examples of the near-bottom current velocities at all three
ADCPs of the SFB array. The outflow velocity is greatly modulated by eddies that
pass the sill section on timescales of a few days. Superimposed on this variability,
barotropic tides are evident (Fig. 5.1 b). The tidal currents of the semidiurnal M,
tides have a mean peak-to-peak amplitude of 0.2 — 0.4m/s at ADCP B (Fig. 5.1)
through the entire water column.

The mean near-bottom current velocity at ADCP A and B is 0.38 and 0.47m/s,
respectively, whereas further upslope on the Greenland shelf, the current is signifi-
cantly weaker (ADCP C: 0.14m/s; Fig. 5.1 a). Moreover, the ADCP measurements
clearly reveal, that the large variability on timescales of several days is related with
the passage of rotating eddies: In particular at the ADCPs A and B, the current direc-
tion is turning during strong outflow events, which can be attributed to propagating
cyclonic eddies (in agreement with the observations of GIRTON, 2001). At ADCP C,
the direction of the flow is less variable. Obviously, most eddies pass further east, and
touch the ADCP C mooring site with their western edge only. Generally, the spatial
mean distribution of the flow, and the larger variability in the deep part of the strait
agrees with the process model (not shown).

SROV: Remotely Operated Vehicle.

62



5.3.  Observed long-term variability

Observations ADCP A,B,C 2002: 40 h low-passed near-bottom currents
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Figure 5.1.: Fvidence of tides and eddies in ADCP observations: Examples of current
time series 60 — 70 m above the bottom. Panel a depicts 6 hourly values
of 40 hour low-passed time series of the entire period in 2002, when all
three ADCPs were operational. Rotated coordinates, outflow to SW s
in downward direction. Panel b: ADCP B, unfiltered and 40 hour low-
passed strait parallel current velocity. Note the semidiurnal My tide and
the eddy-related variability on timescales of 2 — 10 days.

The eddy-related variability is confirmed by a power spectral density analysis
(Fig. 5.2). The time series of the strait-parallel current at ADCP B (panel a) shows a
distinct maximum at the semidiurnal M, tide, and a broad maximum for periods of a
few days. Basically the same holds for the DSOW transport spectra, shown in panel b.
Additionally, energy spectra have been determined by autoregressive moving-average
fits (BROERSEN, 2000a,b, 2002). These smoother spectra of modelled time series with
statistically similar characteristics as the original transport time series allow to more
clearly determine the frequency band of eddy-related variability. While the annual
mean maximum lies at periods of 4 — 5 days, the 50 % (90 %) decline spans periods
from 2 — 10 (1 — 12) days, which is in agreement with previous observations (DICKSON
AND BROWN, 1994; GIRTON, 2001).

5.3. Observed long-term variability

At the sill, the SFB array deployed from 1999 to 2003 corroborated the large short
term variability the Denmark Strait Overflow is known for (a.o. GIRTON ET AL.,
2001), but also exhibited significant interannual variability of layer thickness, volume
transport and temperature properties, that have not been observed previously.

The following sections give a descriptive overview of the observed variability and
serve as a basis for the evaluation of the physical mechanisms controlling the overflow.
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5. Observations in the Denmark Strait

ADCP B 2001-2002 near—bottom current spectra Observations: DSOW transport spectra
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Figure 5.2.: Power spectral density (PSD) of current and DSOW transport time se-
ries. Panel a: PSD of strait-parallel current 60 m above bottom at ADCP
B, 2001 — 2002. The blue line denotes the unfiltered time series, with 95 %
confidence interval shaded. Red line denotes 40 hours low-passed time se-
ries. Panel b: PSD of DSOW transport below layer of maximum current
shear. Grey lines in the background denote original spectra for each de-
ployment period, whereas coloured lines represent spectra calculated with
an autoregressive-moving average model (see text). Bold lines depict mean
spectra for each deployment period, thin lines monthly spectra.

5.3.1. DSOW transport time series

The resulting total time series of DSOW transport below the layer of maximum
current shear are shown in Fig. 5.3 7.

The average transports for the four deployment periods are 3.68 and 3.66 Sv for
1999 — 2001, 3.16 Sv in 2001,/2002 and 3.07 Sv in 2002/2003. All transport numbers
and error estimates are listed in Table 5.3.

Since during the 2001 /2002 the less optimal mooring configuration (ADCPs B-+C
instead of A+B) was deployed, the time series might suffer from aliasing due to
changed instrument positions. However, the time series appear consistent, and connect
smoothly to the low-transport values in 2002/2003, that were obtained with the initial
A+B configuration. This is confirmed during the three months period in 2002 when
all three ADCPs were operational. During this time, transport estimates for different
subsets (A+B, B+C, A+B+C) indicate, that the array-configuration biases of +0.2 Sv

"Legend for Fig. 5.3 on page 65: Total time series of the SFB array, 20 days running means. Panel
a: DSOW transport below layer of mazximum current shear, integrated according to multilinear
regression. Colours denote certain combinations of instruments: violet: ADCPs A+B, turquoise:
ADCPs B+C, black: ADCPs A+B+C (three months in 2002 only). Heavy line marks 90 days
low-passed DSOW transport. Panel b: Bottom temperature, panel c: Depth of maximum current
shear, panel d: Strait-parallel current 60 m above bottom. For panels b, ¢, d, each colour marks a
particular instrument: Red: ADCP A, blue: ADCP B, green: ADCP C.
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5.3.  Observed long-term variability
Observations Denmark Strait: DSOW Transport (below max. Shear)
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Figure 5.3.: ADCP observations: Total DSOW transport, temperature, interface depth

and strait-parallel near-bottom current time series. For a detailed figure
legend, see footnote 7 on page 64.
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5. Observations in the Denmark Strait

Table 5.3.: DSOW transports below layer of maximum current shear as determined
by ADCPs at the sill, including model derived correction for systematic
underestimates due to undersampling by the deployed two-ADCP-arrays.

1999 — 2000 | 2000 — 2001 | 2001 — 2002 | 2002 — 2003
ADCP positions AB AB BC AB
uncorr. transports | 3.32+£0.11 Sv | 3.30+£0.11 Sv | 2.67+0.12 Sv | 2.71+0.11 Sv
syst. underestimate | 0.36 Sv 0.36 Sv 0.49 Sv 0.36 Sv
corr. transports 3.68+0.11 Sv | 3.6640.11 Sv | 3.16+0.12 Sv | 3.07+0.11 Sv

are smaller than the overall transport reduction of 0.6 Sv.

From earlier observations with dropped velocity probes (GIRTON, 2001) that cov-
ered part of the Greenland shelf and the model analysis it is likely that the two
instrument array (ADCPs A+B) has systematically undersampled the true transport
by some amount which might be as large as 0.36 Sv. For all transport numbers given
above, this underestimate has already been corrected for both as an additive and as
a multiplicative correction. The difference between both methods is, however, smaller
than 0.1 Sv.

The standard error of each deployment period average is estimated to be 0.1 Sv,
resulting from an integral timescale of four days, and hence 75 degrees of freedom for
a 300 days period of observation®.

Thus, the observed interannual transport reduction from 3.68 to 3.07 Sv is clearly
larger than any errors due to measurement accuracy or changed instrument configu-
ration.

All DSOW transport estimates are larger than previous estimates ranging from
2.5Sv (SAUNDERS, 2001) to 2.9Sv (Ross, 1984; GIRTON ET AL., 2001), though on
monthly timescales periods exist with values smaller than this. Including the large
variability on the timescales of 2 to 10 days, transports less than 2.9 Sv occurred
during 34 % of the total observation time 1999 — 2003.

Transport estimates inferred from R/V Poseidon P262 sections in August 2000
(Fig. 2.6, page 37) yielded DSOW transport values of (2.44+0.5) Sv and (3.3£0.2) Sv,
respectively (average 2.9 Sv). These sections, calculated from integrated vimADCP
current velocity below the oo = 27.8 kg/m? isopycnal, overlap with the mooring time
series and reveal that the ship sections were indeed measured during periods with
smaller than average current.

Besides the significant interannual fluctuations, DSOW transport variability with
an amplitude of > 1 Sv is evident on monthly timescales. Remarkable is the enhanced
variability in 2001/2002, in particular two events of very low overflow transport in
November and December 2001, where the 20-days average dropped to values of 2 Sv.
One might be tempted to relate the enhanced variability to the less optimal array con-
figuration during this period, but the continuous records of bottom temperature and

8Integral timescales obtained from the sum of the squared autocorrelation function (EMERY AND
THOMSON, 2001). A time series model was used for the calculation of the autocorrelation
(BROERSEN, 2000a,b, 2002).
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5.3.  Observed long-term variability

near bottom current velocity at ADCP B (Fig. 5.3) suggest, that the large variability
on monthly timescales is in fact a real signal.

5.3.2. Near bottom current velocity time series

Velocity observations at position B (Fig. 5.3 d), the only position that was occupied
all the time, indicate, that near bottom currents increased slightly from 0.44m/s in
1999 to 0.54 m/s in 2002, and returned to 0.45m/s during the last deployment period.

The Icelandic ADCP A at the deepest point of the sill section observed smaller cur-
rent velocities, averaging 0.39m/s in 1999, and decreasing to 0.34 m/s in 2002/2003.

The ADCP C 23km northwest of the sill measured the weakest current with a
mean velocity of 0.14m/s.

While the time series of the different ADCPs are not coherent on short timescales
due to the small-scale eddy activity (see section 5.2), the larger fluctuations on
monthly timescales are evident at all positions, although the amplitude of the vari-
ability is generally largest at ADCP B. Two outstanding events of low current velocity
occurred in the end of 2001, where the current velocity at ADCP B and C decreased
by more than 50 %, corresponding to an exceptional low transport of DSOW (Fig.
5.3 a). These fluctuations may be related to barotropic forcing, since they affect the
entire water column (not shown).

5.3.3. Interface depth time series

The mean interface depth (as defined by layer of maximum current shear, Fig. 5.3
¢) at ADCP B remained unchanged from 1999 to 2001 at 318 m. During the third
deployment period (2001 — 2002), the average depth was 300 m (i.e., the plume thick-
ness increased by 8 %), but then dropped to 327m in 2003. It might be suspected,
that the changes in interface depth are associated to deployment position inaccura-
cies, however, the consistency in current velocity, temperature and transport time
series suggests, that these changes reflect physical variability of the overflow. This is
supported by the interface drop beginning in July 2002, that smoothly connects the
time series of the 3rd and 4th deployment period.

The interface depth at ADCP A is lower than at ADCP B, since it is located
further to the east. The time series show a remarkable decrease from 359 m in 1999 to
409 m in 2003. This 50 m plume thickness reduction at the deepest part of the strait
may be an indication for a general decrease of the overflow transport (Fig. 5.3 a), or a
lateral shift to the Greenland side associated with enhanced inflow of Atlantic Water
of the Irminger Current which is evident in hydrographic data (Fig. 2.4, page 33).

5.3.4. Temperature time series

The observed transport variability is significantly correlated with the measured bot-
tom temperatures. Generally, reduced transport corresponds with higher tempera-
tures, most evident in the time series of ADCP B, that was deployed during all
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5. Observations in the Denmark Strait

observation periods (Fig. 5.3 b). The time series of ADCP B (Fig. 5.3 b) show an
interannual increase of the near bottom temperature from —0.1°C to 4+0.4°C from
1999 to 2002, that is coherent with the decrease in transport. In summer 2002, tem-

peratures drop rapidly to 4+0.1°C, whereas the DSOW transport remains at the low
level it had reached in 2002.

Observations Denmark Strait: Bottom Temperatures
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Figure 5.4.: Unfiltered temperature time series of ADCPs A, B, C. Panel a: Typical
example of short term variability. Note the abrupt shifts between “cold”
(T < 0°C) and “warm” (T =~ +0.5°C) conditions, possibly indicating
advection of different, not yet mized water masses. Panel b: Entire time
series. The peaks at ADCP A indicate short events, where warm Atlantic
Water was present at the deepest part of the sill.

The long term temperature variability reflects the variable composition of the
dense overflow, that is evident in the unfiltered temperature records (Fig. 5.4). Gen-
erally, ADCP B is permanently located in the dense, cold overflow. The minimum
temperatures on a daily timescale vary between —0.6 °C in 1999 and —0.3 °C in 2002.
The maximum temperatures vary between +0.5°C in 1999 and +1.5°C in 2002. The
enhanced variability on monthly timescales in 2001/2002 is caused by changes of the
frequency of occurrence of “cold” and “warm” water.

At ADCP A, which lies at the deepest part of the sill, the DSOW minimum
temperature is generally more stable at —0.3 °C. Occasionally, AW with temperatures
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of up to 5°C occurs at ADCP A. These eddy-induced events typically last only a few
hours, and occur at irregular intervals (Fig. 5.4). In March 2000, the “AW events”
have been unusual frequent, causing the 20 day running mean temperature (Fig. 5.4)
to rise by > 0.5°C.

The very coldest, and hence densest part of the overflow has varied little in tem-
perature, but the majority of the flow, which is further upslope to the Greenland side
of the sill, has shown significant interannual variability, which might point to different
entrainment rates of other water masses (further discussion in chapter 8).

The abrupt temperature changes of 1°C between the colder and warmer parts of
the overflow (Fig. 5.4) suggest, that different source water masses are involved in the
formation of the dense overflow, which at the sill are not yet mixed and homogenized.

5.4. Comparison with previous observations

5.4.1. Transport estimates

Before the SFB measurements, overflow transport estimates from different observa-
tions have been always around 2.5 — 2.9 Sv (see section 1.2). Differences between the
estimates are likely to be influenced by short term variability aliasing, section location
and different DSOW definitions.

The choice of either of the commonly used interface definitions
i) ® < 2°C (Ross, 1984)
ii) og > 27.8kg/m* (DICKSON AND BROWN, 1994)

has a large effect on the DSOW transport estimates. This is illustrated by the sections
obtained during the P244 cruise, where the mean transport yields 3.8 Sv for i) and
2.7Sv for ii) (GIRTON, 2001). In general, the temperature criterion includes more
of the cold, but fresher and hence less dense water masses of the East Greenland
Current, that are not part of the dense overflow plume, which descends downstream
of the sill to feed the NADW.

Different instrument locations, that were either near the sill (Ross, 1984) or fur-
ther downstream (AAGARD AND MALMBERG, 1978; DICKSON AND BROWN, 1994),
and poor spatial coverage of the plume may also affect the transport estimates.

The OVERFLOW’73 experiment (ROsS, 1984) with good spatial coverage at the
sill had a duration no longer than 5 weeks. Since the time series of the SEFB array
exhibit occasionally abrupt shifts in DSOW transport greater than 1 Sv on timescales
of 1 — 2 months (Fig. 5.3), the apparent long-term stability of the Ross (1984) time
series does not necessarily imply interannual stability. For the year-long mooring time
series, neither AAGARD AND MALMBERG (1978) nor DICKSON AND BROWN (1994)
observed any seasonal or interannual variability in volume transport, giving rise to
the assumption that the Denmark Strait Overflow is stable on timescales longer than
a few weeks.
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5. Observations in the Denmark Strait

Recently, there was found indirect evidence for larger interannual variability of the
overflow. Based on an inverse box model, geostrophy, current measurements and mass
conservation, LHERMINIER AND OVIDE-TEAM (2004) inferred from hydrographic
sections between South-East Greenland and Europe in 1997 and 2002, that the total
Atlantic Meridional Overturning Circulation (AMOC) had reduced by a factor of 2
from 16 Sv (1997) to (8+1) Sv (2002), while the DSOW transport had decreased from
7.1Sv to 4.8 Sv. Although the absolute DSOW transport values are considerably larger
than those of the SFB array, they may be consistent due to the effects of downstream
entrainment, which has been been estimated as a transport increase of 2.2 Sv between
the sill and after reaching the 2000 m isobath (DICKSON AND BROWN, 1994).

However, it appears questionable to conclude on the total AMOC strength from
just a single hydrographic section (KANzZOW, 2004), and aliasing effects of the rapid
variability of the overflow plume along the Greenland shelf break have to be taken into
account for all ship-section DSOW transport estimates (e.g. WORTHINGTON, 1969;
GIRTON ET AL., 2001; LHERMINIER AND OVIDE-TEAM, 2004), since they cover a
period of a few days only. Moreover, the studies of DICKSON AND BROWN (1994)
and LHERMINIER AND OVIDE-TEAM (2004) were conducted 500 to 1000 km down-
stream of the sill, where the overflow is already significantly modified by entrainment
processes.

Hence, although it is likely, that the Denmark Strait Overflow experiences sub-
stantial interannual variability (numerical experiments; NILSEN ET AL., 2003; BIiAs-
TOCH ET AL., 2003; KOSTERS, 2004b), the observational evidence in previous studies
remained uncertain.

5.4.2. \Water mass properties

DICKSON ET AL. (1999) discussed an anomalous warming and weakening of the over-
flow in 1996/97, observed by current meters of the Angmagssalik array. The authors
assume, that the anomalous warming (and hence anomalous low density) caused
the overflow plume to shift upslope and mostly out of the current meter array. The
warming might have been advected from Fram Strait, where anomalous warming was
observed three years earlier. However, the warming of the overflow DICKSON ET AL.
(1999) observed in 1996/97 persisted only a few weeks. The SFB time series reveal,
that variability of similar magnitude and timescales of a few weeks occurs regularly,
and that this variability may at least partly reflect a changed composition of the
overflow rather than property changes of an individual source water mass.

A comparison of temperature records at Koégur 5 and ADCP B (section 8.4) re-
vealed, that the interannual warming signal might be be caused by enhanced entrain-
ment of Atlantic Water in the region between KG5 and the sill. Thus, DSOW does not
contain a fixed fraction of entrained Atlantic Water (as proposed by DICKSON ET AL.,
1999). Considering interannual temperature change variations of 0.5 °C between KG5
and ADCP B, the composition of DSOW appears to be modified significantly in the
region close to the sill. The varying entrainment processes make it more difficult to
track short-term temperature anomalies advected from as far as Fram Strait.
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However, the propagation of large-scale anomalies like the Great Salinity Anomaly
(GSA) from the 1960’s to the 1980’s, that might also affect the overflow, has been
clearly followed on its way from the Greenland Sea through Denmark Strait and
further south and around the subpolar gyre (DICKSON ET AL., 1988).

Salinity was not measured by the SFB array, thus one has to rely on the hydro-
graphic profiles taken one to two times per year only (section 2.3). The freshening
of the DSOW during the past four decades observed by DICKSON ET AL. (2002)
could not be verified by the SFB measurements, since the large variability on short
timescales overrides the long term freshening trend of 0.013 per decade proposed by
DICKSON ET AL. (2002).

5.5. Comparison to Angmagssalik array time series

Further downstream, the Denmark Strait Overflow has been continuously observed
by the “Lowestoft” (DICKSON AND BROWN, 1994) and the “Angmagssalik” arrays
(unpublished, DYE ET AL., 2004). A part of these time series overlap with the SFB
measurements and give the opportunity to compare the sill observations with inde-
pendent estimates.

5.5.1. Transport time series

New preliminary results from the Angmagssalik array (unpublished, DYE ET AL.,
2004) approx. 600 km downstream of the sill indicate interannual transport variations
of = 30% of the mean value. These findings corroborate the results of the SFB
observations at the sill. In particular, the time series of the UK1 and UK2 moorings,
that have been deployed continuously in the period from 1998 to 2004, compare well
with the SFB observations (Fig. 5.5 a).

For the UK1+UK2 time series, the overflow transport increased from 2.1 Sv in
early 1998 to 3.0 Sv in August 2000. From August 2000 to January 2002 (UK1+UK2)
or August 2002 (UK1+UK2+G2), a decrease by 30 % (UK1+UK2 from 3.0 to 2.1 Sv)
was observed, followed by a return to slightly higher values afterwards. The numbers
represent preliminary calculations with horizontal and vertical integration over an
assumed fixed mean-width and -height overflow cross-section derived from the plume
thickness averaged over all available hydrographic cross sections (DYE, pers. comm.).
Despite of the fixed-cross section assumption, the transport numbers are consistent
with those obtained from the SFB array at the sill (Fig. 5.5).

It is tempting to investigate the correlation between the Angmagssalik and SFB
time series. Considering the distance of 600 km, an advective timescale of O(weeks)
could be expected. Short term variability is not coherently advected over this distance,
though, and the 6 months running mean time series of UK1+UK2, which appear to
fit nicely to the SFB time series, do not allow for a reliable correlation analysis, since
the number of independent observations is too small. A further question is, why the
time series that have a wider spatial coverage (UK1-+UK2+G2+4+G1(+F1+F2)), are
less coherent with the SFB time series than the UK1+4+UK2 subsample.
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Figure 5.5.:
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5.6. Summary and conclusions

5.5.2. Temperature time series

600 km downstream of the sill, the mean near bottom temperature of the overflow
has risen due to entrainment to values of +1 to +2°C, with the lowest temperatures
at the deeper mooring sites G2 and UK2 (Fig. 5.5 b).

The time series show a clear interannual warming signal of ~ 0.4 °C from 1999
to the beginning of 2002. In 2002/2003, a temporary cooling and later warming is
evident at all mooring sites.

The overlaid SFB array time series at the sill are generally > 1°C colder, but
they reflect an interannual warming of comparable magnitude (0.5°C) from 1999 to
2002. The sill time series are much smoother than those of the Angmagssalik array,
suggesting variable entrainment rates and/or entrainment of variable water masses
during the descent of the overflow from the sill to the Angmagssalik array. Moreover,
lateral displacements of the plume on the Greenland shelf may lead to temperature
changes at certain positions, as has been suggested for an earlier warming event
(DICKSON ET AL., 1999).

The maximum temperature at the Angmagssalik moorings is reached a few months
earlier (!) than at the sill. This fact, however, may be attributed to downstream
entrainment changes on shorter timescales.

5.5.3. Summary

Although the comparison between the transport and temperature time series of the
SFB and Angmagssalik arrays is currently limited to a more qualitative analysis, the
time series of the Angmagssalik array appear consistent with the SFB observations
at the sill, confirming interannual transport variability of ~ 30% and temperature
changes of 0.4 — 0.5°C.

The Angmagssalik and SFB arrays observations offer the opportunity to study
the modification of the overflow during its descent from the Denmark Strait sill to
depths larger than 1500 m on interannual timescales. In particular, the evaluation of
advective timescales and the downstream modification of temperature anomalies due
to entrainment appears promising for future investigations.

5.6. Summary and conclusions

The SFB array delivered time series of the Denmark Strait Overflow from 1999 to
2003. For the first time, interannual changes of the overflow have been observed by
continuous direct measurements at the sill. The average DSOW transport decreased
from 3.68 Sv (1999) to 3.07 Sv in 2003.

The observations may be regarded as consistent with previous studies, although
interannual variability might have been overlooked due to short deployment periods,
poor spatial coverage, and downstream entrainment processes.

Moreover, the SFB time series are in general agreement with preliminary estimates
derived further downstream in the Angmagssalik array.
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An integrated view on the observations discussed in the previous sections yields

the following key results, that provide the essential background for the evaluation of
the relevant mechanisms that control the Denmark Strait overflow:

e With respect to the short-term variability, the SEB array time series confirmed

the results of previous observations. While tides have a typical peak-to-peak am-
plitude of 2 0.2 — 0.4 m/s, the overflow shows dominant variability on timescales
of 2 — 10 days, with near-bottom velocities varying between 0.2 and 1.4m/s,
which is associated to strong eddy activity (studied in detail by GIRTON, 2001).

e A substantial interannual decrease of the DSOW transport from 3.68 Sv (1999)

to 3.07Sv (2003) has been observed. The transport decrease is associated with
a 50m reduction of the plume thickness and a 15% velocity decrease at the
deepest part of the sill, while further to the northwest, the corresponding inter-
annual changes are significantly smaller. The changes in plume thickness might
be related to a reduction of the dense water reservoir height, that drives the
hydraulically controlled flow over the sill.

e Spatially coherent variability on monthly timescales has occasionally been ob-

served. Particularly remarkable were two periods of extreme low transport
(< 2Sv) in November and December 2002 associated with a current veloc-
ity decrease of 50 %. Since these low-current events covered the entire water
column, they might be related to barotropic forcing mechanisms.

e The DSOW exhibited a temporary temperature increase of 0.5°C from 1999 to

2002, and a decrease of 0.4 °C from 2002 to 2003. The temperature signal reflects
variability in the composition of the overflow: While the coldest parts showed a
weaker interannual variability between —0.6 and —0.3°C at ADCP B, warmer
water masses observed in the overflow exhibited a temperature increase from
+0.5°C in 1999 to +1.5°C in 2002. The large temperature variability on hourly
to daily timescales indicates, that the different water masses contributing to the
overflow are not completely mixed and homogenized at the sill, and that changes
of the mean temperature depend not only on the properties of individual source
water masses, but also on their relative contribution to the overflow.

The aspects of density forcing, that may be assessed by theories of hydraulic

control, of barotropic forcing likely associated with wind stress variability, and obser-
vational evidence for advection pathways that feed the overflow from different sources,
shall be addressed in the following chapters.
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6. Density forcing of the overflow

The Denmark Strait Overflow carries dense water from the Nordic Seas across the sill
between Iceland and Greenland to the deep North Atlantic.

Generally, the flow of dense water over topographical constrictions is limited by
dynamic relations termed as “hydraulic control”, and the volume transport is entirely
determined by the available potential energy of the upstream dense water reservoir,
the strait geometry and rotation. The role of these factors and their applicability
to real straits have been addressed in a number of analytical studies, laboratory
experiments and numerical models (for a review, see WHITEHEAD, 1998; PRATT,
2004).

The asymmetry between the Iceland Sea, where the dense DSOW level is substan-
tially higher than south of the Denmark Strait sill (Fig. 2.5, page 35), and the rapid
downstream descent and acceleration of the overflow plume (a.o. GIRTON ET AL.,
2001) suggest, that the Denmark Strait Overflow may indeed be subject to hydraulic
control.

During the past decades, numerous field studies (a.0. DICKSON AND BROWN,
1994; KrAUSS AND KASE, 1998) and numerical experiments (KASE AND OSCHLIES,
2000) have been conducted to evaluate the Denmark Strait Overflow in the light of
hydraulic control theories. GIRTON (2001) extensively investigated the dynamics of
the descending plume based on hydrographic surveys in 1997 and 1998.

While most of the previous studies were focused on the downstream development
of the overflow only, the SF'B experiment obtained four years of continuous time series
at the sill and further upstream, providing an excellent data set to study the governing
dynamics that may actually control the dense water volume flux over the sill.

After a theoretical introduction to hydraulic control mechanisms, the SFB time
series and the process model are investigated, whether a number of assumptions are
met, that are critical prerequisites for the applicability of hydraulic control:

e Alongstream asymmetry: The overflow descents from an upstream dense water
reservoir over the sill to larger depths further downstream. The alongstream
momentum balance is examined in the process model.

e Criticality: The flow over the sill accelerates to a velocity fast enough to block
information propagation from the downstream to the upstream basin.

e Potential Vorticity (PV): PV is a critical factor for the maximum volume trans-
port over a sill.
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e Geostrophy: The validity of geostrophic balance is proven in both the observa-
tions and the process model.

Then, the SFB time series are assessed in combination with hydrographic obser-
vations further upstream to evaluate the key features of the Denmark Strait overflow
in the light of a density driven flow:

e Determination of the DSOW transport by the dense water reservoir height,
observed by temperature recording moorings and regular hydrographic profiles
upstream of the sill.

e Observational evidence, that the transport depends on the density contrast
between DSOW and the overlying water masses.

Implications of hydraulic control theories for the upstream pathways to the sill,
and their observational evidence are addressed in the separate chapter 8.

6.1. Theory of hydraulic control

6.1.1. Introduction to hydraulic control

The flow of dense water through Denmark Strait is likely subject to hydraulic control,
considering its velocity and density characteristics (GIRTON, 2001). Hydraulic control
is normally defined by the following criteria:

e The current velocity reaches or exceeds criticality (Froude-number F' > 1) at the
sill or during downstream descent. The “control point” (F' = 1) separates sub-
critical flow in the upstream basin from supercritical downstream flow. Hence,
no information can propagate by long gravity waves from the downstream region
across the sill (PRATT AND LUNDBERG, 1991).

e Alongstream asymmetry, i.e. high dense water reservoir upstream, and descend-
ing isopycnals downstream of the sill (ArMI, 1986). This is the case in Denmark
Strait (Fig. 2.5, page 35), although frictional processes could lead to a similar
appearance (PRATT, 1986).

From this follows:

e The volume transport entirely depends on the sill geometry and the upstream
conditions and is limited to a certain upper bound.

As a first theoretical approach, a simple two-layer system with a dense bottom
layer (density o + Ap) and a lighter surface layer (density p) shall be considered,
following the review of WHITEHEAD (1998) (Fig. 6.1). While the upper layer is at
rest (so-called “1 1/2 layer” model), the motion of the lower layer for steady state flow
of inviscid, incompressible fluid is governed by inertia, pressure and rotation.

76



6.1. Theory of hydraulic control

Figure 6.1.: Sketch of the flow of dense water in a two-layer system across a sill.
Section along streamlines (y-axis). Upstream reservoir height h,, dense
layer thickness Hy(x,y) and density contrast Ao referenced in the text.
Note the lower interface height in the sill entrance region.

The equations of momentum are given by

1
u-V'u,—l—ka'u,:—EVp—gk (6.1)

with current velocity w, Coriolis parameter f, density o, pressure p, acceleration
of gravity ¢ and the vertical unit vector k.

The conservation of mass (volume) yields

V-u=0 (6.2)

Allowing slow variation in alongstream direction only, as is the case for Denmark
Strait, the equations of motion of the lower layer reduce to

A
w-Vu+ fkxu= —g—ggvmm (6.3)

with lower/upper layer interface height h,;.

With slow variations in along-strait (y-axis) direction, geostrophical balance is
valid for the along-strait current velocity v, which is much larger than the cross-strait
component u.

Hence, the basic dynamical relations, that hold for each fluid element, are
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Bernoulli’s Law

1
5“2 +g¢'h=B(¥) (6.4)

Inertia Pressure

Counservation of

Potential Vorticity Geostrophy
ov
L = — ! 66
=G fo=g—7— (66)
(6.5)
Coriolis

(diagram adopted from WHITEHEAD, 1998)

Basically, Eq. 6.4 is an expression for the conservation of energy (E,, + Egip =
const.). Eq. 6.5 denotes the conservation of potential vorticity (angular momen-
tum). Geostrophic balance (Eq. 6.6) is valid, since only slow changes are permitted
alongstream.

The Bernoulli and potential vorticity equations are constant along each streamline,
defined by the streamfunction W:

ov ov
o oy

These equations form the the basis for the theoretical description of the flow across
topographical constrictions like e.g. the Denmark Strait sill.

The simplest model is the flow over a bump in a non-rotating system. Due to
continuity, the flow has to accelerate over the bump. Eq. 6.4 then implies, that the
interface between lower and upper layer is deflected downward, which further reduces
the layer depth above the bump. It can be shown, that the maximum volume transport
is reached when the local Froude number F' = v//2¢’H, (with local layer depth Hy)
equals unity at the sill (critical flow).

The Denmark Strait as a rotating system with complicated topography, involving
frictional processes, and an additional barotropic flow component, is more difficult to
assess. Of major interest for Denmark Strait are (i) the upstream circulation structure,
and (ii) estimates for the maximum volume transport determined from the upstream
conditions.

—u (6.7)

6.1.2. Current structure

The basic concepts of hydraulically controlled flow assume an active dense layer un-
derneath a stagnant surface layer (Fig. 6.1, page 77), termed as 1 1/2 layer models.
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WHITEHEAD ET AL. (1974) introduced a model that includes rotation. It was
based on the assumption of zero PV and zero current upstream (i.e. infinite depth
of the upstream basin). In a study by GILL (1977), constant potential vorticity and
upstream currents are allowed. The classical GILL model was further refined and
extended for nonuniform upstream conditions by PRATT AND ARMI (1987). More
recently, HELFRICH AND PRATT (2003) investigated the upstream circulation for dif-
ferent types of dense water sources. The implications for the Denmark Strait Overflow
are addressed in a separate chapter (8).

A common feature for all of these concepts is the acceleration of the flow over the
sill and further downstream. Under the influence of rotation, the downstream flow
is banked to the right-hand side of the strait (northern hemisphere convention). The
alongstream asymmetry, with a downstream descent of the dense water, was regarded
as essential for hydraulic control by ARMI (1986). However, since the plume tends to
keep its height due to geostrophic balance, friction has to be considered to describe
the downstream descent of the overflow.

A number of studies tried to include the more complicate effects of friction
(PRATT, 1986; GARRETT, 2002), and of a non-stagnant upper layer (FARMER AND
ARMI, 1986; DALZIEL, 1990). In particular, the downstream development of the over-
flow plume has been studied with respect to friction and turbulence (e.g. by rapid
synoptic sections, GIRTON ET AL., 2001) and compared to numerical models (KASE
ET AL., 2003; KOSTERS, 2004a).

6.1.3. Transport estimates: Zero PV, rectangular
cross-section

Based on the models of WHITEHEAD ET AL. (1974) and GILL (1977), WHITEHEAD
(1989) evaluated an upper transport bound for zero PV conditions and zero upstream
current. In this case, the Bernoulli potential is B(¥) = ¢'h, (Eq. 6.4; h, upstream
dense water height above the sill). The assumption of zero PV yields %¢ = —f (Eq.
6.5). Hence, the cross-section of the flow is parabolic, with the maximum interface
height A, = h, at the right-hand wall (Fig. 6.2).

The transport can be determined by integrating v - Hy from the right-hand wall
(here, hi,y = hy, and v = 0) to the intersection of the interface with the left-hand
wall or the bottom.

Depending on the width L of the strait, the following transport relations hold:

Qwrx = (%)3/%\/}[% — Jz—f]?’/? for L < \/2¢'h,/ f (6.8)
Qwirk = %%hi for L > /2g'h,/ f (6.9)

with reduced gravity ¢’ = gAo/p and upstream reservoir height h,,.

The length scale v/2¢g’h,/f defines whether the dense water fills the entire width
of the strait (Eq. 6.8) or just occupies the right-hand part (Eq. 6.9). It is proportional
to the Rossby radius of deformation R = \/¢'h/f.
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X X

Figure 6.2.: Cross-section of zero PV flow through a rectangular channel according to
WHITEHEAD (1989). The view is in downstream direction. Note, that at
the right-hand wall the dense water height equals the upstream value h,,
and the current velocity is zero. Panel a: “Narrow” strait equivalent to e.g.
Faroe Bank Channel. Panel b: “Wide” strait equivalent to e.g. Denmark
Straat.

While Eq. 6.8 may be applied to narrow straits like the Faroe Bank Channel
(L = 10km = R), the Denmark Strait has to be regarded as “wide” strait, where
the maximum transport entirely depends on the the density contrast and upstream
reservoir height A,.

According to WHITEHEAD (1998), the density contrast Ap can be obtained from
the density difference between the upstream and downstream basin measured at sill
depth. The reservoir height is found by identifying the “bifurcation depth”. Below
the bifurcation depth, the hydrographic density profiles of the downstream basin
differ from those obtained upstream of the sill. For the Denmark Strait, the SFB
observations yield values of Ap ~ 0.43kg/m3 and h, =~ 470m (compare Fig. 2.5,
page 35).

The model can be extended for finite current velocities (e.g. for observations at
the strait entrance, where depth is not infinitely large), using the conserved Bernoulli
potential (Eq. 6.4) to obtain an “effective reservoir height” h.y (KILLWORTH AND
McDONALD, 1993):

heg = hy + QLg,zﬁ (6.10)

with current velocity v.

The theoretical relation holds for straits with rectangular cross-section and as-
sumes no friction and zero PV. KILLWORTH (1994) showed, that zero PV generally
yields the maximum possible transport through a strait, which is given by Eq. 6.9.

For real straits, the actual transport is smaller. For Denmark Strait, WHITEHEAD
(1998) estimated a hydraulically controlled flow of 3.8 Sv (with h.y = 580m and
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Ap/o=3.0-107* DICKSON ET AL., 1990), while the actual flow of 2.9 Sv is smaller
by a factor of 0.76. Numerical experiments of KOSTERS (2004b) yielded a smaller
scaling factor of 0.46.

Concluding, Eq. 6.9 yields an upper transport bound for dense flow through sea
straits. Although Eq. 6.9 assumes highly idealized conditions, it may be regarded
as a first-order approach for the Denmark Strait Overflow, since the quadratic re-
lation between upstream reservoir height and transport, and the linear dependence
between density contrast and transport has been confirmed in realistic model simu-
lations (KOSTERS, 2004b). Therefore, Eq. 6.9 shall also be employed in this thesis to
evaluate observational evidence for hydraulic control.

6.1.4. Transport estimates: Constant PV, realistic
cross-section

For all models with zero or non-zero, but constant PV (Eq. 6.5) and geostrophic
balance (Eq. 6.6), a parabolic interface shape results from dv/dx = const. (Figs. 6.2,
6.3). While the WHITEHEAD ET AL. (1974) zero-PV model requires, that the dense
flow is banked to the right hand wall, in the more general case of finite, constant PV
the parabola is not necessarily located on the right hand side of the strait (Fig. 6.3).
In this case, reverse flow occurs on the right-hand side of the dense water plume.

z

-40 0 40 80 km

Figure 6.3.: Cross-section of constant PV flow over realistic Denmark Strait sill to-
pography (adopted from NIKOLOPOULOS ET AL., 2003). The view is in
downstream direction. The mazimum height of the dense water parabola
equals the upstream value h,. The zone of reverse flow may be replaced by
stagnant fluid (dashed lines KILLWORTH, 1994 ). The maximum transport
estimate for both cases is found by variation of the lateral location of the
parabola.

KILLWORTH (1994) suggested to replace the part of reverse flow with stagnant fluid

to obtain maximum transports. Based on this theory, a method to calculate the max-
imum flux for realistic topographies (instead of idealized rectangular (WHITEHEAD
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ET AL., 1974) or parabolic cross sections (BORENAS AND LUNDBERG, 1986)) was
developed by BORENAS AND NIKOLOPOULOS (2000).

It was applied to hydrographic observations of the Denmark Strait by
NIKOLOPOULOS ET AL. (2003). For h, = 520m and 370m, transport estimates
yielded 2.45 and 1.31 Sv with recirculation, and 4.35 and 1.79 Sv in the case without
recirculation. For the Denmark Strait, the NIKOLOPOULOS ET AL. (2003) estimates
may be considered as upper and lower bounds of the short-term variability, whereas
the actual mean transport lies between both values (KOSTERS, 2004b).

6.1.5. Transport estimates: Non-constant PV

Extending the GILL (1977) model for more different types of dense water sources in
a finite basin, HELFRICH AND PRATT (2003) suggested a relation using the dense
water height at the left-hand (hy) and right-hand (hg) side of the strait entrance to
predict the transport:

!

Qur = 5=(h% — h3) (6.11)
f

A numerical study proved, that this relation predicts values close to the actual
dense water transport (KOSTERS, 2004b).

Recently, STERN (2004) investigated upper transport limits without any vorticity
restrictions for the flow over a sill with parabolic topography, which may be considered
as a reasonable approximation of the deep part of Denmark Strait (NIKOLOPOULOS
ET AL., 2003). With the only constraint, that the current velocity shall have a max-
imum at any point on a cross-sill section, STERN (2004) found, that the maximum
transport is obtained for uniform geostrophic velocity, i.e. profiles with a constant
interface slope across the strait (Fig. 6.4).

The transport can be derived from

_ 9B [r
Q= 7/5 wHy da (6.12)

with reduced gravity ¢’ and the dense water thickness Hy = h(z) — M (x) between
the uniformly sloping interface h(z) and the parabolic bottom height M (z) = pz?/2
above the deepest part of the sill.

While the right-hand side intersection point of the interface with the parabolic
bottom topography is kept at x = L, the absolute transport maximum is obtained,
when the left-hand side intersection point & is located at x = —L/2. Due to the
parabolic bottom topography, this implies, that the dense water height at the left-
hand wall is 1/4 of the value hy at the right hand wall.

The integration of Eq. 6.12 yields in this particular case

3 15

/
QStern - g_2h2R[_

P20l — 5 (6.13)
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6.1. Theory of hydraulic control

x=-L/2"' 'x=0 'x=L

Figure 6.4.: Cross-section of mazimum flow without PV restrictions through a channel
with parabolic topography (adopted from STERN, 2004). The view is in
downstream direction. The transport mazimum s found by varying the
interface slope (dashed lines), while the dense water height on the right-
hand side of the channel is kept constant at hg. Maximum transport is
achieved, when the left-hand intersection point is at v = —L/2, and the
right-hand intersection point at x = L.

where hp is the dense water height at the right-hand wall at the sill. Hence, the
transport is independent from the channel width, and depends quadratically on the
right-hand wall dense water height at the sill.

If hi equals the upstream reservoir height h, — which is not necessarily the case
— the ratio of the STERN (2004) and the zero PV WHITEHEAD (1989) estimates is

QStern o g (614)

Qwigx 16

Basically, the STERN (2004) relation describes the maximum geostrophically bal-
anced flow of a dense layer beneath a stagnant surface layer. It does not require any
particular PV assumptions, and hence might be better suited to describe the real
flow through the Denmark Strait (see section 6.2.3). Since it does not assume the
conservation of the Bernoulli function, and does not depend on upstream reservoir
height, it is not based on hydraulic control mechanisms, even though the transport
estimates yield realistic values, whereas the @y x bound is typically two times larger
than the observed values (review of different straits: WHITEHEAD, 1998).

The introduction of friction (PRATT, 1986; GARRETT, 2002) and of a non-stagnant
upper layer (FARMER AND ARMI, 1986; DALZIEL, 1990) is clearly a way to even more
realistically describe the dynamics.

The more basic aim in this thesis is, however, to find indications for hydraulic
control mechanisms in the observations of the moored SFB array. As a first-order
approach, Eq. 6.9 and 6.14 will be used to obtain hydraulic transport estimates and
to investigate the quadratic relation reservoir height — transport, the linear relation
density contrast — transport, geostrophy and criticality.
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6. Density forcing of the overflow

6.2. Proof of preconditions for hydraulic control
theories

Both the numerical process model of KASE AND OSCHLIES (2000) and the observa-
tions of the SFB array shall be investigated to assess the critical characteristics that
define whether the theories of hydraulic control introduced in the previous section
are applicable to the Denmark Strait Overflow. In the following sections, alongstream
asymmetry of the overflow, criticality of the flow, potential vorticity and the validity
of geostrophic balance will be discussed.

6.2.1. Alongstream momentum balance of the plume in the
model

While the observed descent of the Denmark Strait Overflow (Fig. 2.5) is suggestive
for a hydraulically controlled flow (ArRMI, 1986), the underlying dynamic relations
shall be investigated in the process model of KASE AND OSCHLIES (2000), that has
proven to realistically reproduce the overflow (KASE ET AL., 2003).

The basic theories of hydraulic control essentially require the conservation of the
Bernoulli potential (see section 6.1).

For real sea straits like the Denmark Strait, conservation of energy along stream-
lines only holds under consideration of bottom friction and interfacial stress due to
current shear. In particular, the downstream descent of the plume is heavily influenced
by friction, as shown by GIRTON (2001).

Here, the alongstream momentum balance of the dense water layer shall be inves-
tigated.

The equations of momentum per unit mass are given by

2—1:+u-Vu:—%Vp—29xu+g+FT (6.15)

with current velocity w, pressure p, Earth rotation €2, acceleration of gravity g
and friction Fj.

A two-layer system is considered now, with vertically averaged properties for each
layer.

Hence, the friction term F;. for the lower layer contains both bottom friction and
interfacial stress between the two layers. Since in the model a linear drag law was
used (KASE AND OSCHLIES, 2000), the friction terms yield

U2 U1 — U2
F,=rp— EE— 6.16
7“DH2 +7Tp , ( )

as an integral effect on the entire plume with thickness Hy. rp = 4.15-10~* m/s
represents the linear drag coefficient. As pointed out by KASE AND OSCHLIES (2000),

2 . "
a quadratic friction F, = ¢p 1?9 would be more appropriate in some cases. KOSTERS

(2004b) applied a quadratic drag law with ¢p = 1-1073. The choice of either drag
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6.2. Proof of preconditions for hydraulic control theories

law is of minor importance for the alongstream budget, however, and accounts for a
5% change in the total alongstream budget only.
In a two layer system, the horizontal pressure gradient term for the lower layer is

1
EVp = goV{+ g'0Vhi (6.17)

with sea surface height (SSH) (, reduced gravity ¢’ and interface height h;y.

The time-averaged energy per mass unit can be calculated by integration of Eq.
6.15 along streamlines. The first term of Eq. 6.15 vanishes since time-averaged steady
state is considered.

Taking v as horizontal current component along the streamline (the normal com-
ponent u vanishes), the alongstream integration of Eq. 6.15 yields

1 Y2 a'U Y2 v Y2 [
—v2+/ w— dy = ¢C +g'hmt+/ rTp— dy+/ Tp ! 2 dy (6.18)
Y1 y

2 Y1 az S~~~ SN—— H2 1 H2
—_— C D ~ - ~ -
A B E F

Term “A” represents kinetic energy. Term “B” denotes entrainment stress exerted
on the plume by entrainment of slower water. Term “C” is the potential energy due
to changes of Sea Surface Height ¢, “D” potential energy associated with changes of
the interface height h;,;. “E” represents bottom drag, “F” interfacial stress on the
plume due to velocity shear.

Due to the separation into mean and fluctuating parts (v = v + v'), the non-
vanishing mean v term yields the eddy kinetic energy (EKE) 1/2v2, additional to
the time-averaged mean kinetic energy 1/27°.

GIRTON (2001) studied the energy budget of the descending plume downstream
of the sill, analyzing field observations of current velocity and density profiles. The
main results of his study are, that the energy budget is dominated by potential energy
loss due to the descent of the plume. The total energy appeared to increase along the
descent, which might point to external forcing, e.g. due to unresolved SSH changes
(GIRTON, 2001). However, there are large uncertainties due to short-term variability.

Here, the temporal mean momentum balance per mass unit along overflow stream-
lines shall be assessed in the process model to yield an independent estimate of the
plume dynamics.

Fig. 6.5 a shows the alongstream momentum balance, integrated below the oo =
27.8 kg/m? isopycnal along the overflow path, defined by the central 1Sv transport
interval of the dense water transport streamfunction (delimited by bold transport
contours in Figs. 6.6 (page 90 and 4.3 a (page 54)). All numbers are referenced to the
values 250 km upstream of the sill.

In agreement with GIRTON (2001), the largest single contributor is clearly the
potential energy loss of the lower layer of —6m?/s? due to its descent from the sill
to depths larger than 1500 m 250 km downstream of the sill. It is balanced by the
other terms of Eq. 6.18, each of them being typically one order of magnitude smaller
than the lower layer potential energy. Since mean and eddy kinetic energy are always
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6. Density forcing of the overflow

smaller than 0.5m?/s?, conservation of energy along streamlines only holds under
consideration of friction and entrainment.

Bottom drag and interfacial stress reduce the energy of the plume by & 0.5 m?/s?
or ~ 0.8 m?/s?, respectively. Direct observations of the descent rate of the overflow
plume, however, suggest a higher drag coefficient of ¢p = 0.003 (GIRTON AND SAN-
FORD, 2003). Since the model reproduces the observed descent rates with ¢p = 0.001
(GIRTON AND SANFORD, 2003) (or a linear drag coefficient rp = 4.15 - 107 m/s),
entrainment stress should close the alongstream momentum balance. In fact, stress
due to entrainment of (slower) water lies in the order of 2.5 m?/s?, and is thus a more
important factor than bottom and interfacial stress combined.

The alongstream momentum budget is closed (inside the error boundaries) when
the potential energy associated with variable SSH is included. The apparent SSH
increase along the overflow path in the model contributes ~ 1.3 m?/s?. In contrast to
the assumption of GIRTON (2001), the SSH effect has thus a decelerating influence
on the overflow plume.

Now, the alongstream development of each term (Fig. 6.5 a) shall be considered.

Significant changes start ~ 130 km upstream of the sill. From here to the sill,
the energy budget is dominated by potential energy due to a downward deflection of
the interface (see also Fig. 4.3 b, page 54), and an upward shift of the sea surface,
which both remain remarkably constant after a steep increase over the first 30 km.
Entrainment stress becomes gradually more important towards the sill. Obviously, the
region between 130 km upstream and the sill may be considered as “entrance region”
in the sense of HELFRICH AND PRATT (2003) (further discussion in chapter 8).

Downstream of the sill, the lower layer potential energy decreases rapidly. With
increasing velocity, friction becomes significant ~ 100 km downstream of the sill. This
agrees well with observations, which show a maximum in current velocity (GIRTON,
2001) and a minimum in plume thickness (Fig. 2.5, page 35). SSH increases only
slightly; thus, the entrainment stress becomes the most important term for the de-
scending plume. While at the sill the current structure is predominantly barotropic,
the overflow becomes more and more baroclinic during its descent (current observa-
tions by GIRTON, 2001).

6.2.2. Criticality: Froude numbers in model and observations

Introduction

An essential feature of hydraulically controlled flow is criticality.

In the case of slow, subcritical flow (e.g. over a low bump), information may
propagate from the receiving basin over the sill, and influence the upstream conditions.
For fast, supercritical advection to a sill, the Bernoulli potential Ey;, + E,,; of the fluid
is so large, that the volume flux is neither controlled by the sill height, nor by changes
in the receiving basin, since information can propagate in downstream direction only.

In the ocean, where kinetic energy is usually too small to achieve supercritical
advection, the maximum volume flux over a sill is reached for critical flow condi-
tions. In this “hydraulically controlled” case, the flow passes through a subcritical-
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6.2. Proof of preconditions for hydraulic control theories

Model: Momentum Balance along DSOW Streamlines
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Figure 6.5.: Denmark Strait process model: Panel a: Temporal mean of the momentum
balance along DSOW streamlines. All quantities are cross-stream averages
between the —2 Sv and —1Sv contours below the oo = 27.8kg/m3 isopyc-
nal of the DSOW transport streamfunction (Figs. 4.3 and 6.6), integrated
along the streamlines and referenced to the northern model boundary.
For explanation of terms, see text. Panel b: Squared Froude numbers for
DSOW layer, upper (AW) layer and composite Froude number G*. Spa-
tial and temporal averaging and DSOW definition as in panel a. Crosses
at the sill mark the corresponding mean values of the field observations by
ADCP B at the sill, vertical bars indicate range of variability with heavy
lines representing 1o standard deviation and dashed light lines indicat-
ing 95 % range of variability. Two bars are slightly offset from the x =0
position to enhance clarity.
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6. Density forcing of the overflow

to-supercritical transition at a “control section” at or near the sill. The supercritical
flow downstream blocks information propagation from the downstream basin, and the
conditions in the upstream basin depend entirely on the sill geometry (PRATT, 2004).

In a non-rotating two layer system, the phase velocity of internal boundary long
gravity waves, that alter the interface height, is

¢ =g (HoH,)/(Hy + H,) (6.19)

with reduced gravity ¢’ = ¢ Ap/p and upper/lower layer thicknesses H;, Hs,
respectively. For a thin lower layer flowing over a sill, Eq. 6.19 is simplified to

c=1/g'Hy (6.20)

The flow is critical, when ¢ equals the lower layer advection speed v, i.e., the
squared Froude number

’U2

g'H, -

F? = 1 (6.21)
For a two layer system, the Froude numbers of the upper and lower layer F? and
F%, respectively, can be merged to a composite Froude number G* (ARMI, 1986) as

A
G2=F+F:- 2224 2 (6.22)
0
Since Ap/o = 0.48/1028 << 1, Eq. 6.22 can be simplified to

G*=F!+F; (6.23)

With G? < 1, the flow is termed subcritical, G> = 1 critical and for G*> > 1
supercritical.

Criticality of the Denmark Strait Overflow

For rotating systems, other definitions of criticality have been suggested by STERN
(1974), GILL (1977), PRATT ET AL. (2000) and HELFRICH AND PRATT (2003). An
application of the different concepts to a Denmark Strait Overflow model showed,
however, that all Froude numbers become unity at the same location (KOSTERS,
2004b). Therefore, the definition of Eq. 6.23 will be employed in this study.

Fig. 6.5 b shows the corresponding Froude numbers along overflow streamlines
in the process model. The overflow path was selected using the central 1 Sv interval
of the average dense water transport streamfunction, similar to the definition in the
previous section.

At the sill, the average composite Froude number G? ~ 0.15. The mean flow
reaches criticality not before ~ 100 km downstream of the sill, which is in agreement
with model results of KOSTERS (2004b) and observations GIRTON (2001). This can
be attributed to friction (virtual control; PRATT ET AL., 2000), which tends to shift
the hydraulic control point from the sill to a location further downstream.
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6.2. Proof of preconditions for hydraulic control theories

The SFB ADCP array at the sill provides additional confirmation for the model
results: The mean Froude numbers for both layers at ADCP B (marked as “x” in Fig.
6.5 b) are essentially similar to the model. During strong outflow events with current
velocities exceeding 1.5m/s, critical flow with G = 1 is occasionally reached even at
the sill (vertical bars in Fig. 6.5 b).

6.2.3. Potential Vorticity

For most concepts of hydraulic control, the conservation of potential vorticity (PV)
is a prerequisite, (e.g. WHITEHEAD ET AL., 1974; GILL, 1977; BORENAS AND LUND-
BERG, 1986; KILLWORTH AND MCDONALD, 1993; HELFRICH AND PRATT, 2003;
NIKOLOPOULOS ET AL., 2003), as discussed in section 6.1.

It may be questioned, to which degree the conservation of PV holds for the Den-
mark Strait Overflow. In order to assess the alongstream PV development of the dense
overflowing water, the numerical process model shall be investigated here.

The potential vorticity ¢ is defined as

E+/
q= 2 (6.24)
with £ = 0v/0x — du/dy as relative vorticity, Coriolis factor f and layer thickness
H,. Tt is conserved along streamlines in frictionless flow.
In the process model, the temporal mean of PV along streamlines

1 ov  Ou

GZ?'(%—a—yﬁLf) (6.25)

is clearly not uniform (Fig. 6.6 b). The PV of the dense overflow layer increases
by a factor of 5 during sill crossing and downstream descent of the overflow plume. In
cross-stream direction, PV varies by a factor of 2 over the extent of the SFB mooring
array at the sill (Fig. 6.6 b).

Obviously, PV is dominated by layer thickness H,, since relative vorticity is small
compared to the Coriolis factor f. Even in the region 90 km upstream of the sill (close
to the TP mooring site), where the strongest current shear is found (Fig. 6.6 a), the
ratio of relative vorticity to f is smaller than (6.5-107° 1/s)/(1.3-107* 1/s) = 0.5.

The layer thickness decreases from > 1000 m to a mere < 200 m during the most
rapid part of the downstream descent. Northeast of the sill, the reduction in layer
thickness is partly compensated by a gain of anticyclonic relative vorticity at the
Greenland side of the plume (Fig. 6.6 a), but further downstream relative vorticity
does not compensate for the layer thinning, since frictional effects are an important
factor for the downstream plume dynamics (see next section). This finding agrees
with downstream current observations (GIRTON, 2001).

The SFB array proved further observational evidence, that zero or constant PV
conditions are not met at the Denmark Strait sill:

For zero PV, the relative vorticity & needs to equal f, which yields a current
velocity shear of 1.3m/s over a cross-stream distance of 10 km. This is by far larger
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6. Density forcing of the overflow

Model: Mean Rel. Vort. lower layer; DSOW transport Streamfunction (red contours)
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Figure 6.6.: Denmark Strait process model: Temporal mean of DSOW worticities.

90

DSOW layer defined by T < 1.88°C, 0o > 27.8kg/m?; shaded with grey
contours. Querlaid red contour lines indicate DSOW transport stream-
function. Symbols denote SFB array mooring positions: ¢ ADCP, A
PIES, x7 TK/TP. Model topography indicated by 500 and 800 m isobaths
(heavy black contours). Panel a: Relative vorticity. Panel b: Potential
vorticity. Note the PV increase along the overflow path (indicated by the
bold —1 and —2Sv transport contours).
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than the observed average horizontal shear of 0.1 ms™ /11 km between ADCPs A and
B or 0.3ms™!'/12km between ADCPs B and C. For constant finite PV, no particular
current shear is required, but the layer depth H, varies greatly between the upstream
basin and different locations at the sill.

Despite of the substantial differences between the real overflow and the zero PV
theories, the WHITEHEAD (1989) model shall be applied to the observation time
series, since numerical experiments suggest, that the WHITEHEAD relation is a valid
first-order approach to determine the maximum hydraulically controlled transport
(KOSTERS, 2004b).

6.2.4. Geostrophic balance

The theories of hydraulic control discussed in section 6.1 require, that geostrophic
balance is valid. Investigations of the high resolution model showed, that > 90 % of
the Denmark Strait overflow transport at the sill is in geostrophic balance (compare
geostrophic and actual current vectors in Fig. 4.3, page 54).

Provided that the real overflow is also geostrophically balanced, measurements
of Sea Surface Height (SSH) and interface depth would be an option for integrating
transport measurements.

6.2.4.1. Introduction to two-layer geostrophy

In the case of constant potential vorticity (PV), the DSOW /AW interface should be
parabolically shaped (NIKOLOPOULOS ET AL., 2003). The overflow model reveals,
however, that PV is clearly non-uniform (previous section). At the sill, the average
lower layer PV varies by a factor of 2 across the SFB mooring array. Thus, the
assumption of constant PV (and hence a parabolic interface shape) is not necessarily
valid.

Instead, the overflow shall be treated as a two-layer system with a linearly sloping
interface (as suggested by STERN, 2004) to obtain first-order estimates of geostrophic
balance.

Assuming two layers of homogeneous density, which is a reasonable approximation
of the actual density structure at the sill (Fig. 3.3, page 44), the geostrophic current
velocities in the upper and lower layers are given by the MARGULES equation:

Upper layer:

g AC
=Z 2 6.26
U1 f 5z ( )
Lower layer:
01 Aziny g Ao
Vg = —Uy + =— 6.27
‘T Az f oo (6.27)

v1 and vy denote upper and lower layer velocity (positive = to the north), respec-
tively, o1 and g, upper and lower layer density, density difference Ao = 05 — 01, ¢
acceleration of gravity and Coriolis parameter f. A( is the SSH difference (positive
= higher to the east), Az, the difference of the interface depth (positive = thicker
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6. Density forcing of the overflow

overflow plume to the east) and Az the distance between both instruments (13.4 km
for the SFB array).

6.2.4.2. Evidence for geostrophy in model and observations

Several PIES have been deployed in the SFB array to obtain estimates of interface
depth and sea surface height to test the geostrophic relation.

Due to instrumental failure, only in the period from July 2000 to May 2001 two
PIES could be recovered that allow for geostrophic calculations. One constraint for the
use of PIES in Denmark Strait is, that on the Greenland side, the small temperature
contrast between the overflow and the East Greenland Current waters prevents any
estimates of plume thickness, since the two-layer sound propagation model can not be
applied. Fortunately, this was not the case for the instruments deployed 2000 — 2001.
Hence, full time series of geostrophic currents for 2000 — 2001 were calculated using
Eq. 6.26 and 6.27. The current shear between upper and lower layer was calculated
from the absolute interface slope determined from the PIES data.

SSH anomalies are determined by each PIES with an accuracy of +6 mm (40 h low-
passed data). However, since the absolute SSH relative to the geoid is unknown, only
sea surface slope anomalies relative to an unknown constant can be derived from the
PIES data. The fixed offset was determined by referencing the mean surface current to
the mean surface velocity measured by ADCP “B”, that was moored halfway between
both PIES.

Comparing geostrophic currents with the actual current velocities at ADCP B,
the 20 days running means agree well in phase and amplitude of variability. Only on
shorter timescales, evidence for some ageostrophic components exists (Fig. 6.7). This
indicates, that for long term overflow monitoring SSH and interface depth data (as
observed by PIES) allow for realistic transport estimates, provided that there exist
independent observations to convert the anomalies to absolute currents.

6.2.4.3. Interface and SSH slope correlation

The observations revealed, that SSH and interface slope anomalies are highly cor-
related (Fig. 6.7 a), which is corroborated by the process model (Fig. 6.7 d); on
timescales longer than 20 days the correlation is even better than —0.95. A regression
of this anticorrelation yields a scale factor of 1000. This means, e.g., that a positive
SSH anomaly of 50mm (e.g. by rising SSH at the eastern PIES by 50 mm) corre-
sponds to a negative interface slope anomaly of 50m (e.g. by thinning the overflow
plume at the eastern PIES by 50 m).

As a consequence, the vertical current structure is least baroclinic during strong
outflow events. These are associated with eddies, that at the sill have a large
barotropic signature through the entire water column (GIRTON, 2001). When the
outflow to southwest is less intense at the surface (i.e., positive SSH anomaly in Fig.
6.7), the associated negative interface slope anomaly increases baroclinicity. Since the
scale factor between SSH and interface slope anomalies is not smaller than 1000, the
lower layer velocity is, however, dominated by the SSH anomalies (verified below).
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Model: SSH (dotted) and Interface depth (solid) Observations: SSH (dotted) and Interface depth (solid)
g 200 ; ; = : ‘ : — : :
N ~ 10071
< 100 <
E 0 £ 0
1S IS X
}) -100 %
a4 a -100 ¢}
< -200 : : < ———
20 40 60 80 1 8 16 24 1 8 16 24
Actual (dotted) and Geostr. (solid) Currents (Upper Layer) ADCP B (dotted) and Geostr. (solid) Currents (Upper Layer)
0.5 0.5
2 Y Or
1S IS
> > 05
_1 b) _l L
20 40 60 80 1 8 16 24 1 8 16 24
Actual (dotted) and Geostr. (solid) Currents (Lower Layer) ADCP B (dotted) and Geostr. (solid) Currents (Lower Layer)
0.5 0.5
2 2
1S 1S
S S
20 40 60 80 1 8 16 24 1 8 16 24
Time/days December January

Figure 6.7.. Comparison of geostrophic and actual currents. Panels a, b, ¢ show results
from simulated PIES and ADCP observations in the high resolution model
at the same locations as the actual observations, shown on panels d, e, f.
Top panels illustrate the correlation between SSH (blue dotted line) and
interface slope anomalies (red line). Positive values mean “higher to the
east”. Note, that the interface slope is plotted with reverse sign and scaled
by a factor of 1/1000. Centre and bottom panels depict geostrophic
(red lines) and actual currents (blue dotted lines) for surface and overflow
layer, respectively. Positive values correspond to inflow to the northeast,
negative values to outflow to the southwest.
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Thus, even though baroclinicity is larger during weak currents at the surface, the
absolute overflow layer current varies positively and in phase with the surface current
velocity.

These conclusions agree with direct ADCP measurements, comparing profiles with
weak surface currents, but strong baroclinic shear above the overflow plume, and
profiles with strong barotropic outflow in the entire water column (Fig. 4.2, page 52).

The connection can be verified considering equations 3.6 and 3.7 for geostrophic
currents in a two layer system. Inserting 3.6 into 3.7, and replacing Az;,; by the
observed relation Az;,; = —1000 - A(, the following relation results:

gAC1
== > +(—=1000) - A 6.28
U2 7 fwgz(il ( B) 0) ( )

With g, = 1027.42kg/m? and Ap = 0.48kg/m?* (GIRTON ET AL., 2001), term A,
which originates from the surface current part (6.26), is larger than term B, that rep-
resents the baroclinic shear between upper and lower layer. Thus, positive SSH slope
anomalies (weak outflow at the surface) imply increased baroclinicity, but positive
absolute vy changes corresponding to weak outflow, as is evident in the observations.

Linking SSH with interface slope, this correlation opens a possible perspective for
long term monitoring of the deep overflow by remote sensing (see chapter 10).

6.2.5. Comparison of observed sill sections and hydraulic
estimates

To obtain realistic predictions of the hydraulically controlled part of the overflow, the
skill of the theoretical relations introduced in section 6.1 has to be evaluated. Here,
the observed hydrographic sections at the sill shall be investigated to compare the
actual density driven, geostrophically balanced dense water transport with theoretical
estimates.

In contrast to the 1 1/2 layer relations of hydraulic control, there exists a large
barotropic flow component in the Denmark Strait. Numerical studies suggest, how-
ever, that the overflow may be considered as a linear superposition of a barotropic
component and a density driven hydraulically controlled part (KOSTERS, 2004b),
which shall be assessed here.

As shown in the previous section, > 90 % of the currents at the Denmark Strait
sill are in geostrophic balance, and can be described with a 2-layer model. Hence, the
basic assumption of geostrophy in all hydraulic theories introduced in section 6.1 is
met.

Moreover, the observations revealed, that zero or constant PV is not valid for
the real overflow (section 6.2.3). Therefore, the STERN (2004) relation, that requires
no PV conservation, might be more appropriate than zero/constant PV hydraulic
theories.

During the SFB observations 1999 — 2004, four hydrographic sections have been
obtained that cover a sufficiently wide part of the overflow (P262, 2000; M50/4,
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2001; P301, 2003; P315, 2004; see Fig. 2.4, page 33) to investigate different transport
estimates.
These sections allow to compare

Qobs21 Actual density driven flow of the DSOW layer, calculated from 2-layer geostro-
phy with a stagnant surface layer, and integrated between the observed depth
of the 0o = 27.8 kg/m? isopycnal and the real bottom topography.

Qstern STERN (2004) transport estimate, depending on the observed dense water height
hg on the right-hand side of the section.

Qwrxk WHITEHEAD (1989) hydraulic transport bound for zero PV / rectangular chan-
nel conditions. Here, the dense water height hr on the right-hand side of the
section is assumed to equal the upstream height h,.

The height of the 09 = 27.8 kg/m? isopycnal above the sill observed on the four
selected hydrographic sections is shown on Fig. 6.8 a,b. P262 and P301 (panel a)
cover the Greenland shelf to a distance of 75km northwest of the sill; M50/4 and
P315 (panel b) have a more limited range. However, they are likely to cover most of
the overflow transport (considering the spatial transport distribution in the process
model), and the dense water height on the Greenland side may be considered as
representative for hg, or, in the light of zero PV models, the upstream value h,.

Based on a density contrast of 0.43 kg/m3, transport integrals for Qopsor, @ stern
and Qwrkx have been obtained (Fig. 6.8 ¢,d). Due to the non-linear interface slope,
and the irregular topography, the spatial distribution of Qupsa (Fig. 6.8 ¢,d) varies
considerably between the sections. Interestingly, the resulting total QQups2 transport
more or less depends on the dense water height difference between the Greenland and
Iceland sides only. This suggests, that the integrated influence of the non-uniform
interface and bottom slope is not very large, and that integrating geostrophic end-
point measurements may yield transport errors < 0.5 Sv. Further, the left-hand side
dense water height above the sill is approximately 1/4 of hp in all sections, and thus
close to the relation predicted as transport extremum by STERN (2004).

The resulting transport estimates obtained with the STERN (2004) relation based
on a parabolic topography and linear sloping interface (overlaid with thin lines, Fig.
6.8) are listed in Table 6.1.

Table 6.1.: Comparison of geostrophic transport estimates

Cruise/Year | P262 /2000 M50/4 /2001 P301 /2003 P315 / 2004 | average
Qobs21 1.50 Sv 2.58 Sv 1.27Sv 2.43 Sy 1.95Sv
Qstern 1.65Sv 2.02 Sv 1.72Sv 2.00 Sv 1.85Sv
Qwrk 2.93Sv 3.58 Sv 3.06 Sv 3.55Sv 3.28 Sv

On average, the actual geostrophic dense layer transport QQonso1 iS approximately
5% larger than Qgsem. Although it is questionable to conclude on the basis of four
sections only, the STERN (2004) relation may thus be considered as a viable estimate.
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Figure 6.8.: Observed hydrographic sections, and geostrophic transport of the dense
layer below the o = 27.8kg/m® isopycnal. To illustrate the variability
range on sections with comparable east-west extension, P262(2000) and
P301(2003) are shown in panel a, and M50/4 (2001) and P315 (2004)
in panel b. Light lines denote corresponding parabolic bottom topography
and linear interface slope according to STERN (2004 ). The bottom panels
¢, d show the corresponding geostrophic transport, inferred from 2-layer
geostrophy with a stagnant surface layer, integrated from west to east.
Dashed lines and * represent the STERN estimate, bold lines actual trans-
port.
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6.2. Proof of preconditions for hydraulic control theories

Focusing on the hydraulic WHITEHEAD (1989) estimates, it might be argued, that
Qwirx requires the upstream reservoir height h, rather than sill values.

Certainly, the dense water height at the sill is somewhat lowered due to frictional
effects (see section 6.2.1 for a model analysis). In contrast, the WHITEHEAD (1989)
model assumes, that Ay at the sill equals h,,.

However, the estimates in table 6.1, which are based on the right-hand wall dense
water height at the sill, are likely to be representative for @ wpx, since the average
ratio Qobsar/ Q@ wrk is 0.59, which is a rather typical value for the comparison between
zero PV / rectangular channel conditions and realistic flow:

In a numerical simulation, KOSTERS (2004b) obtained a smaller ratio
Qobs21/Qwrkx = 0.46, if the reservoir height is taken further upstream. WHITEHEAD
(1998) found Qobsa1/Qwrkx = 0.77 for the Denmark Strait; this estimate was based on
a larger reservoir height of 580 m and a smaller density contrast (DICKSON ET AL.,
1990), though. Thus, the @y, estimates obtained here qualitatively agree with the
range established by previous studies.

Concluding, the evaluation of interface depth / SSH observations (previous sec-
tion) and hydrographic sections has the following implications:

e In agreement with hydraulic theories, 2-layer geostrophy is valid (section 6.2.4).

e The ratio between Qops21 and Q) wr i lies in the range established by WHITEHEAD
(1998), whereas the STERN (2004) transport extremum yields fairly realistic
estimates of (Qopsar-

e The absolute values of Qs (average 1.95Sv) are much smaller than the total
overflow transport (3.35Sv, ADCP observations, 1999 — 2003 mean).

Therefore, the observations suggest, that only ~ 56 % of the Denmark Strait
Overflow may be regarded as density driven flow. In contrast to previous studies,
the actual upstream reservoir height might be lower than 580 m (DICKSON ET AL.,
1990). This could explain, that the absolute hydraulic estimates are substantially
smaller than those of WHITEHEAD (1998), NIKOLOPOULOS ET AL. (2003) and STERN
(2004), even though geostrophy is valid.
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6. Density forcing of the overflow

6.3. Evidence for hydraulic control mechanisms in
the SFB observations

The implications of hydraulic control for the Denmark Strait Overflow have been stud-
ied by various authors (WHITEHEAD, 1998; GIRTON, 2001; NIKOLOPOULOS ET AL.,
2003; KOSTERS, 20044, a.o0.). The evaluation of the process model, interface and sea
surface height observations, and hydrographic sections in this study suggests, that a
fraction of ~ 56 % of the overflow might be considered as density driven, which may
be assessed with hydraulic control theories.

Here, hydraulic estimates shall be applied to the observational time series of the
SEFB mooring array, which offer the opportunity to evaluate some new, different evi-
dence of hydraulic control mechanisms.

The hydraulic transport estimates require knowledge about the dense water reser-
voir height. On the Icelandic side, reservoir height estimates are available at the “T'P”
mooring site 93 km upstream of the sill, and at the Kégur 5 (KG5) hydrographic
station 200 km upstream of the sill (for locations, see Fig. 2.1, page 27). Considering
the process model results (section 6.2.1), the “TP” position is clearly located in the
entrance region of the sill, where currents are non-zero and the reservoir height lower
than in the interior basin. Since the HELFRICH AND PRATT (2003) relation addi-
tionally requires the dense water height on the Greenland side, it can not be used to
determine hydraulic transport estimates, though.

To evaluate the quadratic relation between reservoir height and transport, and
the linear relation for the density contrast, which is valid for all hydraulic theories
discussed in section 6.1, the WHITEHEAD (1989) relation shall be applied to the TP
and KGb) data as a qualitative first-order estimate.

The most realistic estimates may be expected from the Icelandic Koégur 5 station.
Since it lies 200 km upstream of the sill, the reservoir height at KGb5 is likely less
affected by “sill entrance” effects. The STERN (2004) relation (9/16 of the WHITE-
HEAD bound) that requires no (unrealistic) zero PV assumptions and has proven to
yield realistic values, compared with actual hydrographic sections at the sill (previous
section). Therefore, it shall be employed to obtain more accurate absolute transport
estimates for the hydraulically controlled flow over the Denmark Strait sill. However,
one has to be aware, that the STERN (2004) estimate is based on the dense water
height at the right-hand side of the sill section, which has only occasionally been
sampled, rather than upstream values at KG5. The observations suggest, that the
minimum depth of the oo = 27.8 kg/m? isopycnal at the sill section normally lies
in the range of 200 to 300m (Fig. 2.4, page 33), which is ~ 100m deeper than at
the KG5 station (Fig. 6.12, page 105). Therefore, the upstream reservoir height at
Koégur 5 might be considered as an upper bound for the right-hand side dense water
height at the sill. Consequently, even the STERN (2004) relation applied to the KG5
reservoir height might overestimate the actual hydraulically controlled transport.

In the following sections, observational evidence for hydraulic control mechanisms
shall be investigated in the time series of the SFB mooring array and Icelandic hy-
drographic data.
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6.3. Evidence for hydraulic control mechanisms in the SF'B observations

6.3.1. TK mooring 93 km upstream of the sill 1999 — 2000

To investigate whether the overflow is hydraulically controlled, temperature recording
moorings were deployed on a position 93 km upstream of the sill on the Icelandic shelf
edge in 1999/2000 (“TK”) and 2001/2002 (“TP”). This location is likely situated in a
pathway of overflow water to the sill (see section 8.3).

Since the TK and TP moorings did not measure salinity, only warm AW could
clearly be distinguished from the cold, dense overflow water.

Hydraulic transport estimates

On weekly timescales, the reservoir height (taken at the 2°C isotherm) could be
determined with reasonable accuracy, despite of instrumental problems that caused a
large short term scatter of the temperature records. The scatter of individual records
was as high as O(1°C). One week low-passing (i.e. over 84 measurements) reduces
this error by 1/v/84 to O(0.1°C), which is sufficient to locate the thermocline between
AW and DSOW.

As shown by MACRANDER (2001), the mean WHITEHEAD transport (Qwrx =
1/2 ¢'/f hZg) transport defined by the height of the 2°C isotherm was estimated to
equal Qwrx = (2.3 4+ 0.9)Sv (with Ag/p = 3.9-107*, derived from Poseidon P262
CTD data).

This value is significantly smaller than the actual transport of 3.68 Sv observed
by ADCPs (section 5.3).

Possible reasons for the underestimate are:

e The current velocity at TK was not taken into account. Assuming a current
velocity of 0.58 m/s (which is reached occasionally, Poseidon P244 observations,
GIRTON, 2001), the hydraulic estimates would reach the WHITEHEAD (1998)
value of 3.8 Sv. The mean velocity, however, lies in the order of 0.1 m/s both in
observations and model. Thus, the kinetic energy is of minor importance, rising
the hydraulic transport bound by around 1% only.

e At the TK mooring site, the interface depth is not necessarily representative for
the entire upstream basin. Also, being located just 93 km upstream of the sill,
the reservoir height is already lowered to some degree (model results: see Fig. 4.3
b, page 54), since the dynamics are influenced by the narrowing and shallowing
cross section (note the onset of potential energy loss as far as 130 km upstream
of the sill in Fig. 6.5 a, page 87). Moreover, the process model suggests, that
the TK /TP position right at the Icelandic shelf edge is also highly sensitive to
lateral shifts of the overflow pathway (note the large cross-stream gradient of
the reservoir height at TP, Fig. 4.3 b, page 54).

e Recent studies (BIASTOCH ET AL., 2003; KOSTERS, 2004b) revealed, that the
Denmark Strait Overflow is only partly density driven, and is increased by
barotropic forcing. This key issue shall be addressed in chapter 7.

The transport time series (Fig. 6.9 a), however, catch the short time variability
fairly well, as would be expected from the model studies of KOSTERS (2004b). The
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Figure 6.9.: Hydraulic transport estimates 1/2 ¢'/f hZg at the TK/TP mooring site
93 km upstream of the sill, compared to ADCP measured transports. Re-
duced gravity ¢ = g - 0.48/1027.8. Panel a: TK mooring 1999/2000.
Reservoir height determined by depth of the 2°C isotherm. 7 and 20 day
low-passed values. TK time series lagged by 4.8 days corresponding to
correlation mazimum. Panel b: TP mooring 2002/2003. Reservoir height
determined by depth of the 0.6°C isotherm. 7 and 20 day low-passed val-
ues. Time series not lagged, since no significant correlation mazximum
was found. Note the different transport axis for the TP estimates.

7 day low-passed values yields a moderate maximum correlation of » = 0.31 for a
time lag of 4.8 days (significant at the 99 % confidence level; MACRANDER, 2001).
This corresponds to a signal propagation speed of 22cm/s, and agrees well with the

o1

o
Transport TP / Sv

observed eddy translation velocity of 12 — 28 cm/s at the sill (GIRTON, 2001).

The advection velocity is faster than the mean current of 9.6 cm /s observed further
upstream by JONSSON AND VALDIMARSSON (2004a), and the 10 cm/s resulting from
a temperature correlation maximum found for the TP mooring in 2002/2003 (section
8.3). Considering the large cross-stream current shear at the Icelandic shelf edge
(model results: Fig. 4.3, page 54), a small lateral shift of the frontal zone between
overflow and the north-eastward flowing Irminger Current (NIIC) could easily affect

the advection of temperature anomalies from the TK /TP site to the sill.
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6.3. Evidence for hydraulic control mechanisms in the SF'B observations

6.3.2. TP mooring 93 km upstream of the sill 2002 — 2003

Hydraulic transport estimates

During the period 2002/2003, most of the time not warm AW, but colder waters
of the EGC lied on top of the dense overflow water (Fig. 6.10), which makes reservoir
height estimates much more difficult.

V424-02 TP: Temperature

700

100 - 500
1S
200 400 —
%
o
g 8
S 300 300 g
= 1S
(0] o
5 S
o 400 - 200 g
a 0
& 2
S
500 100 £
()]
(o)
T
600 ‘ -0
-100
Sep Oct Nov Feb May

Dec Jan Mar pr Jun
2002 | 2003
-2 -1 0825 1 2 3 4 5 6 7 8

Temperature / °C

Figure 6.10.: Temperature time series of TP mooring. Field of daily mean tempera-
tures mapped to depth by objective analysis. White dotted lines indicate
depth of Mini-TP temperature sensors. Some of them are equipped with a
pressure sensor, too, allowing to estimate the vertical subduction of the
mooring during strong current events. Magenta, cyan and green lines
denote location of the deep 0.2, 0.4 and 0.6 °C isotherms, respectively.
Above the dense overflow water, both colder water of the EGC and, oc-
castonally, warmer AW occur.

While at the TK mooring in 1999/2000, the 2°C isotherm was used as an ap-
proximation of the dense water reservoir height, in 2002/2003 the o¢ = 27.8 kg/m?
isopycnal could not be tracked by a simple temperature criterion.

It is worth noting, that in 2002/2003 more warm Atlantic inflow was observed in
the Denmark Strait than in 1999/2000 (discussion in section 2.3; VALDIMARSSON,
pers. comm.). It is unclear, however, why in contrast to the TK mooring, the TP
deployment observed AW less frequently.

The depth of certain (colder) isotherms in the 300 to 600 m depth range, is highly
correlated (Fig. 6.10). In the temperature interval 0.2°C — 0.6 °C, the isotherms are
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6. Density forcing of the overflow

likely to represent changes of the dense water that supplies the overflow, and are not
affected by cold EGC / warm NIIC regime changes that occur at shallower depths.

Hence, the depth of the 0.6 °C isotherm, which is the warmest isotherm always
observed in the 300 to 600 m depth range is taken as a measure for the reservoir
height, and shall be used for a qualitative assessment of hydraulic relations.

The observed 207 m mean height of the 0.6°C isotherm above the sill yields a
maximum hydraulically controlled transport of 0.80 Sv. This figure is likely an under-
estimate of the actual hydraulic transport bound, since parts of the dense water are
located above the deep 0.6 °C isotherm, being either colder and fresher, or warmer
and more saline, and can not be resolved by temperature-only measuring instruments.

The resulting hydraulic transport time series (Fig. 6.9 b; note different scaling)
are only weakly correlated with the actual DSOW transport at the sill. No significant
correlation maximum exists, neither at zero time lag, nor at 4.8 days (as for the TK
mooring, Fig. 6.9 a) or 11 days, as could be expected from the observed temperature
correlation (see section 8.3).

In contrast to the TK mooring, which encountered warm AW most of the time,
the TP mooring could not prove hydraulic constraints by using the height of certain
isotherms inside of the dense water. This finding is confirmed considering the hydro-
graphic time series of the Kégur 5 station 200 km upstream of the sill (Fig. 6.12): The
height of deep isotherms, e.g. © = 0.5°C, is not generally correlated with the height
of the o9 = 27.8 kg/m? isopycnal.

Communication by boundary layer gravity waves

Focusing on near-bottom temperatures at TP and ADCP B rather than transport
estimates, a high correlation of r = 0.8 associated with a time lag of 11 days (see
section 8.3) suggests, that the TP mooring is indeed situated in a major pathway
(JONSSON AND VALDIMARSSON, 2004a) to the sill.

On faster than advective timescales, evidence for basin-sill communication by
propagation of long gravity waves has been investigated, although these signal are
likely hard to detect, since strong barotropic currents of at times > 0.5m/s and eddy
activity (observations by e.g. GIRTON, 2001) on short timescales will override the
theoretical relation.

However, the time series of near-bottom temperature at the TP mooring and
ADCP B show a weakly pronounced correlation maximum of » = 0.19 for a time lag
of 31 hours (significant to the 99 % confidence level; Fig. 6.11), which corresponds to
a propagation speed of 0.83m/s.

The phase velocity of long gravity waves at internal boundaries is given by

¢ =g/ (HoH))/(Ho + H,) (6.29)

!/

With parameter settings appropriate for the Denmark Strait (¢ = ¢ -
(0.48kg/m3/p,), upper and lower layer thicknesses H; = 240m and H, = 360m,
respectively), one yields ¢ = 0.81 m/s.

Thus, the observed lagged correlation is possibly a (weak) indication of commu-
nication between the upstream basin and the sill, since in a continuously stratified
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Figure 6.11.: Lagged temperature correlation between TP mooring 93 km upstream of
the sill and ADCP B, unfiltered time series. The correlation mazimum
at a time lag of 31 hours corresponds to the phase velocity of internal
long waves (0.83m/s).

system, temperature changes at a given depth are associated to height changes of
isotherms, and corresponding isopycnals (considering the typical ©/S relation close
to the bottom; Figs. 2.3, page 31, and 8.5, page 132).

The physically more interesting height of the upper DSOW boundary (0 =
27.8kg/m?) could not be detected by the TP mooring, as mentioned above. Since
the TK mooring in 1999/2000 does not allow any short-term analysis due to instru-
mental errors, the near-bottom temperature correlation maximum presented here is
the only indication of communication faster than the observed advective velocities,
which have been estimated with 22cm/s for TK and 10cm/s for the TP moorings.

6.3.3. Results from hydrographic data of the Kogur section
200 km upstream of the sill

Repeated Icelandic hydrographic stations on the Kogur section 200 km upstream of
the sill (for location, see Fig. 2.1, page 27) allow the assessment of interannual vari-
ability in the upstream region.

The observations suggest, that the reservoir height experienced an interannual
decrease during the SFB array deployment time 1999 — 2003, which implies a reduction
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of the hydraulically controlled flow over the sill.

At the station Kogur 5 (KG5 in Fig. 2.1), which lies close to the recently docu-
mented upstream pathway to the sill (JONSSON AND VALDIMARSSON, 2004a), the
height of the oo = 27.8 kg/m?® isopycnal above the 600 m deep sill varied between 500
and 400m, with a pronounced interannual decrease from Feb. 2001 to Nov. 2002.

The resulting hydraulic transport estimates (Qwix = 1/2 ¢'/f h2g, WHITEHEAD,
1998), calculated with a density contrast of 0.48 kg/m? (GIRTON ET AL., 2001) agree
fairly well with the ADCP observations at the sill (Fig. 6.13 a). The individual mea-
surements of KG5, taken about four times per year, show considerable scatter due
to unresolved short term variability. The yearly averages, however, almost match the
observed transports at the sill.

Typically, Qwrx for zero PV and rectangular cross section overestimates the ac-
tual transport through a real strait. Applying the more realistic estimate of STERN
(2004) (Qstern = 9/16 - Qwrk), the KG5 results would underestimate the DSOW
transport measured at the sill by about 45 %.

This significant underestimate might be attributed to the following points:

e The current velocity at KG5 (9.6 cm/s on average, JONSSON AND VALDIMARS-
SON, 2004a) has not been taken into account. However, the corresponding ki-
netic energy would change the effective reservoir height by 1m, which yields a
negligible transport change of 0(0.02Sv) only.

e Similar to the TP mooring, KG5 might be considered as a sill entrance location.
In the process model, however, the “entrance” region, where the interface height
is significantly lower than in the interior upstream basin, appears to begin =
130 km upstream of the sill (Fig. 6.5 a, page 87). Hence, the TP site (93km
upstream) is clearly located in the “entrance” region, but not the KG5 site,
which is 200 km upstream of the sill.

e The reservoir height at KG5 might be lower than further to the north-west in the
interior basin, and thus be not representative for hydraulic estimates. Icelandic
hydrographic surveys on the Kogur section (JONSSON AND VALDIMARSSON,
2004a) revealed, however, that the dense water at KG5 (which is closest to the
observed current towards the sill) is higher than anywhere else on the section
(Fig. 6.14).

e Parts of the Denmark Strait Overflow are likely to be driven by barotropic
wind stress forcing, and not the internal pressure gradient. Model experiments
of KOSTERS (2004b) showed, that ~ 34 % of the overflow are wind driven.
Hence, only about 2.3Sv need to be supplied by the hydraulically controlled
flow. The hydraulic estimates from KGb5, derived by Eq. 6.14 (Qsiern = Qwik -
9/16) yield on average 1.9 Sv. With uncertainties inherent in the reservoir height
evaluation from just one station, this hydraulic estimate is consistent with the
results of KOSTERS (2004b), and with the 2-layer geostrophic estimates based
on hydrographic sections at the sill (section 6.2.5).
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Figure 6.12.: Potential density at Kdogur 5 station. Triangles at the surface indicate,
at which times the station was sampled during the seasonal Icelandic
hydrographic surveys. oo = 27.8kg/m? isopycnal marked as heavy line.
Similar colour scale as for all hydrographic section contour plots in this
thesis. 105
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Transport from ADCPs and Kdgur 5 reservoir height
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Figure 6.13.: Tests for hydraulic control mechanisms: Panel a: Mazimum hydrauli-
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cally controlled transport Qwrk, derived from the height of the oo =
27.8kg/m? isopycnal above the sill at KG5. Each red circle denotes a
single CTD observation, the heavy red line connects averages correspond-
ing to each deployment period of the ADCPs at the sill. Blue lines de-
note actual DSOW transport below layer of maximum current shear, 3
months low-pass, and deployment period averages, respectively. Vertical
bars indicate RMS variability of each period. Panel b: Local correlation of
bottom temperature (ADCP B) and DSOW transport (30 days running
means) at the sill. Different symbols mark the four deployment periods.
The total regression line (heavy line) yields a slope of —0.77+0.13 Sv/°C.
Light lines denote linear regression of four different subsets with one de-
ployment period omitted in each subset. One line is identical with the
total regression within £0.01 Sv. Shading indicates area smaller than
twice the RMS error.
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Figure 6.14.: Potential density on the Icelandic Kdogur section September 1999, cover-
ing the entire section from Greenland (left-hand side) to Iceland (right-
hand side). Note, that the height of the oo = 27.8kg/m?® isopycnal is
greatest at the Icelandic shelf edge at the KG5 station 546. This feature
is regularly observed (JONSSON AND VALDIMARSSON, 2004a). Section
from VEINS-cruise B19-1999, R/V Bjarni Semundsson; figure repro-
duced from http://www.hafro.is/Sjora/ — Hydrography.

Concluding, a decreasing trend from 1999 to 2003 is evident in both the KG5
reservoir height and the measured sill time series. If around 30 — 45 % of the overflow
are regarded as wind driven, also the absolute magnitude of the hydraulic estimates
is consistent with the DSOW transport observed at the sill.

The joint effects of barotropic forcing and hydraulic control are further investigated
in chapter 7.

6.3.4. Local temperature / transport correlation at the sill

To test the density effect in the WHITEHEAD relation Qwrx = 1/2 Ao/o g/ f hig, the
local correlation between temperature and transport at the sill was examined (Fig.
6.13 b). Neglecting upstream reservoir height changes, one would expect a linear
correlation due to the Ap/p term in the hydraulic relation.

Deducted from the typical ©/S relation of the bottom water at the sill (Fig. 2.3),
a density-temperature relation of 0.08 kg/m?3/1°C (KASE AND OSCHLIES, 2000) was
used to convert bottom water temperature anomalies to density anomalies. Taking a
fixed reservoir height of 500 m and the upper AW density as constant (thus, the density
contrast is determined by bottom water variability alone), a transport change of
—0.73 Sv/°C would result from the hydraulic relation. The actual time series (Fig. 6.13
b) yield a regression slope of (—0.77+0.13) Sv/°C. The correlation of 0.35 is significant
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6. Density forcing of the overflow

at the 95 % confidence level, assuming 50 degrees of freedom for the whole time series.
Although the mean regression is essentially similar within the error bounds, the low
transport values in 2001/2002 (triangles at 0.4 °C/2.2 Sv) cannot be accounted for by
the temperature-density relation alone and require a reduced reservoir height (Fig.
6.13 a), and/or a reduced barotropic forcing (chapter 7).

Thus, both hydraulic reservoir height changes, observed at Kégur 5 on interannual
timescales, and the local density-transport correlation, which is evident at the sill on
shorter timescales, are consistent with the observed transport changes.

6.4. Summary and conclusions

The analysis of the SFB mooring array time series revealed, that the Denmark Strait
overflow satisfies the criteria of a hydraulically controlled, density driven flow in agree-
ment with the KASE AND OSCHLIES (2000) process model.

The mean flow exceeds criticality ~ 80 — 100 km downstream of the sill (observa-
tions, GIRTON (2001); model, KOSTERS (2004b)). The downstream shift of the control
point may be predominantly attributed to the effects of friction, which plays an im-
portant role for the downstream descent of the plume (GIRTON, 2001). It has been
shown, that the SFB array observations at the sill agree with the model predictions,
and that criticality is regularly reached at the sill during strong outflow periods.

Hence, it is likely, that the dynamics of the overflow are governed by hydraulic
control mechanisms.

Both the SFB observations and the model revealed, that zero or constant PV
assumptions are not valid for the Denmark Strait Overflow, since friction has an
important effect on the plume dynamics. Moreover, the large barotropic current com-
ponent makes it questionable, whether simple 1 1/2 layer models of frictionless flow
over a sill (GILL, 1977; WHITEHEAD, 1989) are an adequate approximation of the
real overflow.

Numerical experiments suggest, however, that the principal relations of zero PV
theories are valid for the Denmark Strait Overflow (KOSTERS, 2004b). These have
been investigated by the combined observations of the SFB array at the sill and
reservoir height estimates in the upstream region:

e SSH and interface depth measurements by PIES confirmed, that the overflow is
largely geostrophically balanced at the sill, which is a prerequisite for hydraulic
theories.

e Hydrographic sections at the sill revealed, that the geostrophically balanced
dense water transport at the sill may be estimated to average 1.9 Sv, and that
it is well approximated by the STERN (2004) transport extremum.

e Hydraulic transport estimates using the WHITEHEAD relation Qwox =
1/2 ¢'/f h? at the Icelandic Kogur 5 station 200 km upstream match the actual
DSOW measured by the SFB array at the sill. This suggests, that only a part
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of the Denmark Strait Overflow may be considered as hydraulically controlled
flow, since the zero PV / rectangular channel Q) wx estimate typically overes-
timates the transport by a factor of 1.3 (WHITEHEAD, 1998) to 2.2 (KOSTERS,
2004b). The STERN (2004) relation yields a possibly more realistic estimate of
1.9Sv (average 1999 — 2003).

e At the TK site 93 km upstream of the sill, Qw,x yielded substantially lower
estimates than the observed DSOW transport. This might be attributed to the
large cross-strait interface slope at the Icelandic side edge of the dense water,
and the lowered interface in the “strait entrance” region, which in the model
affects the upstream region closer than 130 km to the sill. The TP deployment
in 2002/2003 failed to detect the dense water height, since most of the time, cold
EGC water was located above the dense overflow, which leads to a vanishing
temperature contrast.

e Hydraulic estimates (defined by the 2°C isotherm height at TK) capture the
DSOW transport variability with a time lag of 4.8 days, corresponding to an
advection velocity of 22cm/s (MACRANDER, 2001), which agrees with eddy
translation velocity observations of GIRTON (2001).

e The near bottom temperature time series at the sill and at TP show a weak
correlation maximum at a time lag of 31 hours, possibly suggesting communi-
cation of reservoir height changes by long gravity waves. The signal is likely
overridden by strong barotropic currents and eddy activity, however.

e The observed local short term correlation between bottom temperature and
transport at the sill proves the linear relation of density contrast and hydrauli-
cally controlled transport.

e The annual mean reservoir height at KG5 shows a decreasing tendency from
1999 to 2003. If a mean hydraulically controlled transport of 1.9 Sv is assumed,
the 50 m reservoir height decrease yields a corresponding transport reduction
of 0.3Sv. Hence, 50 % of the observed DSOW transport decrease from 3.7 to
3.1 Sv might be attributed to a reduced density driven flow.

Concluding, the SFB mooring array yielded observational evidence, that the Den-
mark Strait Overflow may be governed by hydraulic control. The observed interan-
nual transport reduction is associated with a significant upstream reservoir height
decrease. Considering, that the actual hydraulically controlled flow should be sub-
stantially lower than the zero PV WHITEHEAD (1989) estimate, a value of 1.9 Sv
appears as a realistic estimate. Hence, only &~ 56 % of the total transport of 3.35Sv
(1999 - 2003 average) may be regarded as density driven flow.
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overflow

It has been a common belief, that the Denmark Strait Overflow is primarily driven
by the alongstream pressure gradient, since at the sill depth, much denser water is
present in the Iceland Sea than in the [rminger Sea. Numerous studies investigated the
overflow in the light of a density driven, hydraulically controlled flow (for a review,
see. WHITEHEAD, 1998). The overflow dynamics can be realistically reproduced in
numerical models without any meteorological forcing (KASE AND OSCHLIES, 2000;
KASE ET AL., 2003).

More recent numerical experiments suggest, however, that the Denmark Strait
Overflow also includes a significant wind driven component. Likely, the effects of the
pressure gradient and barotropic wind driven forcing can be superimposed linearly
(KOSTERS, 2004b), although there exists currently no theoretical approach to combine
hydraulically controlled and barotropic flow.

In the previous chapter, it has been shown, that under consideration of a realis-
tic cross-section of the Denmark Strait and the non-constant PV, the hydraulically
controlled, density driven flow might only account for 50 — 60 % (=~ 1.9Sv) of the
observed DSOW transport of 3.35 Sv during the SF'B array observation period 1999 —
2003. Hence, roughly 1.45Sv might be attributed to barotropic forcing mechanisms,
that shall be evaluated here.

7.1. Introduction to wind stress forcing and North
Atlantic Oscillation

Numerical experiments suggest, that the Denmark Strait Overflow increases for
stronger wind stress forcing over the North Atlantic, while the Faroe Bank Chan-
nel (FBC) Overflow is reduced (BIASTOCH ET AL., 2003). For realistic wind stress
time series, the total barotropic throughflow through Denmark Strait was highly cor-
related with the maximum wind stress curl V,, x 7 over the subpolar North Atlantic,
and exhibited a strong seasonal cycle of 2 Sv in response to the observed 40 % seasonal
Vi X 1 variability.

KOSTERS (2004b) more closely investigated the sensitivity of the dense overflows
across the Greenland-Scotland Ridge (GSR), i.e. the Denmark Strait (DS), Iceland-
Faroe Ridge (IFR), Faroe Bank Channel (FBC) and Wyville-Thomson Ridge (WTR)
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7.1. Introduction to wind stress forcing and North Atlantic Oscillation

overflows! on wind stress forcing. Of the DSO, ~ 1.9 Sv were entirely density-driven,
the remaining wind driven part of 1Sv depended linearly on the difference between
maximum and minimum wind stress curl over the subpolar North Atlantic. While the
IFR overflow is almost zero in the model?, the combined FBC and WTR overflows
showed a weaker negative response, corroborating the results of BIASTOCH ET AL.
(2003). For typical interannual wind stress curl variability, KOSTERS (2004b) sug-
gested a DSO variability of 20 % of the mean transport value. The total barotropic
throughflow showed a similar anticorrelation, with stronger outflow through the Den-
mark Strait and stronger inflow into the Nordic Seas between Iceland and Scotland
for enhanced wind stress forcing.

NCEP NAO and average wind stress curl over subpolar North Atlantic
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Figure 7.1.: NCEP NAO time series 1950 — 2003. Narrow bars denote DJF, wide bars
DJFM winter averages*. Grey shading in background denotes normalized
annual mean® wind stress curl over the subpolar North Atlantic (62°N —
70°N and 35°W —5°E). Note the interdecadal increase of both quantities
from the 1960°s until the mid-1990’s, and the decrease during the SFB
observations from 1999 to 2003.

The wind stress curl over the North Atlantic is closely linked to the North At-
lantic Oscillation (NAO), which is basically a measure for the pressure difference
between the Iceland Low and the Azores High®. A positive NAO phase indicates a
larger pressure gradient, and hence stronger wind stress over the North Atlantic. The
most significant NAO pattern is typically observed during winter, when the larger
meridional temperature and pressure gradient enhances the cyclonic activity over the
northern North Atlantic. Hence, the NAO winter means? are suitable to character-

'For locations, see Fig. 7.2, page 113.

2The model of KOSTERS (2004b) does not properly resolve the small-scale deeper gaps in the IFR.

3North Atlantic Oscillation: Sea Level Pressure anomaly between Iceland Low and Azores High.
The station-based NAO index is typically defined by the normalized pressure difference between
Stykkishélmur, Iceland, and Lisboa or the Azores, Portugal (HURRELL, 1995; HURRELL ET AL.,
2003).

4NAO winter mean: Both December-February (DJF) and December-March (DJFM) averages exist
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7. Barotropic forcing of the overflow

ize the atmospheric circulation over the North Atlantic (for a review, see HURRELL
ET AL., 2003).

Fig. 7.1 5 shows the winter NAO from NCEP reanalysis data® (NCEP/NCAR
REANALYSIS PROJECT, 2004). In addition to the large year-to-year variability, the
NAO exhibited an interdecadal positive trend from the 1960’s to the mid-1990’s;
during the SFB observations 1999 — 2003, the NAO decreased significantly. The mean
wind stress curl over the subpolar North Atlantic as a measure for the strength of the
Iceland Low is largely correlated with the NAO index (Fig. 7.1).

A positive NAO leads to enhanced northeasterly winds over the Denmark Strait,
and stronger westerly winds over the Faroe-Shetland Channel, which is evident com-
paring the wind stress between the NAO+ winter 1999/2000 and 2002/2003 (NAO—;
Fig. 7.2). Via Sverdrup dynamics, the barotropic cyclonic circulation around Iceland
increases for NAO+ phases (MARSHALL ET AL., 2001), which may also affect the
dense overflows. A theoretical study of EDEN AND WILLEBRAND (2001) revealed,
that there exists both a fast barotropic (timescales of &~ 3 days), and a delayed (6 —
8 years) baroclinic transport response.

Fig. 7.2 shows, moreover, that the average wind stress is much larger over Denmark
Strait than over the FBC, while the IFR region exhibits the weakest forcing. Hence,
the much larger barotropic component and the higher sensitivity of the Denmark
Strait Overflow to wind stress forcing expected from numerical models (KOSTERS,
2004b) is qualitatively supported by the comparison of NAO + /NAO— wind stress
forcing.

A number of studies addressed possible observational evidence for these relations:
BLINDHEIM ET AL. (2000) found, that the inflow of Atlantic Water into the Nordic
Seas through the Faroe-Shetland Channel increases for positive NAO. ORVIK AND
SKAGSETH (2003b) observed a strengthening of the Norwegian Atlantic Slope Current
for positive NAO, which they successfully regressed to the wind stress curl over the
North Atlantic(ORVIK AND SKAGSETH, 2003a). HILMER AND JUNG (2000) suggested
an increased Arctic Sea ice export due to enhanced northerly winds over the East
Greenland Current. Based on reservoir height and direct transport measurements,
HANSEN ET AL. (2001) observed a decrease of the FBC overflow since the 1950’s,
that might be related to the increasing NAO trend until the mid-1990’s (Fig. 7.1).
In contrast, the Denmark Strait Overflow appeared to remain stable (DICKSON AND
BROWN, 1994). Seasonal or interannual variability could not be verified, even though
model experiments predict, that the DSO sensitivity on wind forcing changes is the
largest for all deep overflows across the GSR.

Here, the SFB array time series shall be investigated with respect to NAO and
wind stress forcing.

in the literature. In analogy to HURRELL (1995), the DJFM values are used here.

5 Annual means were obtained from July year  — 1 to June year x in order not to split the winter
NAO into two different averaging periods.

SNCEP: National Centers for Environmental Prediction, operates reanalysis models that assimilate
various observation data from 1948 to present.
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Introduction to wind stress forcing and North Atlantic Oscillation

NCEP wind stress changes over the North Atlantic DJFM 1999/2000 / 2002/2003
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Figure 7.2.: Map of NCEP wind stress forcing over the North Atlantic. Bold red ar-
rows denote winter 1999/2000 DJFM mean during positive NAO. Light
blue arrows depict winter 2002/03, when the NAO was in a negative
phase. Topographical features: DS: Denmark Strait, IFR: Iceland-Faroe
Ridge, FBC: Faroe Bank Channel, WTR: Wyuville-Thomson Ridge. FSC:
Faroe-Shetland Channel. Note, that the wind stress basically resembles the
SLP pattern of the NAO, with enhanced northeasterlies over Denmark
Strait in 1999/2000. Although the response is weaker, the westerlies over
the FBC/WTR are also stronger in 1999/2000.
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7. Barotropic forcing of the overflow

7.2. Denmark Strait Overflow response to the
NAO

As pointed out in the previous section, the windstress curl over the Nordic Seas is
closely linked to the North Atlantic Oscillation (NAO). Hence, a positive correlation
of the Denmark Strait Overflow to the NAO should be expected. While for the FBC
overflow, an anticorrelation on decadal timescales has been shown by HANSEN ET AL.
(2001), observational evidence for the Denmark Strait Overflow has been little so far.

NILSEN ET AL. (2003) studied simulated North Atlantic — Nordic Seas water mass
exchanges in an isopycnic coordinate OGCM? forced by daily NCEP/NCAR data from
1948 to 1999. They found an NAO-like Sea Level Pressure (SLP) regression pattern
for the total net flow of 4.3 Sv through the Denmark Strait.

Also, the numerical experiments of KOSTERS (2004b) suggest a positive correla-
tion of NAO and DSOW transport.

North Atlantic Oscillation and observed DSOW Transport
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Figure 7.3.: NCEP NAO and observed DSOW transports. The bold red line marks
winter (DJFM mean) NAO values, whereas the light red line depicts 3-
months running means. Blue lines indicates DSOW transports, as ob-
served by ADCP below layer of maximum current shear.

A time series of monthly NCEP NAO is depicted in Fig. 7.3. For interannual
timescales, the winter NAO (December-January-February-March (DJFM) mean) is
shown, since the most significant NAO forcing generally occurs during winter, when
the meridional SLP gradient, and hence the wind stress, is much larger than in sum-
mer(HURRELL ET AL., 2003).

TOGCM: Ocean General Circulation Model.
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Overlaid are the observed DSOW transport time series from 1999 to 2003. While
the NAO exhibits large fluctuations on monthly and seasonal timescales, no clear
connection could be found with the Denmark Strait overflow. Only the exceptional
large NAO fluctuations in 2001/2002 appear to be reflected in the overflow transport;
possibly with a time lag of 2.5 months. Obviously, the overflow has a weaker response
on monthly and seasonal NAO forcing than expected from numerical models, and the
response is overridden by other forcing mechanisms such as reservoir height changes,
that affect the density driven part. This will be assessed in chapter 9.

Considering interannual timescales (Fig. 7.3), a decreasing trend both in winter
NAO and DSOW transport is evident between 1999 and 2003. The higher transport
values observed by the SFB array are also consistent with the estimates of GIRTON
ET AL. (2001) from September 1998 (2.9 Sv), since in 1998, the NAO was substantially
lower than in 1999/2000.

Although the four years of time series are too short to prove the relation, and the
seasonal response expected from models could not be verified, observational evidence
exists, that at least on interannual timescales the Denmark Strait Overflow may be
modulated by the North Atlantic Oscillation. In the following sections, the influence
of NAO related wind stress forcing are assessed in more detail.

7.3. Wind stress forcing

7.3.1. Introduction and previous studies

While the NAO is basically a station-based index of SLP anomalies only, the actual
driving mechanism for the barotropic circulation is the wind stress 7 over the sub-
polar North Atlantic. In order to analyze the effects of wind stress on the barotropic
cyclonic circulation around Iceland, the wind stress curl shall be assessed instead of
the individual components of 7.

The curl of the wind stress field at the sea surface is defined as

0ty 01,
VX T = o Ty

(7.1)

In an experiment with realistic forcing time series (1992 — 1997, obtained from the
ECCO model, STAMMER ET AL., 2002, 2003), BIASTOCH ET AL. (2003) investigated
the barotropic transport response to the maximum of V, x 7 over the area 62°N —
70°N and 35°W — 5°E. The barotropic net transport Qparotr through Denmark Strait
almost exactly followed the seasonal cycle of max(V), x 7) with a linear response of

2Sv
2.2Nm—3
The sensitivity of the DSOW transport was investigated by multiplying the mean

wind stress field with factors of 0, 1, 2 and 4, which yielded a linear overflow response
with transports of 1, 2.2, 3.5 and 6 Sv, respectively. Provided that max(V, x 7) is

AQbarotr — . max(Vh X T) (72)
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an appropriate measure for the wind driven part of the DSO (in analogy to the total
barotropic throughflow), the following linear relation holds:

O = 1258y - 28x(Va x 7)

mean(max(V, X 7)) (7.3)

with = mean(max(V; x 7)) = 7.32- 107" N/m? as average maximum wind stress
curl over the subpolar North Atlantic from 1992 to 1997. Since the BIASTOCH ET AL.
(2003) model generally underestimates the Denmark Strait overflow transport by 12 —
45 % (comparing the mean dense water transport of 2.2 Sv of BIASTOCH ET AL. (2003)
with observations ranging from 2.5 Sv (SAUNDERS, 2001) to 3.35 Sv (this study)), the
actual response to wind stress forcing might even be larger than in Eq. 7.3.

In contrast to BIASTOCH ET AL. (2003), KOSTERS (2004b) investigated the dense
overflow response to the difference A7 between maximum and minimum wind stress
curl in the area of the GSR (58 °N — 66 °N, 45°W — 5°E). While the density driven
part of the overflow equalled 1.92 Sv, a linear regression of the wind driven part Qa-,
on A7 yielded

0.1292 Sv
Qar=————~73"
1-10 7N/m
Additionally, KOSTERS (2004b) showed, that the deep overflow and the total

barotropic throughflow both depend linearly on the wind stress forcing, which sup-
ports the findings of BIASTOCH ET AL. (2003).

AT (7.4)

Here, both model-derived relations shall be tested with the observational time
series of the SFB array. The SFB array has been optimized for monitoring the dense
overflow. The total barotropic throughflow, which includes the large southward trans-
port of the EGC over the Greenland shelf, and the northward transport of the NIIC
over the Iceland shelf, is poorly resolved by the SFB mooring array, since it only
covers the central deep part of the Denmark Strait. Therefore, the analysis will be
focused on the DSOW transport, while the barotropic flow through the array will be
assessed qualitatively only.

For the analysis of the SFB array time series, gridded monthly wind stress data
from the NCEP reanalysis (NCEP /NCAR REANALYSIS PROJECT, 2004) have been
used. A landmask obtained from the ETOPO5 topography® was applied to avoid
aliasing by wind stress values over land.

max(V; X 7) and A7 have been calculated according to BIASTOCH ET AL. (2003)
and KOSTERS (2004b). Additionally, the mean wind stress curl over the subpolar
North Atlantic, and the local strait parallel wind stress, averaged over the Iceland Sea
and Denmark Strait “entrance” region (65.5°N — 70°N / 28°W — 18 °W) is examined.

Since the wind field primarily reflects the SLP field, the mean wind stress curl over
the subpolar North Atlantic is largely correlated with the NAO (Fig. 7.4). Generally

8ETOPO5: Earth topography on 5’ grid. Available from
http://www.ngdc.noaa.gov/mgg/global /relief/ETOPO5/TOPO/ETOPO5/ .
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the same holds for the estimates max(V, x 7) (BIASTOCH ET AL., 2003) and At
(KOSTERS, 2004b). In contrast, the local forcing over the Iceland Sea and Denmark
Strait is less well correlated to the NAO, since it depends more on the pressure
gradient between the Greenland High and the Iceland Low.

NCEP NAO and wind stress estimates over the North Atlantic
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Figure 7.4.: NCEP NAO and wind stress estimates over the North Atlantic. Shaded
bars: NCEP DJFM winter NAQ. Lines denote normalized 3-year running
means of wind stress estimates: Grey: Mean wind stress curl over 62°N
- 70°N /35°W - 5°E. Magenta: Maximum wind stress curl over 62°N
—-70°N /35°W - 5°E. Cyan, dashed: Mazimum - minimum wind stress
curl over 58 °N — 66 °N /45°W — 5°E. Blue: Local strait parallel forcing
over Iceland Sea and Denmark Strait, 65.5°N — 70°N /28°W — 18°W
(positive to south-west).

The wind stress estimates are now investigated in more detail to evaluate, which
might be considered as the most likely candidate for the barotropic forcing of the
Denmark Strait Overflow. The focus is set on monthly to interannual timescales,
since on shorter timescales, the overflow fluctuations are primarily caused by internal
instabilities and eddies (a.0. GIRTON ET AL., 2001), that previous studies could not
link to synoptic meteorological forcing.

Time series of the wind stress forcing from 1992 to 2004 are shown in Fig. 7.5.
The figure depicts the mean wind stress curl over the subpolar North Atlantic (62°N
—70°N / 35°W — 5°E; panel a), the maximum wind stress curl over the same region
(panel b; BIASTOCH ET AL., 2003), maximum - minimum wind stress curl over the
GSR region (58°N — 66°N / 45°W — 5°E; panel ¢; KOSTERS, 2004b), and the local
strait parallel wind stress over the Iceland Sea and Denmark Strait, (65.5°N — 70°N
/ 28°W — 18°W, positive to south-west; panel d).

In all time series, a strong seasonal signal with the largest forcing during winter
is evident; typically, it is several times larger than the interannual fluctuations. In
the mean(V x 7) estimate, the seasonal cycle is superseded by coherent variations on
timescales of &~ 4 months.
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7. Barotropic forcing of the overflow

Figure 7.5.: NCEP windstress estimates. Dots represent monthly values, and differ-
ent lines 3 months, 1 and 2 years low-passed values, respectively. Blue
and green lines denote 3 month running means of the observed DSOW
and barotropic transport through the SFB array. Axis scaling adjusted to
match a linear response of the barotropic overflow component, as predicted
by numerical models. Hence, 1.9 Sv as mean hydraulically controlled trans-
port (see section 9) corresponds to zero wind stress forcing in all panels.
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7.3.  Wind stress forcing

Additionally, the DSOW transport observed by the SFB array (this study) and
the Poseidon P244 cruise in 1998 (GIRTON ET AL., 2001) is overlaid in Fig. 7.5 (blue
lines / circle, respectively).

All numerical models discussed above revealed, that a certain amount of the over-
flow can be regarded as entirely density driven (1.0Sv, BIASTOCH ET AL. (2003);
1.9Sv, KOSTERS (2004b)), while the remaining part linearly depends on the wind
stress forcing. Although the absolute transport estimates differ between the models,
the linearity appears to be a robust feature.

For Fig. 7.5, 1.95v have been assumed as the average hydraulically controlled,
density driven part of the observed overflow (chapter 6). Hence, the remaining part
(1.45Sv average 1999 — 2003) may be regarded as linearly dependent on the wind
stress forcing. The scaling in Fig. 7.5 has been adjusted to the linear relations expected
from the models - thus, DSOW transport and wind stress forcing lines should match
perfectly, if the proposed linear response to wind stress forcing is correct®.

It should be noted, that the time series of the barotropic flow shown in Fig. 7.5
represent the flow through the SFB array in the center of the Denmark Strait only.

Following, the different wind stress estimates shall be discussed.

7.3.2. Mean wind stress curl

While on interannual timescales the mean wind stress curl is fairly well correlated
with the NAO (Fig. 7.4), the proposed fast linear response of the Denmark Strait
Overflow is not evident in the observations (Fig. 7.5 a).

The mean wind stress curl exhibits large fluctuations on timescales of 4 months
(verified by spectral analysis; not shown), typically varying in the range [—0.2 +
2.3] -107"N/m?® (RMS range of 3 months averages). The highest values are normally
reached in early winter (November / December).

The Denmark Strait Overflow, however, is comparatively stable. If around 1.45 Sv
of the overflow are regarded as wind driven, which seems to be a realistic estimate
(based on the hydraulic estimate of 1.9 Sv and model results of BIASTOCH ET AL.,
2003; KOSTERS, 2004b), a linear response to the huge wind stress curl variations
should yield transport variations of several Sv on timescales of 4 months. But even
a weaker or lagged response is statistically not evident in the time series. The only
exception might be the extraordinary rise of mean(V x 7) from Oct. to Dec. 2001,
which is followed by a significant overflow and barotropic transport increase two
months later. However, a delayed response of the flow through Denmark Strait to
mean(V X 7) can not be proven by this single event.

On interannual timescales, the mean wind stress curl dropped from 12-10~ 7" N/m?
in winter 1998/1999 to 7-10~ " N/m? in summer 2001, and recovered to 10-10~" N /m?
in 2003. During the SFB observations from Oct. 1999 to summer 2003, however, no

9In Fig. 7.5, a mean density driven part of 1.9 Sv has been assumed. A transport decrease of 0.3 Sv
may be attributed to a reduced reservoir height. Since this trend has not been removed from the
DSOW transport time series in Fig. 7.5, the wind stress estimates may have a smaller interannual
decrease to close the transport estimate.
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7. Barotropic forcing of the overflow

significant interannual trend is evident. The observed steady overflow decrease can
not be explained by the large scale wind stress curl, if a fast, non-delayed barotropic
response (EDEN AND WILLEBRAND, 2001) is assumed.

A =~ 1 year time lag might more appropriate to regress the observed transport
reduction on the mean wind stress curl. However, four years of time series are too
short to prove this relation.

7.3.3. Maximum wind stress curl

In contrast to the mean wind stress curl, max(V x7) (Fig. 7.5 b) has a clearer seasonal
cycle.

BIASTOCH ET AL. (2003) found a close non-lagged correlation of the barotropic net
transport through Denmark Strait with max(V x 7), and yielded a response of 2.2 Sv
for the 1-year smoothed annual cycle. Although the SFB array observed the central
part of the Denmark Strait only, and thus no quantitative estimates of the barotropic
flow can be made, the observations might agree with the results of BIASTOCH ET AL.
(2003), in particular for the winters 1999/2000 and 2000/2001. In 2001 /2002 however,
the time series suggest either a response delayed by several months, or the barotropic
transport is controlled by other mechanisms than max(V x 7).

The linear relation of the overflow transport to max(V x 7) would yield a seasonal
DSOW transport signal of 0.3 — 0.6 Sv based on 1-year smoothed max(V x 7) time
series. A quantitative analysis of the dense overflow revealed no significant seasonal
cycle, however. The large overflow and barotropic fluctuations in December 2001 —
March 2002 are out of phase with max(V x 7), in contrast to the fast, seasonal
response suggested by BIASTOCH ET AL. (2003).

Moreover, the max(V x 7) exhibits no significant interannual decrease from 1999 —
2003, and is therefore inappropriate to explain the observed reduction of the overflow.

7.3.4. Maximum - minimum wind stress curl

The difference between maximum - minimum wind stress curl over the GSR region has
been taken as a measure of wind stress forcing by KOSTERS (2004b). It is dominated
by the seasonal cycle (Fig. 7.5 ¢).

A comparison with the overflow and barotropic transport time series reveals no
apparent response to A7. The overflow fluctuations are much weaker than in the
relation suggested by KOSTERS (2004b), and seem to be lagged by 4 — 5 months to
A7, which is in contrast to the numerical experiments.

On interannual timescales, AT may only account for a minimal overflow reduction
of 0.07Sv, which is &~ 10% of the observed decrease. Therefore, it appears unlikely
that A7 acts as an appropriate forcing parameter for the Denmark Strait Overflow
during 1999 — 2003.
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7.3.5. Wind stress forcing over the Iceland Sea and Denmark
Strait

The local wind stress forcing over the Iceland Sea and the “entrance” region northeast
of the sill is much larger than anywhere else over the subpolar North Atlantic (see
map Fig. 7.2), and might play a role in modifying the flow through Denmark Strait.

The time series shown in Fig. 7.5 d might support this hypothesis: In contrast to
the large scale wind stress estimates discussed in the previous sections, the exceptional
large overflow transport variations in 2001/2002 are more or less in phase with the
local strait parallel wind stress. The amplitude of the overflow transport variability,
however, is smaller than would be expected if the wind driven overflow part showed
a linear, fast response to the local wind stress forcing.

On interannual timescales, the local wind stress decreases from 1999 to 2003 by
~ 17%, which is consistent with the interannual DSOW transport reduction. In
chapter 9, it shall be further investigated, which barotropic forcing mechanism is
most likely to control the wind driven component of the Denmark Strait Overflow.

7.4. Summary and conclusions

One may speculate, why the overflow does not reflect the strong seasonal changes in
both the large scale and local wind stress forcing, as might be expected from numerical
models.

Additionally to the fast response of the barotropic transport (BIASTOCH ET AL.,
2003), EDEN AND WILLEBRAND (2001) suggested a delayed baroclinic response. It is
difficult, however, to identify and separate in the four years of SFB array time series
the individual influences of

e fast barotropic response to the large scale wind stress field (EDEN AND WILLE-
BRAND, 2001),

e baroclinic response to large scale wind stress field, delayed on timescales of 6 to
8 years (EDEN AND WILLEBRAND, 2001),

e local wind stress forcing over Iceland Sea and Denmark Strait entrance region

e indirect influence of wind stress curl via reservoir height changes in the Iceland
Sea induced by V x 7 anomalies (MALMBERG AND JONSSON, 1997),

e reservoir height changes due to changed dense water formation rates in the
Greenland and Iceland Seas (reservoir height estimates at KG5 have a coarse
resolution in time only),

e changes of the DSOW / AW/PIW density contrast (complete T, S, 0g profiles
were measured only a few times per year).

In the previous sections, two further issues have not been considered:
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7. Barotropic forcing of the overflow

e BIASTOCH ET AL. (2003) emphasized, that the shallow parts of the Denmark
Strait become increasingly important for increased wind stress forcing. They
suggest, that some dense water might cross the sill over the Greenland shelf
and joins the deep overflow ~ 100km downstream. This view is supported by
observations (RUDELS ET AL., 1999). Strong seasonal fluctuations have been ob-
served by current meters on the Greenlandic side upstream of the sill (JONSSON,
1999), with the current even reversing during summer. However, the seasonal
variations should then be evident in the downstream records of the MONA, Low-
estoft and Angmagssalik arrays, but neither AAGARD AND MALMBERG (1978)
nor DICKSON AND BROWN (1994) report any seasonal signals. Obviously, the
seasonally varying EGC does not contribute much to the deep overflow.

e The density driven part of the Denmark Strait Overflow depends on the reser-
voir height upstream of the sill, which might counteract the seasonality imposed
by variable barotropic wind stress forcing. While the maximum wind stress
forcing is typically in December/January, the observations suggest, that the
largest reservoir height is also reached during winter. The hydrographic time
series at the Icelandic station Kégur 5, 200 km upstream of the sill (Fig. 6.12
a, page 105) show a clear seasonal density signal close to the surface. Even the
0o = 27.8kg/m3 isopycnal, which is commonly used as upper DSOW boundary,
exhibits some seasonality. Although the station is normally sampled four times
per year only, it appears consistent that the 27.8 isopycnal is typically 50 m
higher in winter (January to March), when dense water is formed in the Ice-
land Sea (MALMBERG AND JONSSON, 1997), and decreases until late summer.
Although both mechanisms are not perfectly in phase, the seasonal cycle due
to the wind stress forcing might even be amplified, and not dampened by the
density driven overflow part.

Also previous studies have failed to relate the Denmark Strait Overflow transport
to wind stress forcing on synoptic (i.e. a few days; WORTHINGTON, 1969; AAGARD
AND MALMBERG, 1978; GIRTON, 2001) or seasonal timescales (AAGARD AND MALM-
BERG, 1978; DICKSON AND BROWN, 1994). Instead, the short term variability can
entirely be explained by internal instability mechanisms (GIRTON, 2001), while on
seasonal timescales, variable wind stress forcing apparently does not play an impor-
tant role.

The SFB array observations suggest, that the barotropic flow through the cen-
tral part of Denmark Strait shows some response to the wind stress forcing, possibly
with a time lag of a few months. It is likely, that it is controlled both by the large
scale wind field as well as the local strait parallel wind stress forcing. However, the
SFB measurements are also influenced by lateral changes of the NIIC/EGC frontal
zone, and conclusions about the total barotropic flow are beyond the scope of the
SFB observations. Current measurements on the Greenland shelf (JONSSON AND
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VALDIMARSSON, 2004a) suggest, that at least over the shallow parts of the Denmark
Strait the East Greenland Current has a significant seasonal cycle.

Focusing on the dense overflow, it remains unclear, why it does not show the
expected seasonal variability, even though models predict a close correlation between
overflow and total barotropic transport. The only striking agreement to wind stress
forcing was found for Dec. 2001 — March 2002, when the DSOW transport appeared
to follow anomalies of the local wind stress forcing.

On interannual timescales, only 10 % of the observed DSOW transport reduction
could be related to the decreasing large scale V x 7 differences (“A7”, KOSTERS,
2004b). In the same period, the local wind stress decreases by 17 %; a linear coupling
could account for ~ 0.3 Sv transport reduction. This suggests, that the observed total
DSOW transport decrease of 0.6 Sv might by equally attributed to reduced reservoir
height and wind stress forcing.

Based on theoretical considerations, the large scale wind stress field, which drives
the subpolar barotropic gyre (CURRY AND MCCARTNEY, 2001), might be considered
to be more appropriate than the local wind stress over the Iceland Sea. However, the
observed overflow decrease is not consistent with the large scale V x 7 field from
1999 — 2003, if an instantaneous response is assumed. The assumption of a delayed
response could explain the observed DSOW transport decrease, but a time lag of one
year appears unlikely for barotropic response mechanisms.

Possibly, the overflow response on NAO-related large scale wind stress forcing acts
on timescales longer than the four year of SFB observations, whereas the variability
on monthly to yearly timescales is more affected by local wind stress forcing. Thus, the
SFB time series suggest, that on interannual to decadal timescales, the Denmark Strait
Overflow might show the expected linear response to wind stress forcing, whereas on
monthly to annual timescales the sensitivity is clearly much smaller.

The role of large scale and local wind stress forcing, and the importance of fast
barotropic and delayed baroclinic coupling mechanisms have to be further investigated
to better understand the Denmark Strait Overflow response to wind stress forcing,
and to resolve the discrepancy between numerical models, which generally exhibit a
large, linear and instantaneous overflow response and the observed variability.

In chapter 9 it shall be attempted to find a possible synthesis of the wind stress
and dense water reservoir height forcing mechanisms, based on their evidence in the
observations.
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8. Upstream pathways to the
overflow

To assess the hydraulically controlled flow through Denmark Strait, it is critical to
observe the upstream reservoir height at a point, where a continuous flow of dense
water to the sill exists. Moreover, conclusions on the effects of wind stress forcing,
water mass properties and mixing processes of the overflow are closely linked to the
knowledge of the pathways, where the Denmark Strait Overflow Water approaches
the sill.

In the past, there has been no consensus about whether the Denmark Strait Over-
flow is fed more by the East Greenland Current (hydrographic observations, e.g.
RUDELS ET AL., 2002) or from the Iceland Sea (current observations, JONSSON AND
VALDIMARSSON, 2004a). In this chapter, both theoretical aspects of the upstream
basin circulation and observations of the SFB array are investigated to evaluate the
critical regions, that determine the characteristics and volume transport of the Den-
mark Strait Overflow.

8.1. Theoretical studies of upstream basin
circulation

In the classical GILL (1977) model of rotating hydraulics, a flow approaching the sill
from the left-hand side (looking downstream towards the sill; i.e. the Iceland side in
Denmark Strait) can be established by a dam-break scenario. In this case, the flow is
initiated by a Kelvin wave propagating upstream along the left-hand side of the basin.
The Kelvin-wave induced decrease of the dense water height feeds a geostrophically
balanced current towards the sill. Due to the infinite upstream basin size, the right-
hand side is not reached by the Kelvin wave, hence limiting the flow to the left-hand
side.

Whereas the GILL (1977) model of rotating hydraulics was based on the assump-
tion of an infinite upstream basin, HELFRICH AND PRATT (2003) extended this model
to finite basin geometry.

The structure of the upstream basin circulation is governed by the potential vor-
ticity (PV) budget, which is now assessed, following the theoretical studies of PRATT
AND SMITH (1997) and HELFRICH AND PRATT (2003).

The shallow water momentum equation is given by
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8.1. Theoretical studies of upstream basin circulation

%—?+u-vhu+kXu:—Vh(h+b)+Fr+M (8.1)

with k as vertical unit vector, h dense water layer depth and b bottom elevation

above the deepest point of the basin (Fig. 8.1 a). V, represents the horizontal gradient

operator, F;. the bottom drag (in the numerical model, a linear drag F,. = ru was

used), and M the momentum flux due to vertical downwelling as dense water source
in some of the experiments.

Integrating a steady-state of Eq. 8.1 (i.e., du /0t vanishes) along a closed contour

C' along the rim of the upstream basin (see Fig. 8.1 b, ¢), one yields

ﬁquu-nds: 7{7(M—ru) -tds (8.2)

with the non-dimensional PV ¢ = (1+&)/H, where £ = 0v/0x — 0u/0y represents
the vertical relative vorticity. n and t are the local outward normal and tangential
unit vectors along the integration path C'.

Since the vertical velocity w and hence M equals zero at the basin boundary for
steady state conditions, the net PV flux through the basin boundary (left-hand side
of Eq. 8.2) must balance the net tangential friction — ¢, 7w -t ds along the boundary.

In the case of interior downwelling (resembling e.g. convection in the Greenland
or Iceland Seas), the only contribution to the left-hand side of Eq. 8.2 is positive due
to the outflow through the strait (with ¢ > 0). Thus, a predominantly anticyclonic
circulation along the basin boundary (— ¢, ru -t ds > 0) is established (Fig. 8.1 b).

For the case of horizontal inflow into the basin (resembling e.g. the EGC inflow
into the Iceland Sea), §.¢Hou - n ds = 0 if the potential vorticity ¢ is the same for
inflow and outflow. The right-hand side then implies, that the current towards the
sill along the boundary has to split in order to satisfy Eq. 8.2. If the inflow is located
opposite to the outflow, both branches are symmetrical (Fig. 8.1 ¢). If the inflow is
situated asymmetrical to the outflow, the shorter branch has to be stronger to meet
Eq. 8.2.

A numerical model used by HELFRICH AND PRATT (2003) confirmed these the-
oretical findings (Fig. 8.2). It also revealed, that at the sill and further downstream,
the flow structure is governed by the strait geometry, and only weakly depends on
the upstream basin current structure and the type of the dense water source (interior
downwelling or horizontal boundary inflow; Fig. 8.2).

KOSTERS (2004b) investigated the influence of different dense water sources on
the upstream circulation in a model with realistic topography of the Denmark Strait.
An interior downwelling source indeed yielded an anticyclonic circulation, with the
overflow fed by a left-hand side boundary current along the Icelandic shelf edge.
For a boundary inflow located at the northern edge of the model domain close to
the East Greenland shelf, a cyclonic circulation sets up, with the East Greenland
Current feeding the overflow. Moving the boundary inflow gradually further to the
east into the Iceland Sea, the resulting circulation pattern becomes more anticyclonic.
The numerical experiments (KOSTERS, 2004b) hence agree with the predictions of
HELFRICH AND PRATT (2003).
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8. Upstream pathways to the overflow

a) Side view

Figure 8.1.: Principal sketch of a finite upstream basin, adopted from HELFRICH AND
PRATT (2003). Panel a: Side view of the basin geometry with bottom el-
evation above deepest point of the basin b(z,vy), sill height bs, and dense
water layer thickness Hy(z,y,t). Panels b and c: Plan views of the basin.
Shading indicates topography. n and t represent outward normal and tan-
gential unit vectors along the integration path C' along the basin boundary
(dashed line). Panel b: Dense water source by downwelling in the interior
basin. Anticyclonic circulation balances PV loss by the outflow over the
sill. Panel c: Dense water source by boundary inflow. The current splits
into two branches both flowing towards the sill to close the PV balance.
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8.1. Theoretical studies of upstream basin circulation

(@)

(b)

()

localized w

Figure 8.2.: Upstream basin circulation, from HELFRICH AND PRATT (2003). Shown
are contours of free surface height h + b as indication of geostrophically
balanced steady state flow. Dotted lines indicate basin topography. Panel
a: Boundary inflow at x = —15,y = 0. Surface depression at left-hand
wall (y = 4) and elevation at right-hand wall (y = —4) indicates flow
towards the sill (Fig. 8.1 ¢). Panel b: Uniform dense water downwelling
in the entire basin. Surface depression along the left-hand wall indicates
flow towards the sill. A smaller depression at the right-hand wall indicates
a weak anticyclonic recirculation (Fig. 8.1 b). Panel c: Ezperiment with
localized downwelling close to x = —15. Basically similar to previous
panel, although the anticyclonic recirculation pattern is less evident. Note,
that the structure at and downstream of the sill is similar for all three
experiments.
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8. Upstream pathways to the overflow

8.2. Previous observations of the upstream
pathways

The importance of long-distance advection of DSOW source water masses, and local
formation processes in the Iceland Sea has been discussed in sections 2.1 and 2.2.
The implications for the circulation in the upstream basin and entrance region of the
Denmark Strait are to a certain degree controversial.

The theoretical studies of HELFRICH AND PRATT (2003) and KOSTERS (2004b)
allow both advection on the left-hand and the right-hand side of the upstream basin,
depending on the type of the dense water source. Hence, it remains to observations to
resolve, which pathway is the most important source for the Denmark Strait Overflow.

From water mass analysis SWIFT ET AL. (1980) concluded that the overflow was
mainly supplied by Upper Arctic Intermediate Water (UAIW), formed in the Iceland
Sea during winter. It was assumed that the UAIW was advected by the East Green-
land Current (EGC) to the sill, since closed dynamic height contours appeared to not
allow a direct flow from the Iceland Sea to the Denmark Strait.

Based on hydrographic surveys from Fram Strait via Denmark Strait to the
Irminger Sea, RUDELS ET AL. (1999, 2002) state that most of the overflow com-
ponents originate from the Greenland Sea (STRASS ET AL., 1993; RUDELS ET AL.,
2002), advected by the East Greenland Current, since water of similar properties
could be followed all along the EGC. The less saline upper part of the overflow was
identified as Polar Intermediate Water already present in the thermocline of the EGC
in Fram Strait. RUDELS ET AL. (2002) did not observe a major contribution from the
Iceland Sea, but stated, that the temperature reduction in the core of the overflow
could partly have been caused by mixing with the colder Iceland Sea Arctic Interme-
diate Water. They discuss briefly possible alternative circulation schemes including
two different sources for the Iceland Sea Arctic Intermediate Water (IAIW) in the
Iceland Sea. If TAIW is formed due to cooling of Returned Atlantic Water (RAW),
it possibly would supply both Denmark Strait and Faroe Bank Channel overflows.
The authors question, what in this case would happen to the bulk of the EGC. Al-
ternatively, RUDELS ET AL. (2002) suggested, that a branch of the EGC enters the
Iceland Sea, becomes transformed into IAIW, and continues from there to the Den-
mark Strait. This option is considered as unlikely, however, since the short residence
time of less than a year in the Iceland Sea should lead to a higher TATW variability
than observed (RUDELS ET AL., 2002).

In contrast to these findings, that are based on single research cruises, JONSSON
(1999) continuously observed the currents on a section 200 km upstream of the sill
three years from 1988 to 1991. Since the overflow does not show significant seasonal
transport signals (AAGARD AND MALMBERG (1978); DICKSON AND BROWN (1994);
this study), the same should hold for the upstream pathways. On the Greenland side,
JONSSON (1999) found strong seasonal and interannual current variability. JONSSON
AND VALDIMARSSON (2004a) thus ruled out that the direct EGC path is a major
source for the overflow.

On the Icelandic shelf edge at the mooring position IS7 !, however, JONSSON
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8.3.  Advection of temperature anomalies

(1999) observed a steady current of water with DSOW properties with a mean velocity
of 9.6 cm/s towards the sill. This current was confirmed by several vmADCP sections
further to the east at Hornbanki section' (JONSSON AND VALDIMARSSON, 2004a).

A recent analysis of hydrographic T/S data at the Siglunes 8 station' showed
that this current can even be tracked back to the Kolbeinsey Ridge! region north of
Iceland (JONSSON AND VALDIMARSSON, 2004b).

Whether it is fed from further east or from a branch of the East Greenland Current
— which would account for the observed 7'/S continuity along the path of the EGC
(RUDELS ET AL., 2002) — has to be resolved in future investigations.

Since the overflow temperature at the sill is somewhat higher than at IS7 (AT <
0.3°C), JONSSON AND VALDIMARSSON (2004a) argue, that on the way to the sill
some other water masses have to be entrained. Upstream of the sill, the dense water
observed in the jet towards the sill was surrounded by the northeastward moving AW
to the east (warm, saline), and Atlantic Intermediate Water (AIW; slightly warmer,
less saline) to the west. The observed warming may thus be attributed to entrainment
processes of the adjacent water masses (JONSSON AND VALDIMARSSON, 2004a).

The SFB array supported further evidence for the “Iceland side pathway”, which
will be addressed in the next sections.

8.3. Advection of temperature anomalies

Primarily to observe the upstream reservoir height, temperature recording moorings
were deployed from 1999-2000 (“TK”) and 2002-2003 (“TP”) at the Icelandic shelf
edge at 670 m depth 93 km northeast of the sill!. Based on the results of the process
model (chapter 4), this position was expected to lie in the main pathway towards
the Denmark Strait sill. The 1999 /2000 mooring (TK) data are less suitable to track
overflow temperature anomalies, which have a typical amplitude of < 0.5°C, since
instrumental problems greatly reduced the absolute accuracy of the individual tem-
perature records.

The 2002/2003 deployment (TP), however, allowed for a more detailed data anal-
ysis. Close to the surface, occasionally warm Atlantic Water (AW) was observed,
more often, however, cold water of the East Greenland Current was present (Fig.
6.10, page 101). Due to the lacking temperature contrast to the dense overflow water,
the TP data could not verify hydraulic control (section 6.3.2), but the near-bottom
temperature time series suggest, that in fact the water passing the TP mooring site
contributes to the overflow at the sill.

To prove the upstream pathway, temperature time series of the deepest sensor
at TP and of ADCP B at the sill were compared. The short time variability is not
significantly correlated, since the sill time series frequently exhibit abrupt changes of
more than 0.5°C (Fig. 8.4), likely due to entrainment of different water masses into
the plume.

!For geographical locations, see Fig. 2.1, page 27.
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Figure 8.3.: Lagged long-term temperature correlation between TP mooring 93 km up-
stream, of the sill on the Icelandic slope, and ADCP B at the sill. 20 days
running mean time series.

On longer timescales, the 20 days running mean time series reveal a significant
correlation maximum of r = (.78 for a time lag of 11 days between TP mooring
and ADCP B (Fig. 8.3). This corresponds to a mean advection velocity of 10 cm/s
for temperature anomalies from the TP site 93 km northeast of the sill, and is es-
sentially similar to the mean velocity of 9.6 cm/s, observed by JONSSON (1999) and
JONSSON AND VALDIMARSSON (2004a) at the IS7 mooring site on the Icelandic shelf
edge 200km upstream of the sill'. The continuation of this flow towards the sill is
additionally supported by expendable current profiler measurements (GIRTON, 2001).

8.4. ©O/S properties and upstream entrainment

JONSSON AND VALDIMARSSON (2004a) observed a warming of up to 0.3°C between
the Kogur 5 (KGb) station 200 km upstream and the overflow at the sill varying be-
tween different years of observation, which they attributed to entrainment of warmer
AW or AIW adjacent to the dense current to the sill. JONSSON AND VALDIMARSSON
(2004a) found, that the highest warming occurred, when the weakest current was
observed.

The continuous time series of the SF'B array allow for a more detailed investigation.
In fact, the temperature difference between the TP mooring 93 km upstream and the
ADCP B at the sill varies between 0°C during strong currents (measured by ADCP
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8.4. ©/S properties and upstream entrainment

B) and approx. 0.7°C during weak outflow periods (Fig. 8.4). The differences in
warming correspond to the higher short term temperature variability at ADCP B,
that is correlated with the current velocity (Fig. 8.4; for ADCP A, a similar correlation
of temperature and current velocity was found on monthly timescales by JONSSON,
1999).

The minimum temperatures during weak outflow at the sill are well correlated
with the near-bottom temperatures at TP (as reflected in Fig. 8.3), suggesting, that
during these times water has been advected almost unchanged from TP to the sill.

The warmer and more variable temperatures during strong outflow periods asso-
ciated with the passage of eddies might be attributed to enhanced entrainment (as
suggested by JONSSON AND VALDIMARSSON, 2004a), or the passage of other water
masses that might have been advected by the East Greenland Current (according to
the advection scheme of MAURITZEN, 1996a).

Example of temperature / current velocity timeseries, 2002
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Figure 8.4.. Example of temperature time series at TP 93 km upstream and ADCP
B at the sill. Overlaid, the strait parallel current at ADCP B indicates,
that the highest temperatures at ADCP B occur during weak outflow. All
time series unfiltered to resolve the typical short term variability. TP time
series lagged by 11 days to account for the advective timescale.

These issues shall be investigated considering the ©/S profiles at KG5 from 1999
to 2003 (Fig. 8.5). The range of variability in the dense overflow water at KG5 is much
smaller than at the sill (compare KG5 data to sill profiles (grey background dots in
Fig. 8.5)). Obviously, at the sill, a greater variety of different water are advected
and mixed than at KG5. Nevertheless, the ©/S properties observed at KG5 are also
represented at the sill, which supports the assumption of a direct flow from KG5 to
the sill (JONSSON AND VALDIMARSSON, 2004a).

At the bottom, the sill profiles are around 0.1°C warmer than at KG5, with
little change in salinity. JONSSON AND VALDIMARSSON (2004a) attribute this to
entrainment of warmer and saltier AW and slightly warmer, but fresher AIW into the
overflow water.
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Figure 8.5.: ©/S diagram of Kogur 5 station 1999 — 2003. Colours denote year
of observation; they are similar to Fig. 2.3 for the sill sections. Grey
dots denote all sill profiles from 2000 — 2004. In the density range
oo > 27.9kg/m?, the Kigur 5 profiles lie within the range of the sill
profiles, but occupy the cold/low-saline edge only of the sill profile range.

In the density range og > 27.95kg/m? (used as overflow definition by STRASS
ET AL., 1993), the KG5 profiles occupy the cold/fresh edge of the variability range
at the sill. Water with © &~ +1°C / S & 34.9, which was attributed as LAIW! in the
sill profiles (Fig. 2.3, page 31) is not present at KG5.

The presence of this warmer and saltier water at the sill might point towards
some direct advection of LAIW (also named RAW, MAURITZEN, 1996a) by the East
Greenland Current, not passing KG5. Moreover, entrainment of warmer and saltier
AW is possible, although this is less evident for the bottom end of the profiles (where
the ADCPs have sampled the temperature) than in the lighter part of the overflow
(27.8kg/m? < 0o < 27.95kg/m?3). Here, the sill profiles clearly show products of
diapycnal mixing of IAIW with PIW, modified PIW (RUDELS ET AL., 2002) and, in
particular, AW (further discussion in section 2.2).

!Lower Arctic Intermediate Water, see section 2.2.
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8.4. ©/S properties and upstream entrainment

The interannual variability at KG5 from 1999 to 2003 is much smaller than
at the sill. For the near-bottom density range og > 27.95kg/m3, some of the 2002
profiles, and all of the 2003 profiles are generally ~ 0.2°C warmer and ~ 0.01 psu
saltier than those from 2000/2001 (Fig. 8.5). Although one has to take into account
short-term variability aliasing of the KG5 time series (which was sampled 4 times per
year only), the magnitude of interannual warming is clearly smaller than the 0.5 °C
warming from 1999 to 2002 observed at the sill.

The following mechanisms are possible reasons for the larger temperature vari-
ability at the sill:

e FEnhanced entrainment of Atlantic Water between KG5 and the sill.

e Constant entrainment rates of Atlantic Water, that has become warmer and
saltier in 2002/2003.

e Variable advection of LAIW or PIW /AW mixing products by the EGC.

Enhanced entrainment points towards an enhanced Atlantic Inflow of the North
Iceland Irminger Current (NIIC; HANSEN AND (OSTERHUS, 2000). This is, although
not evident in the absolute near-surface or near-bottom current velocities measured
by ADCP (not shown), reflected in the ADCP interface depth time series (Fig. 5.3
¢, page 65): While the mean plume thickness at ADCP B 11 km northwest of the sill
has only slightly changed, the dense water thickness at the easternmost ADCP A has
decreased by 56 m from 1999 to 2003. This might be an indication of a northwestward
shift of the DSOW /AW frontal zone due to enhanced AW inflow. With a larger
fraction of the dense overflow overlaid by warm AW instead of the EGC, it is likely
that more warm water is entrained into the overflow.

Considering the hydrographic sections at the sill from 2000 to 2004 (Fig. 2.4, page
33), the AW inflow has warmed significantly during this period. The core of the NIIC
was more than 1°C warmer in 2003 than in 1999, while the salinity increased by
around 0.1 psu. At constant entrainment ratios, this signal would cause a warming of
the overflow.

On the other hand, the advection of LAIW by the EGC, as suggested by MAU-
RITZEN (1996a), is another plausible explanation. In particular, the sudden tempera-
ture shifts at ADCP B between “cold phases” during weak outflow and “warm phases”
during the passage of eddies and the virtual absence of intermediate temperatures
(Fig. 8.4) suggest, that ADCP B sampled different water bodies, which have been
advected from different origins and which have not much mixed and homogenized
with each other before reaching the sill.

Clearly, continuous time series of temperature and salinity would help to answer
this question.

Since the hydrographic sections also include unresolved short term variability, it
can not be decided to what extent entrainment changes, Atlantic Water warming, or
LATIW advection by the EGC contribute to the observed interannual overflow warming
from 1999 to 2002.

133



8. Upstream pathways to the overflow

In any way, the ©/S properties of the overflow at the sill and further downstream
do not only reflect long term changes in the source regions in the Nordic Seas, but are
also heavily influenced by entrainment processes and mixing ratios of different water
masses in the upstream entrance region of the sill.

8.5. Circulation pattern in NCEP forced model

Recent numerical models with realistic forcing may help to resolve the upstream
pathways of the Denmark Strait Overflow. Here, first results of the high resolution
MITgemUV? model of the subpolar North Atlantic currently run by R. H. Kise at
IfM Hamburg shall be investigated. The model domain extends from 51 °N to 78.2°N
and 46°W to 16.9°E with 1/10° cos(¢) horizontal resolution, forced by daily NCEP
data.

In the model, there is evidence for a confined current towards the sill on the
Icelandic shelf edge (Fig. 8.6; KASE, pers. comm.). Between Kolbeinsey ridge and the
Denmark Strait sill, the current is well defined by topography. At Kolbeinsey Ridge,
it appears to be fed by both a deep north-east Iceland coastal current and a part of
the East Greenland Current, recirculating in an anticyclonic gyre in the Iceland Sea
off western North Iceland.

To prove the results of the MITgemUYV model, it is intended to study the influence
of basin geometry, location of source regions, and different meteorological forcing on
the Iceland Sea and Denmark Strait region. This issue will be discussed in a paper
by KASE (in preparation).

The model agrees with the observations at the IS7 current meter site, and the
observed current at the Kogur and Hornbanki sections (JONSSON AND VALDIMARS-
SON, 2004a). There exists observational evidence, based on hydrographic profiles at
the Siglunes 8 station (Fig. 8.6), that the current can be tracked back to the Kolbein-
sey Ridge (JONSSON AND VALDIMARSSON, 2004b). Its continuation further to the
north and east as suggested by the model, has not yet been resolved by observations,
and remains for future investigations.

8.6. Summary and conclusions

The origin and upstream dense water pathway towards the Denmark Strait sill has
been subject to controversial discussion. SWIFT ET AL. (1980) assumed, that the
overflow is fed from the Iceland Sea via the East Greenland Current. STRASS ET AL.
(1993); MAURITZEN (1996a) and RUDELS ET AL. (2002) proposed the direct advec-
tion of water with DSOW properties by the EGC. JONSSON AND VALDIMARSSON
(2004a) did not observe a steady flow of the EGC towards the sill, but instead found a
current with DSOW properties at the Iceland shelf edge, which could be tracked back
further to the east by hydrographic data (JONSSON AND VALDIMARSSON, 2004b).

2MITgemUV: Massachusetts Institute of Technology general circulation model Ultrahigh Versatility
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Figure 8.6.: MITgemUV model: Temperature and currents at oo = 27.95kg/m?. Arbi-
trary snapshot from 25.07.1992, that reflects the typical current structure
in the model. Note the coherent current along the Icelandic shelf edge from
Kolbeinsey ridge to the Denmark Strait sill. Additionally, there exists a
minor direct contribution to the overflow from the Fast Greenland Cur-
rent. Positions of ADCPs A/B/C, TP mooring and IS7 current meter
mooring overlaid. KG5 and S18 mark Icelandic hydrographic stations.

The SFB array corroborated the evidence for the “Iceland side pathway”: For the
TP and ADCP B moorings, a high temperature correlation was found (Fig. 8.3). The
time-lag of 11 days corresponds to the advection velocity measured by JONSSON AND
VALDIMARSSON (2004a). The ©/S profiles at the sill contain similar water masses
than those at KGb5.

The high resolution process model (chapter 4) is capable to reproduce the observed
features, as does the MITgemUV model with full meteorological forcing (KASE, pers.
comm.).

However, the EGC might also contribute to the overflow to some degree: At the
sill, substantial amounts of LAIW were regularly observed, which are not present at
the KG5 station. Since the SFB array did not cover the northwestern part of the
upstream region, no estimates on advection velocities or pathways can be made for
this side.
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8. Upstream pathways to the overflow

Theoretical studies of the upstream basin circulation (HELFRICH AND PRATT,
2003) do not exclude either of the two advection pathways. Due to the conditions in
the Iceland Sea, it is likely that both “boundary inflow” and “interior downwelling”
conditions (HELFRICH AND PRATT, 2003) can be applied:

The EGC enters the Iceland Sea at its northern edge (at &~ 65°30'N / 19°W).
Its continuation along the East Greenland shelf is well established (SWIFT ET AL.,
1980; STRASS ET AL., 1993; RUDELS ET AL., 2002). However, RUDELS ET AL. (2002)
observed a separation of a warmer part of the EGC from the Greenland shelf close
to 65°30°N / 19°W. They state, that EGC water might enter the Iceland Sea right
here, where the Greenland shelf turns westward, if the EGC does not directly feed
the overflow. This theory would resemble the “boundary inflow” case of HELFRICH
AND PRATT (2003), with currents flowing along the East Greenland shelf edge and
the Kolbeinsey Ridge / Icelandic shelf edge towards the sill.

In the Iceland Sea, at least some dense water is formed during winter cooling
(SWIFT ET AL., 1980; MALMBERG AND JONSSON, 1997; RUDELS ET AL., 2002).
Although it is under debate, to what extent this water contributes to the Denmark
Strait Overflow, dense water formation due to cooling / convection could be associated
with the “interior downwelling” case of HELFRICH AND PRATT (2003), which would
lead to a current approaching the sill on the Icelandic side.

Since the HELFRICH AND PRATT (2003) model is governed by a linear equation
of the potential vorticity budget in the upstream basin, both processes might add up
linearly.

Concluding, the key results of the SFB observations are:

e A major part of the overflow is fed by a current approaching the sill from the
Iceland side of the Denmark Strait. In particular, it has been shown, that the
coldest and densest parts of the DSOW are advected from the Iceland Sea.
The observations agree with JONSSON AND VALDIMARSSON (2004a) and the
NCEP-forced MITgemUV model (KASE, pers. comm.).

e At the sill, warmer water masses, that show considerably larger variability, have
been observed. These may be attributed to entrainment of warmer AW or AIW
into the overflow in the sill entrance region, or the advection of LAIW by the
East Greenland Current. However, it can not be decided from the SFB array
observations, which of both mechanisms is more important.

e The Iceland Sea may be considered as a critical region for the overflow, since
local modification of water masses advected through the Iceland Sea determine
the density and T'/S properties of a large part of the Denmark Strait Overflow.
Moreover, the hydraulically controlled overflow component is governed by the
upstream dense water reservoir height (discussed in chapter 6).
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9. Synthesis of hydraulic and wind
stress forcing and large scale
coupling mechanisms

Numerical experiments (BIASTOCH ET AL., 2003; KOSTERS, 2004b) suggest, that
the Denmark Strait Overflow may be understood as a combination of hydraulically
controlled flow, which is driven by the baroclinic along strait pressure gradient, and
wind driven barotropic flow.

In the previous chapters, observational evidence in the SF'B time series for both
mechanisms, and the upstream pathways to the sill have been investigated.

Here, a synthesis of both forcing mechanisms will be attempted to merge the
observed characteristics of the overflow into a consistent theory of the processes, that
control the dense overflow over the Denmark Strait sill. As a validation, the observed
DSOW transport shall be reconstructed from estimates of density and wind stress
forcing.

Further, large scale coupling mechanisms with the Faroe Bank Channel overflow,
which is the second large dense overflow across the Greenland-Scotland Ridge, shall
be investigated to yield an integrated view on the processes that control the dense
overflows from the Nordic Seas into the Atlantic ocean.

9.1. Reconstruction of the DSOW transport from
density and wind stress forcing

The SFB observations suggest, that the Denmark Strait Overflow comprises both a
density driven, hydraulically controlled and a barotropic component.
For the reconstruction of DSOW transport time series, the overflow shall be treated

as a linear combination of both parts, as suggested from evidence in numerical models
(KOSTERS, 2004b).

9.1.1. Hydraulically controlled flow

A number of studies has addressed the hydraulically controlled flow through the
Denmark Strait for frictionless 1 1/2 layer flow with zero or constant potential vor-
ticity (PV; a.o. WHITEHEAD, 1998; HELFRICH AND PRATT, 2003; NIKOLOPOULOS

137



9. Synthesis of hydraulic and wind stress forcing and large scale coupling mechanisms

ET AL., 2003). Although these approaches require highly idealized conditions, they
proved fairly well in predicting the actual transport over the sill.

In the light of more recent model results (BIASTOCH ET AL., 2003; KOSTERS,
2004b), which attribute a large fraction of the overflow to barotropic rather than hy-
draulically controlled flow, the zero-PV theories may yield too high estimates. More-
over, the SFB mooring array observations and process model analysis (see section
6.2.3) revealed, that constant PV does not hold for the real overflow.

In section 6.2.5, it has been shown, that the STERN (2004) estimate appears as a
more appropriate approach. While retaining the quadratic relation between reservoir
height and transport, it does not require constant PV conditions, and hence yields
quite realistic transport values.

Hence, the hydraulically controlled flow is assessed by

9 _1g. 9
16 2f " 16

with ¢’ = 0.43/1027.8 - ¢ as reduced gravity (GIRTON, 2001) and f as Coriolis
factor. h, represents the upstream dense water reservoir height, which is taken as the
height of the oo = 27.8kg/m? isopycnal at the Kogur 5 station 200 km upstream of
the sill (see section 6.3.3).

Kogur 5 may be regarded as a feasible location for realistic upstream reservoir
height estimates, since it is close to an observed pathway to the sill (JONSSON AND
VALDIMARSSON, 2004a). Moreover, the level of dense water at KG5 is higher than
anywhere else on the Kogur section (see Fig. 6.14, page 107, and JONSSON AND
VALDIMARSSON, 2004a). The analysis of the process model revealed, that KG5 lies
outside of the “entrance region” (HELFRICH AND PRATT, 2003), where h,, is signifi-
cantly reduced (see Fig. 6.5). It appears hence unlikely, that KG5 underestimates the
actual reservoir height.

The resulting time series is shown in Fig. 9.1 (green lines); the mean hydraulically
controlled flow of 1.9Sv agrees well with the estimate of KOSTERS (2004b). A de-
crease from 2.0 Sv (1999) to 1.7 Sv (2003) is caused by an interannual reservoir height
reduction of 50 m at the Kégur 5 station (see also Fig. 6.12, page 105).

Hence, ~ 57 % of the observed 3.35 Sv DSOW transport (mean value 1999 — 2003)
may be attributed to hydraulically controlled flow. The reservoir height decrease
accounts for 50 % (0.3Sv) of the measured 0.6 Sv transport reduction from 1999 to
2003.

Rrcs = Qwik - (9.1)

9.1.2. W.ind-driven barotropic flow

If 1.9 Sv of the Denmark Strait Overflow are regarded as density driven, the remaining
43 % (1.45Sv; mean value 1999 — 2003) may be attributed to barotropic flow.
Numerical models suggest, that the barotropic part of the overflow is closely linked
to the wind driven barotropic circulation (BIASTOCH ET AL., 2003; NILSEN ET AL.,
2003; KOSTERS, 2004b), and is positively correlated to the large scale NAO-related
wind stress field. BIASTOCH ET AL. (2003) found a significant seasonal cycle of the
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9.1. Reconstruction of the DSOW transport from density and wind stress forcing

net transport through Denmark Strait, implying a fast barotropic response (EDEN
AND WILLEBRAND, 2001). In experiments with different wind stress forcing, both
BIASTOCH ET AL. (2003) and KOSTERS (2004b) found a clear linear relation between
wind forcing, barotropic net transport and the barotropic overflow component.

The analysis of the observed transports and wind stress forcing (section 7.3)
yielded a more complicated picture, however. While the barotropic transport — al-
though not properly sampled by the SFB array — might be consistent with a wind
stress imposed seasonal cycle, hardly any seasonality could be detected in the overflow
(corroborating observations of AAGARD AND MALMBERG (1978) and DICKSON AND
BROWN (1994)).

9.1.2.1. Interannual variability

Focusing on interannual timescales, the barotropic part of the overflow (mean value
1999 - 2003: 1.45 Sv) should decrease by 20 % (0.3 Sv) to explain the observed DSOW
transport reduction at the sill.

Since the linearity between wind stress forcing and barotropic transport is a robust
feature in numerical models (BIASTOCH ET AL., 2003; KOSTERS, 2004b), the relevant
barotropic forcing should also exhibit an interannual decrease of ~ 20% between
1999 and 2003. Section 7.3 revealed, that the large-scale wind field showed a much
weaker decrease during this period; only a delayed response might be consistent with
the observed DSOW transport decrease. The four years of SFB observations are too
short to prove any delayed or interannual to decadal timescale relation between NAO-
related large scale wind stress forcing and the Denmark Strait overflow, even though
a causal link appears likely.

For the period from 1999 — 2003, the local wind stress forcing over the Iceland Sea
and Denmark Strait decreased by ~ 17 % from 1999 to 2003. This makes the local
forcing a likely candidate for the control of the barotropic flow through Denmark
Strait, at least on timescales of months to years.

Therefore, the barotropic part of the overflow shall be assessed with the linear
relation

Q. = 1.45Sv
™~ 011Nm 2

The empirical relation is adjusted to match the average transport and wind stress
values with 1.45Sv as mean wind driven overflow transport between 1999 and 2003,
and 0.11 N/m? as mean strait parallel wind stress 7, during the same period.

The wind driven overflow component calculated with Eq. 9.2 decreases by 0.3 Sv
from 1999 to 2003 (Fig. 9.1, red lines) and hence meets the proposed reduction.

9.2)

9.1.2.2. Monthly variability

The importance of the Iceland Sea wind stress forcing is supported from the obser-
vational evidence, that local wind stress anomalies are often reflected by the overflow
(Fig. 7.5 d, page 118). In particular, the exceptional large DSOW transport variations
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in end-2001 are correlated with wind stress anomalies, that occurred over the Iceland
Sea, but are not evident in the large scale wind field.

Although there is some evidence, that the Denmark Strait Overflow has a response
lagged by a few days to weeks to the monthly Iceland Sea wind stress forcing vari-
ability, a correlation analysis did not yield significant results (not shown). One reason
might be, that changes of the density driven overflow part have not been resolved on
monthly timescales, since the reservoir height at KG5 has been measured four times
per year only.

Supposed, that the linear response expressed by Eq. 9.2 is also valid on shorter
timescales, the overflow should exhibit a seasonal cycle of O(1Sv) and monthly vari-
ability of O(3Sv). This has not been observed by the SFB array, though (compare
wind stress and DSOW transport time series in Fig. 7.5 d, page 118). Obviously,
the overflow response to monthly wind stress variability is about 10 times smaller
than would be expected from Eq. 9.2. Further investigations are needed to resolve the
overflow response amplitudes and timescales on short term wind stress variability.

9.1.3. Reconstructed DSOW transport time series

In the previous sections, estimates of the hydraulically controlled, density driven
overflow component (Eq. 9.1) and the barotropic part have been evaluated. For the
latter, an empirical linear relation to the strait-parallel wind stress over the Iceland
Sea and Denmark Strait region (Eq. 9.2) was used.

The resulting total DSOW transport (kg5 + 7, almost perfectly matches the
observed interannual transport decrease from 1999 to 2003 (Fig. 9.1). The 2-year low-
passed values have an RMS deviation to the observed DSOW transport of 0.25Sv,
while the interannual decrease from 1999 to 2003 is reproduced with a difference of
< 0.1Sv.

In parts of the time series, the agreement becomes even better, if the annual cycle
of the reservoir height and wind stress are included. However, the monthly variability
can not be realistically reproduced with this model, since it greatly overestimates the
short-term sensitivity of the overflow.

9.1.4. Discussion

The agreement between the observed and the reconstructed DSOW transport time
series shown in Fig. 9.1 is remarkable.

One has to bear in mind, though, that a number of simplifications have been made
for the transport re-calculation:

e A linear superposition of hydraulically controlled and barotropic transport has
been assumed.

e The hydraulic transport is based on the non-constant PV relation of STERN
(2004). The upstream reservoir height has been derived from single point mea-
surements at Kogur 5, which is sampled four times per year only.

140



9.1. Reconstruction of the DSOW transport from density and wind stress forcing
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Figure 9.1.: DSOW transport reconstruction from density and wind stress forcing. Red
lines show hydraulically controlled flow derived from the oo = 27.8 kg/m?
isopycnal height at station Kogur 5. Green lines represent the wind driven,
barotropic overflow transport, based on an empirical linear relation to
the strait-parallel NCEP-windstress over the Iceland Sea and upstream
region in Denmark Strait. Yellow lines depict the sum of both components.
The actual transport observed by the SFB mooring array is marked with
blue lines. 2 and 3 months and 1 and 2 years low-pass, respectively, are
differentiated by the linestyle (see legend box).

e The barotropic transport has been calculated with a simple linear relation,
adjusted to match the mean values. Instead of the large scale wind field, the
local wind stress forcing over the Iceland Sea and Denmark Strait has been
selected, since it better fits to the observed overflow decrease, and also shows a
higher correlation on monthly timescales. The linear equation, however, greatly
overestimates the overflow response to short-term variability.

e Possible changes of the density contrast have not been taken into account.

The main results of the time series reconstruction may be summarized as following;:

e Of the observed DSOW transport of 3.35Sv (1999 — 2003 average), 1.9Sv (57 %)
may be regarded as density driven, hydraulically controlled flow. From 1999 —
2003, the hydraulically controlled part decreased by 0.3 Sv (16 %) related to an
interannual reservoir height decrease of 50 m at Kégur 5.
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e The remaining 1.45Sv (1999 — 2003 average) may be considered as barotropic,
wind driven flow. To match the observed total DSOW transport decrease from
3.7Sv (1999) to 3.1Sv (2003), an interannual reduction of 0.3Sv (20 %) is re-
quired for the barotropic component.

e The local wind stress over the Iceland Sea and Denmark Strait decreased by
17 % from 1999 to 2003 (in contrast, the large scale wind field exhibited a much
weaker reduction). A linear relation between wind stress forcing over the Iceland
Sea and the barotropic overflow component is capable to explain the interannual
decrease within 0.1 Sv.

e The combined density and wind stress forcing explain the observed interannual
overflow decrease within £0.1 Sv.

The proposed influence of the NAO-related large scale wind stress field over the
North Atlantic on the barotropic circulation around Iceland and the overflows across
the GSR (model experiments, BIASTOCH ET AL., 2003; KOSTERS, 2004b) may be
important on longer timescales. This is consistent with long-term observations of the
FBC overflow (HANSEN ET AL., 2001). The SFB time series are too short to prove
yet, to what extent the Denmark Strait Overflow is influenced by the large scale wind
field. For the Denmark Strait Overflow variability between 1999 and 2003, the local
wind stress forcing over the Iceland Sea appears to be particularly important.

Further investigations, including wind stress time series with higher temporal reso-
lution, and hydrographic observation data of the Iceland Sea, are necessary to evaluate
the critical role of the Iceland Sea region for the Denmark Strait Overflow.

9.2. Correlation with Faroe Bank Channel
Overflow

The total dense water export across the GSR depends on the mean density gradient
between the Nordic Seas and the North Atlantic (BIASTOCH ET AL., 2003). The
spatial distribution between the Denmark Strait (DS), Iceland-Faroe Ridge (IFR), and
Faroe Bank Channel (FBC),/ Wyville-Thomson Ridge (WTR)*!, however, is influenced
by the wind driven barotropic circulation around Iceland.

At the Faroe Bank Channel (FBC), enhanced westerlies during positive NAO
phases enhance the AW inflow (BLINDHEIM ET AL., 2000) and reduce the dense
outflow of Iceland Scotland Overflow Water (ISOW; HANSEN ET AL., 2001).

Based on model experiments, NILSEN ET AL. (2003) proposed an anticorrelation
between Denmark Strait and FBC net transports, with enhanced AW inflow across
FBC and enhanced Denmark Strait outflow during high NAO phases. For the dense
overflows, a similar response should be expected.

Also KOSTERS (2004b) investigated the NAO influence on the overflows. As dis-
cussed in section 7.3.1, he attributed 35% of the Denmark Strait Overflow to be

'For locations, see Fig. 7.2, page 113.
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wind-driven. While the DSO was positively correlated to the wind stress curl forcing,
the combined FBC/WTR overflows showed a negative response. The amplitude of
the FBC/WTR overflows response was about one third of the DSO.

Here, time series of the Denmark Strait and the FBC overflows shall be inves-
tigated to evaluate observational evidence for the proposed anticorrelation of both

overflows.

9.2.1. Observational evidence for a DSO/FBC overflow
anticorrelation

Observations of the FBC overflow appear to confirm these model results: Based on
hydrographic profiles upstream of the FBC, HANSEN ET AL. (2001, 2004b) observed
an interdecadal decrease of the FBC overflow from the 1950’s to the mid 1990’s
by 20 %, that might be associated with a long term freshening of the Nordic Seas
(BLINDHEIM ET AL., 2000; DICKSON ET AL., 2002). Moreover, the FBC overflow
transport reduction is consistent with the long term increasing trend of the NAO
until the mid-1990’s (HURRELL, 1995).

Since 1995, the FBC overflow has been continuously monitored by a bottom
mounted ADCP. Since the FBC is fairly narrow (10km, i.e. not wider than one
Rossby-radius), the current structure is spatially coherent, and allows a good extrap-
olation from one ADCP (HANSEN ET AL., 2004a). The ISOW /AW interface depth
has been defined kinematically by the depth where the along-channel velocity is re-
duced to 50 % of the overflow core velocity. Due to the distinct baroclinic structure of
the FBC overflow, this definition agrees closely with the depth of certain isopycnals.
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Figure 9.2.: Transport time series of the Faroe Bank Channel overflow from 1992
to 2003. Overlaid are the SFB array time series of the Denmark Strait
Overflow. Note the different scaling. Thin lines represent running monthly
averages, bold red lines denote annual means. Original figure of the FBC
overflow reproduced by courtesy of B. Hansen (HANSEN ET AL., 200/a).
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Lagged correlation of FBC and DS overflows
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Figure 9.3.: FBC and DSO correlation analysis. Time series of monthly means,
smoothed with a 2 months low-pass filter have been used. Note, that the
exceptional low DSO event (14.10.2001 — 28.01.2002) has been excluded
from the correlation analysis.

The time series (HANSEN ET AL. (2004a), unpublished, pers. comm., Fig. 9.2)
show from 1995 to 1999 a slightly decreasing trend, and a significant seasonal signal,
with transport values of ~ 1.5 Sv in winter and 2.5 Sv in summer. This agrees with the
anticorrelation to the wind stress or NAO forcing, which is strongest during winter
(see chapter 7).

From 2000 to 2003, the seasonal signal is less evident, but there exists an in-
terannual increase from 2.0Sv to ~ 2.4 Sv. This increase corresponds to the recent
decrease of the NAO (section 7.2). Moreover, it agrees well with the observed 0.6 Sv
reduction of the Denmark Strait Overflow (overlaid in Fig. 9.2). Also on monthly
timescales, the time series of the DS and FBC overflows appear to be anticorrelated:
Most of the monthly fluctuations of the FBC overflow, which during 1999 — 2003 have
a peak-to-peak amplitude of typically 0.6 Sv, are reflected in the DSO with reverse
sign.

A lagged correlation analysis confirmed the apparent anticorrelation (Fig. 9.3):
For a delay of 32 days, the FBC and DSO transport time series yielded a maximum
negative correlation. Both in the scatter plot (Fig. 9.3 b), and in the actual time series
(Fig. 9.3 ¢), a single very large deviation is caused by the exceptionally low DSOW
transport between Oct. 2001 and Jan. 2002. This extreme low-transport event may
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Lagged correlation of FBC and DS overflows transport anomalies
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Figure 9.4.: FBC and DSO correlation analysis, interannual signal removed. Time
series of monthly means, smoothed with a 2 months low-pass filter have
been used. The 1 year low-passed interannual signal has been removed.
Note, that the exceptional low DSO event (14.10.2001 — 28.01.2002) has
been excluded from the correlation analysis. The time lag of 32 days has
been selected to match the most significant correlation in the previous

figure.

be attributed to an anomalous low wind stress forcing over the Denmark Strait (see
section 7.3.5).

Excluding this part of the DSO time series (14.10.2001 — 28.01.2002), raised the
correlation maximum from r = —0.48 to a value of r = —0.72. Its significance is
well above the 99 % confidence level?. The time lag of 32 days applies both to the
complete records and the time series where the low-DSO transport event 2001/02 has
been removed.

The results imply, that the fluctuations of the FBC overflow are anticorrelated to
DSO variations that occurred 1 month earlier.

While the correlation shown in Fig. 9.3 c is apparently dominated by the interan-
nual reduction of the DSO and the increase of the FBC overflow, an analysis of the
transport with the interannual signal removed corroborated the anticorrelation max-

2Confidence levels have been calculated based on an autocorrelation analysis, which yielded 20
degrees of freedom for the smoothed DSO time series. For details, see EMERY AND THOMSON
(2001).
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9. Synthesis of hydraulic and wind stress forcing and large scale coupling mechanisms

imum for a time lag 32 days (Fig. 9.4 a), although on a weaker level (r = —0.27). A
linear regression yields a FBC/DSO response ratio of O(1). The impression is compli-
cated by several positive and negative correlation maxima at other time lags. Further
investigations are necessary to resolve, whether these represent any physical relations,
or are caused by coincidence of the comparatively short time series.

9.2.2. Potential large scale coupling mechanisms of FBC and
DS overflows

An integrated analysis of the SFB time series of the Denmark Strait Overflow, its
coupling with the Faroe Bank Channel overflow, and of barotropic forcing mechanisms
may improve the understanding of the processes, that control the transport of dense
water across the Greenland-Scotland Ridge.

On interannual timescales, the recent increase of the FBC overflow, the reduction
of the Denmark Strait Overflow, and the reduction of the NAO-related wind stress
forcing appear consistent with the predictions of numerical models. However, four
years of SFB time series of the DSO are too short to verify a causal relationship, and
to exclude pure coincidence or other forcing mechanisms.

An empiric linear transport regression of the lagged time series (Fig. 9.3) yields

Qpsow = (5.75 + 0.2) Sv — (1.05 + 0.34) - Qrpc (9.3)

From 1999 to 2003, the combined DS and FBC overflows yield an almost constant
transport of 5.6 Sv (standard deviation o = 0.19Sv). The compensation of DS and
FBC overflows is consistent with the numerical experiments of BIASTOCH ET AL.
(2003), which revealed, that changes of the wind stress forcing has little influence on
the total dense overflows across the GSR, but is relevant for its spatial distribution
between the DS and FBC.

Eq. 9.3 does not account for the additional overflows over the IFR and WTR, that
have not been measured in 1999 — 2003. The contribution of these overflows is likely of
minor importance, though, since observations yielded a mean transport of 1 Sv for the
IFR overflows (HANSEN AND O)STERHUS, 2000). NILSEN ET AL. (2003) showed in a
model study, that the flow over the IFR has no clear relation to the wind stress field,
and more depends on the actual location of the Northern Center of Action (NCA)
of the NAO (HILMER AND JUNG, 2000). In the experiments of KOSTERS (2004b),
the IFR overflows were basically absent, independent from the applied wind stress
forcing.

The WTR overflow exhibits a clear negative correlation to the wind stress forc-
ing (model results, KOSTERS, 2004b). From observations, HANSEN AND (JSTERHUS
(2000) estimated a mean WTR overflow transport of 0.2Sv. This amount is easily
accommodated in the error bounds of Eq. 9.3.

Thus, it may be concluded from the observations of a reduced DSO and an in-
creased FBC overflow, that the total dense overflow transport across the GSR may
have not significantly changed from 1999 to 2003.
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Focusing on shorter timescales (O(months)), the most striking result of the
DSO/FBC overflow time series is the correlation maximum of r = —0.72 for a time
lag of 32 days 3, i.e., the FBC overflow “reacts” to Denmark Strait Overflow variations
with a delay of 1 month and in opposite sign.

The question is, whether this time lag represents a physical coupling mechanism
of both overflows.

In the following paragraphs, a potential integrated hypothesis for the coupling
of FBC and DS overflows shall be evaluated. This hypothesis may be regarded as
highly speculative, however, it may provide guidelines for future research to better
understand the key processes that steer the dense overflows across the GSR.

According to the circulation scheme suggested by HANSEN AND (JSTERHUS
(2000), the FBC overflow is at least partly fed by currents from the Iceland Sea.
Hence, changes in the Iceland Sea region might have an impact on the FBC overflow.
Preliminary results suggest, that the Faroe Bank Channel overflow is significantly
correlated to wind stress anomalies over the Iceland Sea. During the entire period
from 1995 — 2003, a maximum correlation of —0.6 is found, which is primarily related
to the large seasonal signal in both time series until 2000. In 1999 — 2003, the corre-
lation is reduced to —0.44 for a time lag of 27 days, but the correlation is still much
larger than between FBC overflow and large scale wind stress field (not shown). This
evidence further suggests, that the Iceland Sea might indeed be a critical region for
both dense overflows.

To cover the distance of roughly 1000 km between the Iceland Sea and the FBC in
one month, a propagation velocity of 0.36 m /s is required. While this velocity appears
too fast for purely advective processes, it roughly corresponds to the phase velocity
of internal Kelvin waves, that might travel along the northeastern flank of the IFR.

Moreover, the scales agree with the translation speed of density anomalies on a
sloping bottom. According to NOF (1983), isolated cold eddies propagate with

!
8]
P 97 (9.4)

where ¢' = g Ap/o represents the reduced gravity, « the bottom slope, and f
the Coriolis parameter. With a typical value for @« = 1500 m/100 km (compare IFR
topography on Fig. 7.2, page 113) and a density contrast of 0.3kg/m? (obtained as
a first-order estimate from CTD-sections off northeast Iceland4), one yields ¢xor =
0.33m/s.

Both mechanisms might communicate reservoir height changes from the Iceland
Sea along the GSR to the FBC. Hence, the Iceland Sea might thus have a key role in
controlling the FBC overflow on monthly timescales.

3 As shown above, the “32 days” time lag represents the absolute correlation maximum of r = —0.72
for the non-detrended time series. With the interannual signal signal removed, r is reduced to
—0.27, but it still represents a local extremum of the correlation.

4The Icelandic CTD-sections Langanes NE and E extend northeast or eastward, respectively, from
the Langanes peninsula in NE Iceland, covering the proposed pathway from the Iceland Sea along
the IFR to the FBC. Sections available at http://www.hafro.is/Sjora — Hydrography.
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9. Synthesis of hydraulic and wind stress forcing and large scale coupling mechanisms

But how can the negative correlation between Denmark Strait and FBC overflows
be explained with the proposed FBC control via reservoir height changes?

The Denmark Strait lies adjacent to the Iceland Sea; a direct path of overflow
water from the Iceland Sea to the Denmark Strait sill has been observed by JONSSON
AND VALDIMARSSON (2004a). Since a substantial part of the Denmark Strait Over-
flow has to be regarded as barotropic, wind driven flow (BIASTOCH ET AL., 2003;
KOSTERS, 2004b), more dense water leaves the Iceland Sea over the Denmark Strait
sill than would be the equivalent hydraulically controlled density driven flow alone.
A temporary decrease of the Iceland Sea wind stress forcing reduces the barotropic
component of the Denmark Strait Overflow, and might thus lead to an accumula-
tion of dense water in the Iceland Sea. Transferred via internal Kelvin or slope waves
(NOF, 1983), this reservoir height increase may cause a delayed increase of the FBC
overflow, which is much more baroclinic (HANSEN, pers. comm.) and hence is likely
to be controlled to a higher degree by reservoir height changes than the Denmark
Strait overflow.

In the opposite case with strong Iceland Sea wind stress forcing, the increased
barotropic flow drains much more dense water from the Iceland Sea through Denmark
Strait leading to a lower reservoir.

It remains for future investigations to validate the large scale coupling mechanisms,
that control both deep overflows across the Greenland-Scotland Ridge.

9.3. Summary and conclusions

The integrated analysis of density and wind stress forcing revealed, that the observed
interannual reduction of the Denmark Strait Overflow transport from 1999 — 2003
is likely related to an upstream reservoir height decrease and a reduced wind stress
forcing.

No clear evidence has been found for a non-delayed overflow response to the NAO-
related large wind stress curl, though, but an interannual decrease of the local wind
stress over the Iceland Sea and Denmark Strait region is consistent with the ob-
served interannual overflow transport reduction. An empirical linear combination of
hydraulically controlled and wind driven flow proved to predict the observed DSOW
transport decrease within +0.1 Sv.

On monthly and seasonal timescales, the overflow response is apparently about
10 times weaker than expected for an instantaneous, linear coupling. In particular,
no significant seasonal cycle has been found. Interestingly, seasonal variability has
been measured in the FBC overflow from 1995 — 1999,/2000, but not during the SFB
observation period 1999 — 2003. The reason for the temporary occurrence of a seasonal
signal is not yet clear, and the Denmark Strait Overflow time series only cover the
later four years.

However, there is some evidence, that the Denmark Strait Overflow and the
barotropic currents in Denmark Strait react more sensitive to the wind stress forcing
over the Iceland Sea, than to the mean large scale wind stress field over the subpolar
North Atlantic.
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9.3. Summary and conclusions

To obtain an integrated view of both dense overflows across the GSR, the large-
scale coupling of the Denmark Strait and FBC overflows has been investigated.

Although these recent results have not yet been finally analyzed, they suggest,
that Denmark Strait Overflow and FBC overflow are indeed anticorrelated. During the
SEFB observation period 1999 — 2003, the interannual reduction of the Denmark Strait
Overflow is largely balanced by a corresponding increase of the FBC overflow, which
agrees with predictions of numerical models (BIASTOCH ET AL., 2003; KOSTERS,
2004b). Moreover, the observational evidence points to a coupling of both overflows
on monthly timescales. The FBC overflow appears to react with opposite sign on
DSO variations with a delay of 1 month. A yet unproven potential explanation for
the observed coupling has been proposed.

It remains an issue for future investigations to resolve

e whether the Iceland Sea is in fact a key region that controls both the DS and
FBC overflows

e the relative importance of large scale vs. local wind stress forcing over the
Iceland Sea for the barotropic transport through Denmark Strait, and in turn
for the FBC overflow

It appears promising to further analyze the time series to evaluate the critical
processes steering both dense overflows from the Nordic Seas to the North Atlantic
that feed the North Atlantic Deep Water.
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10. Perspectives

In this study, observations at the Denmark Strait sill and further upstream have been
investigated to better understand the mechanisms controlling the variability of the
dense overflow. With respect to climate change, long-term monitoring of the overflows
from the Nordic Seas to the Atlantic ocean is important to detect changes of the deep
branch of the Thermohaline Circulation (THC). In this chapter, future perspectives
of overflow observations shall be outlined.

10.1. Remote Sensing

Since the ocean is largely geostrophically balanced, surface currents have a signature
in Sea Surface Height (SSH). Radar altimetry by satellites has therefore proven as a
useful tool to observe the global ocean surface (as a primer, see CHELTON, 1988).

It is known, that the Denmark Strait Overflow has a clear surface signature due
to barotropic eddies (KRAUSS AND KASE, 1998; GIRTON, 2001). Moreover, a high
correlation between SSH slope anomalies and interface slope has been found by PIES
observations (section 6.2.4).

In the subtropical Atlantic, SCHMIDT (2004) compared PIES and altimeter ob-
servations of SSH anomalies. On monthly timescales, both in-situ and satellite obser-
vations proved to be well correlated. For the Bering Strait, time series of barotropic
transport have been successfully derived from altimetry (CHERNIAWSKY ET AL.,
2004).

It is tempting to employ remote sensing methods also for the observation of the
deep overflows across the Greenland-Scotland Ridge.

Past studies evaluated statistical properties (e.g. eddy kinetic energy) in the path-
ways of the Denmark Strait and Faroe Bank Channel overflows (HOYER AND QUAD-
FASEL, 2001; GIRTON, 2001). Surface circulation patterns of the Denmark Strait re-
gion were investigated by MORTENSEN (1997). Transport time series of the deep
overflows, however, have not yet been obtained. Here, the perspectives for Denmark
Strait Overflow monitoring by altimetry are examined.

10.1.1. Satellite coverage of the Denmark Strait region

Currently, two different pairs of satellites (ERS1/2 and Topex/Poseidon / Jason-1)
are in operation, that measure Sea Level Anomalies (SLA) relative to a reference
geoid by radar altimetry.
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The Topex/Poseidon(T/P) and Jason-1 (Js-1) satellite tracks cover the global
ocean between 66.2°N and 66.2°S with a repeat period of 9.92 days. T/P provides
time series of SLA since 1992. In August 2002, T/P has been moved to a different
orbit, but its follower Js-1 continues on the original T /P tracks since January 2002.
Hence, a consistent data set of SLA exists for the last 12 years.

The Denmark Strait is situated close to the turning latitude of T/P / Js-1.
Therefore, the satellite groundtracks are closely spaced, and three satellite tracks
(# 219/220, 144 and 41) lie in almost exact east-west direction across the sill area
(Fig. 10.1).

In contrast, the ERS1/2 orbits cover higher latitudes to 81.5°N/S, but their tracks
cross the Denmark Strait with a wider spacing (not shown). Moreover, the repetition
period of 35 days is more than three times longer than for T/P / Js-1.

Thus, T/P / Js-1 are in several respect the most favourable satellites to observe
the Denmark Strait:

e Along-track altimetry allows for more accurate, synoptic SLA measurements.

e Three tracks increase the repetition period from 1 to 3 passes in 10 days.

Gridded T/P / Js-1 data sets allow only the assessment of statistical properties
of the Denmark Strait Overflow region (e.g. HOYER AND QUADFASEL, 2001), since
the high temporal variability on timescales of a few days (GIRTON, 2001) leads to
aliasing effects between different satellite passes.

To obtain actual current estimates, along-track altimetry is much more accurate:
Geoid uncertainties have a spatial scale of O(10000km), and thus are negligible for
distances of O(100km) as relevant for Denmark Strait. Since T/P / Js-1 pass the
deep part of the strait (100 km) in less than 20 s, a synoptic cross section of SLA is
obtained every three days.

A major limitation for the use of altimetry is sea ice, since no accurate SLA
estimates are obtained in or near to ice-covered areas. The Greenland side of the
Denmark Strait is occupied by drifting sea ice, which occasionally also covers the
deep part were the dense overflow crosses the sill. The mean temporal coverage of
altimeter data therefore decreases from 94 % 60 km east of the sill over 86 % close
to ADCP A to 77% 50km further west on the Greenland side of the sill, with the
largest sea ice extent typically observed in spring (not shown). Hence, at most times
the deep part of the Denmark Strait can be assessed by altimetry.

For this study, the 1-second data product of SLA from T/P / Js-1-1 (BENADA,
1997; BERWIN, 2003b,a) is used'. The alongtrack spatial resolution is approx. 6km,
which resolves the Rossby radius (10 — 14 km, GIRTON, 2001; DICKSON ET AL., 1990).

The RMS noise of each altimeter observation is 1.7cm (T/P) or 1.6 cm (Js-1). All
other errors resulting from geoid uncertainties and atmospheric effects, have much
larger scales (O(1000 — 10000km)), and are irrelevant for along-track altimetry on
scales of O(100km).

! Available from http://podaac.jpl.nasa.gov/ .
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Figure 10.1.: Map of Topex/Poseidon / Jason-1 ground tracks in Denmark Strait.
Tracks marked in light blue. Red/violet marks track # 219/220, green #
144 and dark blue # 41. Close to coastlines, no altimeter SLA data are
available. Additionally, the positions of the ADCP moorings is marked.
The two thin blue lines in NE-SW direction sketch the alongstream pro-
jection of the altimeter data to the positions of the PIES, which are
located at the intersection of these lines with the central CTD section
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Figure 10.2.: Alongtrack SSH anomalies, observed by Topex/Poseidon. The figure
shows four arbitrarily selected profiles. Each dot on the light lines corre-
sponds to an individual altimeter observation. Bold lines denote profiles
smoothed by a 10km Gaussian filter. The x-azxis denotes a projection of
the satellite tracks on the standard CTD section across Denmark Strait
(see previous figure). Approzimate locations of the SFB mooring array
marked by dashed lines.

In the Denmark Strait, SSH anomalies of up to 10cm / 10km (Fig. 6.7, page 93)
have been observed by PIES. Therefore, it may be expected, that altimetry clearly
resolves the physical variability. This is confirmed by Fig. 10.2, that depicts typi-
cal alongtrack profiles of SSH anomalies. Typically, SSH anomalies of O(0.2m) are
observed on horizontal scales of 50 — 100 km, while the maximum slope agrees well
with the PIES measurements. The largest variability is found between 70km west
and 10 km east of the sill, were most of the dense overflow passes the sill. Based on
the alongtrack SSH anomalies, current and transport estimates shall be assessed in
the next sections.

Along-track satellite altimetry has been successfully applied to determine the
barotropic transport during the ice-free period through Bering Strait (CHERNIAWSKY
ET AL., 2004), which is like Denmark Strait located close to the turning latitude of
T/P / Js-1.
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10.1.2. Surface currents determined by altimetry

To calculate geostrophic surface currents from SSH anomalies, the alongtrack SSH
anomalies of the tracks #219/220, 144 and 41 have been projected onto a common
cross-sill axis parallel to the central CTD- and mooring section (Fig. 10.1). A 10km
Gaussian filter was applied to reduce the scatter from individual measurements.

The selected tracks #219/220, 144 and 41 cross the location of ADCP B in a dis-
tance of < 5km (smaller than the Rossby radius of deformation), hence, the altimeter
observations may be directly compared with direct ADCP current measurements. The
comparison of PIES and ADCP B observations revealed, that the surface currents at
ADCP B may be assessed by SSH anomalies obtained at the PIES positions 5 and
17 km northwest of the sill (Fig. 6.7, page 93).

Therefore, the alongtrack SLA data have been subsampled at the PIES positions.
The resulting geostrophic surface currents agree reasonably well with the direct ob-
servations of ADCP B (Fig. 10.3).

Satellite Altimetry / ADCP "B": Near Surface Currents parallel to Strait
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Figure 10.3.: Near surface currents at ADCP B: Direct observations and satellite al-
timetry. The blue and green lines show unfiltered and 40 hours low-passed
near-surface current observed by ADCP B. The unfiltered data clearly
exhibit semidiurnal tides and the dominating 2 — 10 days eddy timescale
variability. Red dots indicate currents geostrophically inferred from T/P
alongtrack altimetry. Absolute values were derived by a least-square fit
of the current anomalies to the absolute ADCP measured currents.

The unfiltered time series are significantly correlated (r = 0.49, exceeding the
99 % confidence level). A constant velocity correction of 0.28 m/s had to be applied
to the altimeter-derived currents, since the altimeter obtains SSH anomalies relative
to a (possibly sloping) mean sea surface?.

On longer timescales, aliasing effects lead to a weaker correlation, since the altime-
ter data obviously include much of the short-term variability (Fig. 10.3). Averages over

2The correction was obtained by a least-square fit of the satellite estimates to the direct observations
of ADCP B.
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several satellite passes (three passes in 9.92 days, 2.966, 2.966 and 3.985 days apart)
are thus likely to be aliased by by e.g. tides. The semidiurnal M, tide that is clearly
evident in the ADCP records (Fig. 10.3) has a period of 12 h 50 min. This is close
to the inertial period T = 27/f = 13h6min at 66 °N. Consequently, geostrophic
adjustment might be important even on tidal timescales.

On monthly timescales, tidal aliasing is less significant, and the 90 day low-passed
surface current time series are largely consistent with direct ADCP observations (Fig.
10.4 a).

10.1.3. DSOW transport determined by altimetry

The high correlation of SSH slope and interface slope anomalies found in the PIES
observations (section 6.2.4) suggests a close relation between SSH slope detected by
satellite altimetry and actual DSOW transport.

However, due to aliasing of short-term variability, the correlation between satellite
derived SSH anomalies and DSOW transport observed by ADCPs is not larger than
0.35 for 40 hour low-passed data. Hence, the primarily eddy-related anticorrelation
of SSH slope and interface depth (section 6.2.4) is not well captured by altimetry.
Therefore, monthly to annual timescales shall be investigated here.

It may be expected, that the satellite “sees” the barotropic component of the
overflow, which is associated with a cross-strait SSH slope. The SFB observations
suggest, that ~ 1.45Sv (1999 — 2003 average) may be regarded as barotropic, wind
driven part of the overflow. To assess the barotropic part by altimetry, the SSH slope
obtained over the spatial extent of the SF'B array has been converted by an empiric
linear relation to transport fluctuations.

The resulting time series are shown in Fig. 10.4 b. The altimetry-inferred transport
estimates agree moderately well with the direct ADCP observations. However, it has
to be taken into account, that the dense overflow is additionally affected by reservoir
height changes. On interannual timescales, the altimetry-inferred transports decrease
significantly from 1999 to 2003, which agrees with reduced wind stress forcing (chapter
7). A clear seasonal signal is not evident, but the large “peaks” in end-1999 and begin
of 2002 suggest a close correlation with the NAO index (Fig. 7.3, 114).

The addition of the altimetry-inferred transports and the hydraulic estimates cal-
culated from reservoir height at Kogur 5 (Fig, 10.4, green line) agrees within + 0.5 Sv
with the observed DSOW transport. Hence, the combination of alongtrack altimetry
and upstream hydrographic data might be employed to obtain long-term Denmark
Strait Overflow transport time series.

Concluding, in-situ hydrographic measurements are certainly necessary to assess
the upstream reservoir height and the water mass properties of the dense overflow,
whereas the barotropic component may possibly be assessed by remote sensing meth-
ods. It remains to future research to prove the performance of altimetry-based overflow
transport monitoring.
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Surface currents from Topex/Poseidon / Jason / ADCP B
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Figure 10.4.: Surface currents and DSOW transport inferred from altimetry. Panel
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a: Geostrophic surface currents, inferred from alongtrack altimetry. The
black line corresponds to the mean velocity from 100km west of the sill
to 80km east of the sill. The red line marks mean current over the en-
tire ADCP-array. The blue line denotes the estimate for the ADCP B
location, and may be compared with the direct observations of ADCP
B (green line). Thin lines denote 20 days running means, heavy lines
represent 90 days low-passed time series. Panel b: Blue lines mark 20
days running averages and 90 days low-pass of actual DSOW transport,
respectively. In red, an empirical regression of the altimeter derived SSH
anomalies on the barotropic part of the overflow transport is shown. The
dashed green line depicts the sum of barotropic transport (red line) and
the hydraulically controlled flow, inferred from reservoir height at Kéogur
5 (chapter 9).
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10.2. Outlook

The Meridional Overturning Circulation (MOC) has a fundamental role for ocean heat
transport and climate (BROECKER, 1997; IPCC, 2001). There is growing evidence,
that the MOC, and in particular the formation of dense water in the North Atlantic,
may substantially decrease under global warming conditions (IPCC, 2001). However,
the sensitivity of the MOC to greenhouse gas forcing differs greatly between different
numerical models (IPCC, 2001).

The dense overflows from the Nordic Seas to the Atlantic are a major contribution
to the deep branch of the AMOC. A reduction of the dense water formation in the
Nordic Seas will therefore have immediate effects on the dense overflows. The sills of
the Greenland-Scotland Ridge, where the exchanges between Nordic Seas and Atlantic
Ocean are focused by topography, are hence the most appropriate locations to monitor
the Thermohaline Circulation in the Nordic Seas / northern North Atlantic with
respect to climate change.

In contrast to previous studies, which regarded the Denmark Strait Overflow as
stable on longer timescales (DICKSON AND BROWN, 1994), the continuous SFB ob-
servations from 1999 — 2003 revealed significant interannual variability. Although the
time series are too short to resolve decadal timescales and climate change processes,
the results of this study suggest, that the overflow in fact is sensitive to forcing
changes.

Following, the main implications of this study, and future perspectives for long-
term monitoring shall be outlined.

Mechanisms controlling the dense overflows across the GSR
The integrated investigation of the SFB Denmark Strait Overflow time series, in
combination with Faroe Bank Channel (FBC) overflow and wind stress observations
yielded new insight into the governing processes that control both dense overflows.
It remains to future research to further evaluate

e whether the Iceland Sea is indeed a key region controlling both Denmark Strait
and FBC overflows.

e the upstream pathways of both overflows. The Denmark Strait Overflow has
been tracked back to the Kolbeinsey Ridge (JONSSON AND VALDIMARSSON,
2004b); analysis of hydrographic data may help to determine, whether it is fed
by a branch of the East Greenland Current or from further east.

e numerical models with realistic forcing and high resolution, e.g. the MITgc-
mUV model at IfM Hamburg, and the 1/12° FLAME model at IFM-GEOMAR
Kiel, to improve the understanding of upstream circulation and the overflow
sensitivity to forcing changes.

e the importance of local vs. large scale wind stress forcing and the North Atlantic
Oscillation for both the FBC and Denmark Strait Overflows.
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10. Perspectives

e the relative contributions of the Iceland Sea, the East Greenland Current and
upstream entrainment of warm Atlantic Water into the Denmark Strait Over-
flow.

e Influence of T'/S changes and dense water formation rates in different regions,
e.g. Fram Strait, Greenland Sea and Iceland Sea, on the Denmark Strait Over-
flow, and hence the densest component of the NADW.

e the relevant coupling mechanisms, that determine the apparent anticorrelation
of the Denmark Strait and FBC on monthly and interannual timescales.

e whether the combination of satellite altimetry, wind stress estimates and up-
stream reservoir height observations can be employed to obtain long term time
series of the Denmark Strait Overflow.

Operational perspectives

As a first step to longer continuous time series at the sills, the Faroe Bank
Channel Overflow will be observed continuously by an ADCP maintained by Fiski-
ranns oknarstovan, Toérshavn. Since the FBC is not wider than one Rossby radius,
one ADCP has proven as sufficient for realistic transport estimates.

In the Denmark Strait, two moorings of the SFB array, that have not been re-
covered due to instrumental failure, are still located on the bottom. There are some
chances, however, that the shielded ADCP C, and a shielded PIES, both deployed in
2002, can be salvaged in 2005 by a ROV? mission. This would be a major improve-
ment for the SFB data set. If the salvage operation is successful, one complete year of
the originally planned optimized 3-ADCP-array would be available, allowing DSOW
transport estimates with a significantly improved accuracy. Further, the recovery of
the shielded PIES would allow the assessment of integrating geostrophic estimates,
that cover most of the dense overflow.

During the next couple of years, at least one ADCP will be deployed in the frame-
work of the ASOF-West project. The large spatial variability of the Denmark Strait
Overflow implies, that one instrument is not sufficient to capture the DSOW trans-
port. However, this study suggests, that a single ADCP may be used as a reference
for barotropic velocities obtained from wind stress estimates or satellite altimetry.

The SEB array has observed large short-term temperature variability. Since salin-
ity was not measured by the deployed instruments, it is difficult to resolve, to which
degree the warmer parts of the overflow can be attributed to water masses advected
by the East Greenland Current or to entrainment of Atlantic Water. To better under-
stand the highly variable composition of the dense overflow, it is suggested, to deploy
temperature and conductivity sensors at the sill.

The density driven part may be assessed by upstream reservoir height estimates.
Repeat stations, including the Kogur, Siglunes and other upstream sections, are part
of the regular hydrographic surveys of Hafrannsoknastofnunin Reykjavik.

3ROV: Remotely Operated Vehicle.
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10.2. Outlook

Global warming has likely a substantial impact on the Meridional Overturning Circu-
lation. There is evidence, that the inflow of warm, saline water of the North Atlantic
Current into the Nordic Seas, the outflow of cold, fresh waters of Arctic origin, and
the dense overflows are sensitive to climate change processes.

An integrated system to observe both surface currents and deep overflows across
the Greenland-Scotland Ridge will help to better understand the climate system, and
improve predictions of future climate change.
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11. Conclusions

The importance of the deep overflows across the Greenland-Scotland Ridge for the
formation of North Atlantic Deep Water and hence the Thermohaline Circulation has
made the Denmark Strait Overflow to a subject of major research efforts.

The descent of the plume downstream of the sill and the strong near-bottom
current velocities may be understood in the light of a hydraulically controlled, density
driven flow. The large short-term variability, eddy activity and entrainment processes
have been investigated by numerous hydrographic surveys and mooring deployments,
whereas the critical dynamics at the sill and further upstream have been less well
known.

Based on four years of continuous overflow time series in combination with hy-
drographic observations at the sill and further upstream, the processes, that actually
determine the volume transport of the Denmark Strait Overflow, have been investi-
gated in this study. The consistent data set from 1999 — 2003 allowed for the first time
to evaluate the control mechanisms of the Denmark Strait Overflow on interannual
timescales.

Previously, the overflow has been regarded as a primarily density driven flow,
which is stable on timescales longer than a few weeks. This view is modified by the
present, study:

e For the first time, interannual variability of the Denmark Strait overflow has
been observed. The transport of DSOW decreased from (3.68 +0.1) Sv in 1999
to (3.07 £ 0.1) Sv in 2003.

e The observations suggest, that the overflow comprises both a hydraulically con-
trolled and a wind driven component. This agrees with recent modelling results
of BIASTOCH ET AL. (2003) and KOSTERS (2004b).

e About 50 % of the interannual transport reduction may be related to an up-
stream reservoir height decrease of 50 m. The remaining 0.3 Sv transport de-
crease is consistent with a reduced NAO-related wind stress forcing over the
North Atlantic. The fast, non-delayed response to wind stress changes on
monthly to seasonal timescales is weaker than expected, although there is evi-
dence, that the Iceland Sea region plays an important role for short-term vari-
ability.

e The direct path from the Iceland Sea to the Denmark Strait suggested by JONS-
SON AND VALDIMARSSON (2004a) has been confirmed by the SFB observations.
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The larger temperature variability at the sill suggests, however, that either en-
trainment processes in the sill entrance region, or advection of LAIW by the
East Greenland Current also play role in determining the water mass properties
of the overflow.

A significant anticorrelation has been found between Denmark Strait and Faroe
Bank Channel overflow. A time lag of one month suggests, that on monthly
timescales the FBC overflow reacts on reservoir height changes in the Iceland
Sea. There is evidence, that the Iceland Sea region may be considered as a key
region controlling both dense overflows from the Nordic Seas to the Atlantic
ocean.
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A.

AAW
ADCP

ADCP A

ADCP B

ADCP C

AIW
AMOC
AR

ASOF
AW
CEFAS
CTD

DS
DSO
DSOW
EGC
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Abbreviations

Arctic Atlantic Water. Cf. page 30.

Acoustic Doppler Current Profiler: Instrument for acoustical measurement of
current velocities; utilizes Doppler frequency shift of a sound pulse reflected
from suspended matter in the water. Cf. page 39.

Arbitrary abbreviation for the Icelandic Narrowband-ADCP at the mooring
location DS-1 at the deepest part of the sill.

Arbitrary abbreviation for the IFM-GEOMAR Longranger-ADCP at the moor-
ing location V401 and V425 11 km north-west of the deepest part of the sill.

Arbitrary abbreviation for the IFM-GEOMAR, Longranger-ADCP mounted in
a trawl resistant shield at the mooring location V423 23 km north-west of the
deepest part of the sill.

Arctic Intermediate Water. Cf. page 29.
Atlantic Meridional Overturning Circulation. Cf. page 17.

Autorelease: URI-PIES include a timed release after completion of their mea-
surement schedule.

Arctic/Subarctic Ocean Fluxes project.
Atlantic Water. Cf. page 30.
Centre for Environment Fisheries and Aquaculture Science, Lowestoft, UK.

Probe lowered from a vessel to measure a vertical profile of Conductivity—
Temperature-Depth (actually pressure, not depth). Salinity, density and sound
velocity can be calculated of these quantities.

Denmark Strait.
Denmark Strait Overflow. Cf. page 26.
Denmark Strait Overflow Water. Cf. page 29.

East Greenland Current. Cf. page 26.



EKE

ERS

ETOPO 5

FBC

FLAME

GEBCO "97

GSA

GSR

IATW

IC

IES

IftM

ItM

IFM-GEOMAR

IFR

IPCC

IS7

ISOW

Js-1

KGb5

Eddy kinetic energy. Cf. page 85.

European Remote-Sensing Satellites that provide altimetry data. ERS-1 and
ERS-2 have more polar orbits than — T/P.

Earth TOPOgraphy — 5 Minute: Worldwide topography data set with 5’ grid
spacing. Available from
http://www.ngdc.noaa.gov/mgg/global /relief/ ETOPO5/TOPO/ETOPO5/ .

Faroe Bank Channel. Cf. page 142.

Family of Linked Atlantic Model Experiments, comprises several models of the
Atlantic with different resolution at IFM-GEOMAR, Kiel.

GEneral Bathymetric Chart of the Ocean (1997): Topography of the ocean floor
with isobaths.

Great Salinity Anomaly. Cf. page 71.
Greenland-Scotland Ridge.

Iceland Sea Arctic Intermediate Water. Cf. page 30.
Irminger Current. Cf. page 26.

Inverted Echo Sounder. Measures acoustical travel time of a sound pulse from
instrument to sea surface and back. Cf. page 43.

Institut fiir Meereskunde an der Universitiat Hamburg.

Institut fiir Meereskunde an der Universitit Kiel.

Leibniz-Institut fiir Meereswissenschaften an der Universitiat Kiel.
Iceland-Faroe Ridge.

Intergovernmental Panel on Climate Change.

Icelandic mooring site located on the Icelandic shelf edge approx. 200 km up-
stream of the sill. Cf. page 27.

Iceland Scotland Overflow Water. Cf. page 20.
Jason-1; Satellite with RADAR altimetry for SLA observation. Cf. page 151.

Icelandic hydrographic station Koégur 5, located on the Icelandic shelf edge
approx. 200 km upstream of the sill. Cf. page 27.
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A. Abbreviations

LADCP

LAIW
LR-ADCP
MITgemUV

MONA

MRI
NADW
NAO

NB
NCA
NCEP/NCAR

NIIC
OGCM
PIES

PIW
PSD

psu
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Lowered Acoustic Doppler Current Profiler. Attached to a rosette / CTD, it
measures a current profile of the whole water column. Ship drift and lateral
movements of the CTD probe have to be corrected for by optimum fitting of
the ship’s navigation data, subsequent current profiles, and bottom track data
of the LADCP to obtain actual current velocities.

Lower Arctic Intermediate Water. Cf. page 29.
Longranger-ADCP. Due to the low frequency of 75 kHz, its range exceeds 600 m.

Massachusetts Institute of Technology general circulation model Ultrahigh Ver-
satility. Cf. page 134.

Monitoring the Overflow to the North Atlantic. Project established in 1975 to
observe all dense overflows across the — GSR. Current meter moorings MONAH
and 6 were deployed for one year 200 km downstream of the Denmark Strait sill.
The location was chosen to avoid trawling hazards. See Fig. 2.1, page 27.

Marine Research Institute, i.e. Hafrannsoknastofnunin Reykjavik, Iceland.
North Atlantic Deep Water. Cf. page 26.

North Atlantic Oscillation: Normalized Sea Level Pressure anomaly between
Iceland Low and Azores High. Time series typically defined by pressure differ-
ence between Stykkisholmur, Iceland, and Lisboa or Azores, Portugal. Cf. page
111.

NB-ADCP: Narrowband-ADCP. 150 kHz-ADCP with a range of max. 500 m.
Northern Center of Action of the NAO. See HILMER AND JUNG (2000).

National Centers of Environment Prediction / National Center for Atmospheric
Research. Runs reanalysis models that assimilate all available observation data
to provide gridded data sets of wind stress etc. from 1948 to present.

North Iceland Irminger Current. Cf. page 26.
Ocean General Circulation Model.

Pressure sensor / Inverted Echo Sounder. Measures bottom pressure and acous-
tical travel time of a sound pulse from instrument to sea surface and back.
By assumption of a two-layer model, sea surface and interface height can be
calculated. Cf. page 43.

Polar Intermediate Water. Cf. page 29.
Power Spectral Density. Cf. page 64.

practical salinity unit, defined by conductivity, temperature and pressure
(FOFONOFF AND MILLARD, 1983).



PSW
PV

RAW
RMS
ROV

R/V
SFB 460

SI8

SLA
SLP
SPEM

SSH
SST
Sv
THC
TK

TP

T/P

TP Al

Polar Surface Water. Cf. page 30.

Potential Vorticity. Without friction, this property is conserved along stream-
lines: ¢ = (Ov/0x + f)/Hy = const. Cf. page 89.

Internal Rossby radius R = \/¢’Hy/ f. Measure for the length scales influenced
by Earth’s rotation.

Returned Atlantic Water. Cf. page 29.
Root Mean Square. RMS error corresponds to standard deviation.

Remotely Operated Vehicle. Underwater robot, connected by power and control
cable with the vessel. In this project, ROV “Cherokee” of the University of
Bremen is scheduled for salvage operations of the shielded ADCP C V423-03
and the shielded PTES V421-03 in 2004 and 2005.

Research Vessel.

Sonderforschungsbereich 460 “Dynamik Thermohaliner Zirkulationsschwankun-
gen” at IFM-GEOMAR Kiel.

Icelandic hydrographic station Siglunes 8, located on the western edge of Kol-
beinsey Ridge. Cf. page 27.

Sea Level Anomaly.
Sea Level Pressure.

Sigma-Coordinate Primitive Equation Model: Primitive-Equation model with
topography-following grid. Cf. page 50.

Sea Surface Height.

Sea Surface Temperature.

Sverdrup: 1Sv = 10°m?/s.
Thermohaline Circulation. Cf. page 17.

Thermistorkette: Cable, several hundreds meters in length, equipped with tem-
perature sensors at regular intervals and a single data recorder. Cf. page 99.

Mooring equipped with MiniTPs. Instruments developed at IfM Kiel to measure
temperature and (optionally) pressure. Cf. page 101.

Topex/Poseidon: Satellite with RADAR altimetry for SLA observation. Cf. page
151.

Teilprojekt A1 “Overflow und Vermischungsprozesse in der Irmingersee” at SFB
460.
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UAIW

uPDW

URI

VEINS

vmmADCP

vmmLRADCP

WD

XCTD

XCP
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Upper Arctic Intermediate Water. Cf. page 29.

upper Polar Deep Water. Cf. page 31.

University of Rhode Island. Manufacturer of the PIES deployed in this project.
Variability of Exchanges in the Northern Seas.

Vessel Mounted ADCP: Downward looking ADCP, mounted at the bottom of
a vessel. Allows current profile measurement of the upper approx. 400 m from
the moving vessel.

Vessel Mounted Longranger ADCP: 75 kHz ADCP tested on Poseidon P262 as
vmADCP to obtain profiles to > 600 m depth.

Watchdog: Argos transmitter attached to floatation of a moored instrument. If
the mooring surfaces, it can be tracked via the Argos satellite system.

eXpendable Conductivity-Temperature-Depth: Expendable probe that provides
a vertical profile of temperature and electrical conductivity. It can be operated
from a moving vessel. Depth (i.e. pressure) is not actually measured, but com-
puted from the known falling rate of the probe.

eXpendable Current Profiler: eXpendable probe that provides a vertical profile
of current velocity relative to an unknown constant. It uses the principles of
geomagnetic induction (SANFORD ET AL., 1978, 1993). Can be operated from
a moving vessel.
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