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PREFACE

This publication on Satellite Altimetry and Circulation in the Denmark
Strait and adjacent Seas by John Mortensen is based on arevised version of
his Ph.D. Thesis from the Niels Bohr Ingtitute at the University of
Copenhagen 1997. The supervisor was Professor Carl Christian Tschern-
ing. The present representation is revised with respect to notes by referees
as the thesis was forwarded to be published in Rit Fiskideildar of the
Marine Research Institute in Reykjavik. As this series is not anymore to be
continued it was decided to publish the thesis in another publication of the
Marine Research Institute, Hafrannsoknastofnunin, Fjolrit. As mentioned
above, attention was paid to remarks by referees both as regards length and
content. The thesis includes valuable information on both new techniques
as satellite altimetry in oceanographic research as well as on modelling of
ocean circulation in Icelandic and near-by waters. The presentation is based
on two updated manuscripts by John Mortensen with some necessary
editorial amendments in structure of text, figures and references.

A historical and traditional background of Danish Research in Iceland
and Icelandic waters is their excellent work on geodesy and hydrography in
the 18", 19" and into the 20™ century. Thus it was of an utmost great
pleasure to experience further investigations were geodesy and
hydrography in Icelandic waters were considered together by a Danish
scientist. Dr. John Mortensen was involved in oceanographic work at the
Marine Research Institute in Reykjavik for some years both on behaf of
the Institute prior to 1997 as well as the EU-MAST project VEINS in the
years 1997-2000. Sincere thanks are forwarded to Dr. John Mortensen for
his valuable work at the Institute and his kind appearance.

Eirikur b. Einarsson, the librarian at the Marine Research Institute,
Reykjavik, and the secretaries Eydis Cartwright and Sigurborg Johanns-
déttir helped by preparing the manuscript for printing.

Svend-Aage Mamberg
Editor
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ABSTRACT

In this paper, ocean circulation derived by using measurements
obtained from the European Remote Sensing satellite ERS-1, was
investigated. Focus was placed in the Denmark Strait and adjacent
Seas (59°N<p<71°N, 10°W<A<45°W), including part of the
Iceland Sea to the north, the Irminger Sea and part of the Iceland
Basin to the south. ERS-1 derived 35 days mean dynamic
topography relative to the best available geoid model of the region,
GGEOID93B, was compared with different kinds of in situ
measurements. The altimetric solution using the geostrophic
assumption shows its capability of reproducing many of the
observed surface current features in the region, and is in
remarkable agreement with recent near surface drifter results. The
atimetry even shows evidence of a cyclonic circulation in the
Iceland Basin just south of Iceland which has lately been indicated
in a schematic circulation pattern of the northern North Atlantic.
However, unsolved problems associated with the north Icelandic
shelf and the high velocities observed in the East Greenland
Current still exist.

In order to increase the knowledge of the circulation and
transports in the layers below the surface layer, state-of-the-art
experiments were conducted integrating dynamic heights derived
from altimetry at open lateral boundaries in the limited area model
MIKE 3. MIKE 3 is a non-hydrostatic primitive equation model
set up with a 50x60x20 grid with a resolution of 20 km
horizontally and 50 m vertically. The resolution is sufficient to
resolve mesoscal e topographic structures, which are known to be
of importance in controlling the circulation of the region. During
the numerical experiments, improved temperature and salinity
fields were used. The experiments show reasonable agreement
with observations in the East Greenland Current and Iceland Sea
They indicate that the Denmark Strait Overflow is influenced by
far-field barotropic currents. However, the experiments also show
that many unresolved modelling issues till remain which may be a
consequence of both poorly known parameters and the
initialization of the model. In particular the integration of open
lateral boundary conditions which makes use of sea surface
€levations needs further investigation.
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INTRODUCTION

The northern North Atlantic plays a key role in determining
long-term changes in the climate system (Sy et al., 1992), through
its northward transport of heat and subsequent formation of
intermediate and deep water masses due to heat loss to the
atmosphere. Our present knowledge of the North Atlantic Ocean
circulation can be characterized as a mosaic composed of a lot of
bricks, which over the last few decades have been gathered in
combination within numerical ocean circulation models. This
combination has improved our understanding of its circulation but
it still lacks to a high degree both spatial and temporal resolution in
describing the flow field.

With the introduction of measurements of the sea surface from
space, a number of parameters are now obtained on routinely basis
which have a high spatial and temporal resolution. A relatively
new field, which has experienced an enormous progress in recent
years, is satellite radar altimetry. The first altimeter was launched
with Skylab as early as 1973. Since then both instruments,
computers and satellite tracking systems technology have
developed rapidly, especialy in most recent years. Consequently
with the present accuracy of altimetric products delivered by e.g.
TOPEX/POSEIDON or ERS-1/ERS-2 (ESRIN, 1992; Knudsen et
al., 1992ab; Fu et al., 1994; Fu and Cheney, 1995) vauable
measurements of the sea surface are now accessible. The user
groups are mainly geodesists, space engineers, modellers,
glaciologists and oceanographers. Since these user groups of
scientists are interested in different parts of the signal, improved
versions of the data set are regularly released.

The atimetric products of interest for oceanography comprise
sea surface height (SSH), significant wave height (SWH) and
surface wind field. The data sets have proven to be capable of
resolving sea surface height variability, eddy kinetic energy, fronts
in oceanic regions and have contributed to the tremendous recent
advance in the global tidd modelling (e.g. Andersen et al., 1995).
Little attention has, however, been given to the use of atimetry in
the investigation of the near surface circulation, more specificaly
the determination of the dynamic (sea surface) height/topography
and to the combination of numerica circulation models with
dynamic height derived from altimetry. The main reason for this
was found in the existing geoid models, which went into the
calculation of the dynamic height. The geoid is defined as a
gravitational equipotential surface, to which the ocean sea surface
would conform if it were at rest and no other forces were acting
other than gravity. Until recently the geoid models had an
accuracy, which were less than the ocean signal to be determined.
Preliminary studies of the surface circulation in the area between
Greenland and Iceland derived from altimetry revealed that the
used global geoid model OSU91A (Ohio State University) was on
the brink of yielding satisfactory results. The relatively good
agreement can partly be explained by the dense coverage of
gravity measurements from the area, which went into the
calculations of the geoid model. This means that global geoid
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models are highly dependant on direct gravity measurements and
their accuracy therefore varies from place to place depending upon
the density of gravity measurements for the particular area. A more
accurate geoid model will thus give rise to a more precise
determination of the dynamic topography, which in turn will give a

SOUNDINGS IN METRES

S'E

Fig. 1. Bathymetry and
nomenclature in Icelandic waters
and the Nordic Seas. Depth conturs
arein meters. (From Hopkins,
1988).

better view of the circulation system in the region under
investigation. Satellite altimetry will thus with an accurate geoid in
future give us the opportunity to derive nearly synoptic surface
circulation field and the possibility to detect major and minor
variations in the circulation patterns, which are of great
importance, not only in climate studies but also in a number of
other fields.

With the recent development in the field of satdlite atimetry
and geoid models it is feasible to test their ability to estimate near-
surface circulation and height variations in a limited oceanic area.
The present work is limited to Icelandic waters and adjacent ocean




Satellite Altimetry and Circulation in Denmark Strait

11

areas (59°-71.5°N, 10°-45°W),
located at the boundary between
the Nordic Seas (i.e. Greenland,
Iceland and Norwegian Seas)
and the northern North Atlantic.
Here there exist in addition to
globa geoid models a number 1000
of local geoid models, which are
under continuous development.
In order to increase our ,
knowledge of the circulation and f
transports in the layers below

the surface layer, a state-of-the- 2000
art experiment have been

conducted integrating dynamic

heights derived from altimetry at

open lateral boundaries in a
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limited area model.

The region discussed within
this work is shown in Figure 1 showing the bottom topography
and nomenclature of the major features. As is well known and
mentioned by e.g. Hopkins (1988), the bathymetry of a region
plays a vita role in the dynamics of its circulation. The
thermohaline characteristics are determined by the geographical
settings and the bathymetric connection with other oceanic
regions, and the circulation is directed and limited by the
geomorphology. The most conspicuous feature of the area is the
ridge systems, dividing the deeper region into a number of more
or lessisolated basins.

GENERAL CIRCULATION

The northern North Atlantic and Nordic Seas are among the
most monitored regions of al the world's oceans and include an
extensive literature. However, a more comprehensive work is
still needed before a qualitative and quantitative description of
the circulation in the areais achieved.

The long-term variations of the water masses and their
characterigtics in the region have been discussed by numerous
authors (e.g. Dickson et al., 1988; Belkin et al., 1998). These
variations have perhaps a greater influence on the circulation
than previously assumed. The variability of the region is
exemplified by Figure 2 showing the extension and depth
distribution of the 35.2 isohaline at the same season for six
different years in the period 1948-1958 and 1988 along the 62°N
latitude across the lceland Basin from the Faroes to the
Reykjanes Ridge.

Among other examples can be mentioned two intermediate
water masses associated with the North Atlantic thermohaline
circulation: the Labrador Sea Water (LSW) and Arctic
Intermediate Water (more precisely lower Arctic Intermediate
Water as defined by Swift and Aagaard (1981)). Observations in
the Labrador Sea have revealed decade-long changes in the
temperature, salinity, density and formation rate of LSW and the

Fig. 2. Extension and depth of the
35.2 isohaline along the 62°N
latitude across the Iceland Basin
from the Faroes to the Reykjanes
Ridge in June-July 1948-58 and in
May 1988 (dotted). Adapted from
Hansen (1985), based on
contributions by F. Hermann and
K.P. Andersen in Ann.Biol., for the
years 1948-1958, Krauss (1995),
and the Marine Research Ingtitute,
Reykjavik, database.
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Fig. 3. Thesurfacecirculationin
the Nordic Seas (Helland-Hansen
and Nansen, 1909).
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changes in the source have been followed over most of the North
Atlantic Ocean (Talley and McCartney, 1982; Sy et al., 1997).
New travel times have been estimated for the eastward transport of
LSW, indicating a surprisingly high mean speed of 1.5-2 cm s*
(Sy et al., 1997). The lower Arctic Intermediate Water has been
less studied than LSW and therefore little is known about its
temporal and spatial changes. However observations from the
Norwegian Sea (Blindheim, 1990, Blindheim et al., 2000) indicate
that this water mass has undergone a temporal and spatial change
since the fifties. It was thus absent in the fifties and sixties in the
Norwegian Sea but became a major water mass in the eighties and
nineties, located between the Atlantic Water and Norwegian Sea
Deep Water. According to Blindheim (1990) the water mass has its
source area in the Arctic domain in the Greenland and Iceland
Seas. He further states that if any fluctuations have occurred in the
lower AIW during later decades (1974 to 1985), it has been in
volume rather than in properties. A natural question is to what
extent the generd circulation is influenced by the long-term
coordinated changes in the convective activity of the North
Atlantic as discussed by Dickson et al. (1996). The answer will not
be given here but the question should be kept in mind.

A review of theliterature on the general circulation of the North
Atlantic north of 50°N reveals a number of leading circulation
schemes, which have been proposed and refined by others during
the last century. The descriptions ranged from qualitative to
semi-quantitative ones. Of trendsetters for the oceanographic
community can be mentioned Helland-Hansen and Nansen (1909),
Nansen (1912), Hermann and Thomsen (1946), Dietrich et al.

. (1975), Worthington (1970), and Ellett and Blindheim (1992).

With their publication in 1909, Helland-Hansen and Nansen
(1909), a comprehensive work was published on the Norwegian
Sea (the Nordic Seas). It was based upon the Norwegian researches
1900-1904 supplemented with the literature available at that time.
Their map of the circulation of the Norwegian Sea, based on their
observations (Figure 3), is
perhaps the most quoted and
influential map of the circulation
in the Nordic Seas and the ridge
areas between Greenland and
Scotland. A puzzle in their map
is the lack of a cyclonic
circulation in the Iceland Sea,
although in their discussion of
cyclonic systems in the Nordic
Seas they mentioned the
possibility of a cyclonic system
in the Iceland Sea. The question
is, were they influenced by their
contemporaries or did lack of
data force them to state that

Fig. 4. Hypothetical circulation
scheme of the Northern North
Atlantic (Nansen, 1912)

nothing certain could be said
about this cyclonic system. Three years later, however, the gyre of
the Iceland Sea turns up in a map of the surface circulation of the
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northern North Atlantic by
Nansen (1912) (Figure 4),
during his discussion of bottom
waters and cooling of the
oceans. Together these two
maps make the basis for maps
published prior to the second
world war north of 50°N and
their influence is traceable
today. The influence is clearly
seen in asurface circulation map
of the Atlantic Ocean published
by Meyer (1923), which was
later adapted by Wist (1928)
who added fronts and supposed
bottom water formations sites to
the map (Figure 5). Sixty years
later lvers (1975) (Figure 6),
arrived at a result which was in
striking resemblance with that of
Nansen (1912). lvers' result was
obtained using geostrophic shear
calculations for individual
station pairs and a quditative
assessment of likely flow
direction as a function of depth,
based on water-mass distribut-
ions. The general circulation in
the Iceland Sea was discussed in
detail by Stefansson (1962) who
by means of dynamic methods
verified the existence of the
cyclonic gyrein the Iceland Sea.
Later it was supported by results
from satellite tracked surface
drifters by Poulain et al. (1996).

The post war development in
the field of genera circulation
can be characterized as the time
where the schemes proposed by
Helland-Hansen and Nansen for
the northern North Atlantic and
Nordic Seas were either refined
or radicaly changed due to
accumulation of new and more
comprehensive data material.
The changes in the Nordic Seas
were of minor character
athough an important refine-

Fig. 7. Surface currentsin Icelandic
waters and adjacent seas as derived
from drifting bottles (Hermann and

Thomsen, 1946).
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ment and verification work took
place as mentioned above for the
Iceland Sea. The northern North-
Atlantic on the other hand
experienced radical changes
especidly in the Iceland Basin.
Among the first to propose a new
scheme for the northern North-
Atlantic were Hermann and
Thomsen (1946) (Fig. 7), by
introducing an “anticyclonic”
circulation in the Iceland Basin.
The hitherto accepted idea of a
southwest ward flow aong the
eastern flank of the Reykjanes
Ridge was replaced by a
northward flowing branch of the
North-Atlantic Current. Although
their scheme for the Iceland Basin
was solely based on results from
drift bottle experiments it was
later supported by schemes based
on dynamic caculations (e.g.
Dietrich, 1957a, 1957b, 1963;

Wegner, 1973; Dietrich et al.,

Fig. 8. Surface currents schematic
flow and transports (Sv) in the
northern North Atlantic and Nordic
Seas. (From Dietrich et al., 1975).

1975) though in modified versions
just south of Iceland.

In the start of the seventies the description of the general
circulation changed from being qualitative showing current as
arrows to semi-quantitative described by transport lines (e.g.
Dietrich et al., 1975; Worthington, 1970; Ellett and Blindheim,
1992). The main difference between these schemes were observed
in the area east of the mid-Atlantic Ridge system (i.e. in the
Iceland Basin) connected to the northward transport of the North
Atlantic Current. A frequently referred scheme is for example that
of Dietrich et al. (1975) (Fig. 8), clearly showing that details of the
general circulation have decreased on the expends of a transport
estimate and budget between different parts of the ocean. For the
present study is the recent development in the field of general
circulation schemes a drawback. As Hansen (1985) statesit “Itisa
rather depressing conclusion that in many respects the most
reliable descriptions of the circulation pattern seem to be the older
ones, and that numbers for transports are still not available to any
great precision”.

Summarizing our present knowledge of the general circulation
in the study area is not a smple matter, as an attempt will have to
be divided into more or less “well” established and disputable
current features. With “well” established is not meant that the
current or circulation are known in great detail with respect to
transport magnitudes or variability, but only that it is a persistent
feature. Of “well” established features are: the southward progress
of the East Greenland Current along the east coast of Greenland;
the cyclonic circulation in the Iceland Sea; the northward progress
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of the Irminger Current west of Iceland and its continuation after
bifurcation; the East Icelandic Current; and to some degree the
cyclonic circulation in the Irminger Sea. Of disputable features are:
the circulation of the Iceland Basin; and to some degree the
circulation of the Irminger Sea.

Recent results utilizing satellite tracked surface drifters in the
Iceland Basin (Otto and van Aken, 1996; Valdimarsson, 1998;
Vadimarsson and Mamberg, 1999) reveal a mean circulation
which is similar to the one proposed by Nansen (1912). However,
a high level of variability are observed which indicates that more
than one circulation mode are present.

PRINCIPLESOF SATELLITE ALTIMETRY

Satellite atimeters are radars which transmit short pulses
towards the planetary surface and, by recording the return time of
the pulse, measure the height of, e.g., the atimeter relative to the
position of the sea surface. If the position of the atimeter can be
fixed, it is possible to calculate the absolute height of the sea
surface. Due to the favourable reflective properties of water, the
method is especialy suitable over the ocean. Oceanographic

applications of this information include the
studies of ocean circulation and tides. Through
gravity field analysis it can reveal details of
ocean bathymetry in remote areas. In addition,
the deformation of the microwave pulse on
reflection a the sea surface contains
information about significant wave height
(SWH).

The basic concept is very simple (Figure 9): | tser
Knowing the position of the satellite, i.e. its |
height above a reference dlipsoid (eg.
WGS84), h, everything necessary to obtain the
sea surface height, SSH, is the distance between
the satellite and the ocean surface, a, whichis

sea surface

SSH=h-a. )

The derived SSH is of interest to both geodesists and physical
oceanographers. Thus the data gives rise to a symbiotic
relationship between the two fields. The atimeter derived
observation of the sea surface height is composed of a number of
terms which are

SSH=N+{+{liget € @
where
N isthe geoid height,
 thetimevarying dynamic height,
Gide OCean tides, and
¢ isthesum of errors.

From the oceanographer’s point of view, the knowledge of
dynamic topography (derived from the dynamic heights) is of
importance, to improve the understanding of the oceanic genera
circulation and its variability. From the geodetic point of view, the
geoid is the important signal. To a first approximation the mean

Fig. 9. Basic concept of satellite
altimetry (Seeber, 1993).
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SSH is the geoid with an accuracy in the order of 0.5 m, where the
ocean signal is “in the noise level”. With the increasing demand
for more accurate global geoid models (future goal with an
accuracy of the order 3 cm for wavelengths of 100 km, (ESA,
1996)), the ocean signal is no longer within the noise level, but
must be removed. Under this condition the two research fields
merge.

The principle behind the atimeter measurement is the
information obtained in the shape and timing of the return radar
pulse. For altimeters situated at a height of ~500 km a resol ution of
~1 cm would reguire a time resolution of ~30 picosecond. Within
this time span the leading edge of the emitted radar pulse should
rise to full power. A radar pulse of this size would require an
unredlistically wide frequency band of ~30 GHz to carry it. In
addition the return pulse would be swamped by surface-wave
noise, due to the reflection of the leading edge by waves.

Instead measurements are carried out with a much longer pulse
of about 3 nanoseconds. For the atimeter situated on board the
ERS-1 measurements are carried out using a 330 MHz (3
nanosecond; ocean mode) pulse centred at 13.8 GHz, with a pulse
repetition frequency of 1020 Hz. By sampling the return pulse a a
rate of approximately twice per nanosecond, the relatively long
return pulse (waveform) can be analysed by curve fitting (Figure
10). Errors introduced by the curve fitting can be reduced by

averaging over a certain number

Slope of leading edge
related to wave height

Time delay related to
H altimeter range

of samples to obtain the necess-
ary accuracy. For ERS-1, the full
data rate is 20 measurements per
second, resulting from a smooth-
ing process of the original
observation onboard the satellite.
For the user community data is
normally distributed in the form
of smoothed atimeter data with 1

Received power related
to backscatter coefficient

Trailing edge slope
related to instrument pointing

\ ‘

Transmitted pulse

Tracking point in ocean mode
at mid-point of leading edge

N - second spacing, corresponding
for the ERS-1, to a spacing of ~7

Fig. 10. Profile of the ocean return
pulse (waveform; CERSAT, 1995).

km along the sub-satellite track at
the sea surface. When it comes to the “observation accuracy” for
these products, they depend on the resolution of the altimeter and
the applied smoothing agorithm. Estimates for the ERS-1
altimeter heights in ocean mode are significantly better than 10 cm
for the 1 second products (ESA, 1992).

Thus, the interest is connected to the shape of the return pulse.
Over oceansit highly depends on the wave field where the effect is
imposed as an additional dope on the leading edge of the return
signal strength curve (Figure 10). The dope is related to the wave
field as the significant wave height, while for the atimetry the
timing of the midpoint of the leading edge slope is equivalent to
the average position of the sea surface. In addition an estimate of
the surface wind-field can be obtained from the power level of the
return signal.

The area from which the altimetric measurement is represent-
ative is caled the footprint. The return signal strength, which
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depends on the reflecting surface area, grows rapidly when hit by
the radar pulse until the “illuminated” area transit from a disk to
an annulus. It is this transition which determines the footprint’s
size. For acalm seathe radius of the footprint is ~1.2 km, but for
a rough sea it will increase according to the significant wave
height (SWH). For the 1 second product this gives quite a high
spatia resolution, with an elongate form with the length of ~9.4
km and width of ~2.4 km for acalm sea.

The atimeter measurement, a, is calculated from the time
measurement on the assumption that the radar signal propagates
with the speed of light. However, the signal propagation is
slowed down by the influence of the ionosphere and troposphere,
resulting in an overestimate of the measured distance. Thus, the
altimeter range must be corrected for these effects. The different
corrections are briefly described and discussed below, where
special attention is assigned to the ERS-1 ocean product
(OPRQO2) corrections in Icelandic waters. A similar analysis has
recently been given by Fu et al. (1994) for TOPEX geophysica
datarecords on aglobal scale.

Dry troposphere correction. The radar signals are delayed
by the dry air mass of the troposphere, at arate of ~0.2277 cm/
mbar of atmospheric sea level pressure. The magnitude of this
correction is about 2.3 m and has a low variability (typicaly 10
cm), which varies sowly in both time and space. The correction

-45 -40 -35 -30 -25 -20
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70 /

(L
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Fig. 11. MWS minus ECMWF wet trophospheric correction difference (cm) for
ERS 1 repeat 5 (September 1992). Colour scale runsfrom-15 to 15 cm.
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is made by using the sea level pressure product of the European
Centre for Medium Range Weather Forecasts (ECMWF) provided
every 6 hour by the French Meteorological Office. The root-mean-
square (RMS) accuracy of the correction is estimated to be ~0.7 cm
on an assumption of an RMS 3 mbar accuracy for the pressure
product (Fu et al., 1994). The area around the Iceland is known to
be characterized by a high low-pressure activity and to the
presence of the atmospheric Polar Front. A comparison made
between the ECMWF model pressure and ground truth pressure
observations made in Reykjavik reveal a RMS difference of 4
mbar. The comparison is made between a Topex/Poseidon
crossover point and the pressure gauge in Reykjavik, located 100
km apart. Thus, a sufficiently high accuracy of the ECMWF model
pressure is found in the area, taking into consideration the distance
between the two comparison points. Three hours pressure
observations from Reykjavik, Iceland, from the period January
1992 - December 1995 were kindly made available by the
Icelandic Meteorol ogical Office.

Wet troposphere correction. In addition to the dry air mass,
the water vapour content in the path also cause delay in the radar
signal. The correction is typicaly about 10 cm over Icelandic
waters, thus much smaller than the dry troposphere correction.
However, it varies rapidly from a few millimetres in dry and cold
air to more than 40 cm in hot and humid air over short space and
time scales, which weather models often cannot map (Stum 1994).
ERS-1 ocean products (OPR02's) contain two different corrections.
One correction makes use of the before mentioned ECMWF model
outputs provided by the French Meteorological Office. The other
makes use of simultaneous radiometer measurements performed
onboard the satellite, where a microwave sounder (MWS) is used
to measure the brightness temperatures in two frequency channels,
to retrieve the correction in combination with the wind speed
derived from the altimeter. Work done by Eymard et al. (1994)
shows that the ERS-1 microwave radiometer correction estimates
matches in-situ radiosonde estimates with no bias and a difference
of 2 cm RMS. Comparison made by Stum (1994) between ERS-1
and TOPEX microwave radio-meters at crossover points showed
good agreement, with no relative bias and a difference of 1 cmin
standard deviation. He furthermore showed that the TOPEX
microwave radiometer (TMR) is better a monitoring the water
vapour variations than the ECMWF model, although the ECMWF
derived correction could be used as a backup if the TMR fails. The
above suggests that the wet troposphere correction derived from
the MWS isto be preferred.

Figure 11 shows a map of the difference between MWS - and
ECMWF wet troposphere correct-ions. The corrections are
obtained from the multidisciplinary phase C repeat 5 (September 1
to October 6, 1992) and are quoted for the respective models as a
negative value. The data set has not been subjected to averaging in
latitude by longitude boxes. Compared with the results of Stum
(1994) a good agreement is found. However, a major difference is
found in the coastal areas off Iceland and Greenland where the
MWS simply fails to work as indicated by positive values greater
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than 5 cm in Figure 11. The reason is not fully understood, but is
probably connected to the transition of the satellite track from
ocean to land and vice versa. The RM S difference is calculated to
2.63 cm for the aeria box (59°-71.5°N, 45°-2°W), where points
including MWS failures are not included in the statistics. There is
aminor tendency for the ECMWEF to give slightly higher values (i.
e. abias). In case of MWS failure, the ECMWF derived correction
can be used as a backup. However, a direct replacement of MWS
with ECMWEF should be avoided due to the observed bias between
the two data set.

lonosphere correction. In the ionosphere, the delay of the
radar signals is caused by free electrons. The effect varies from
day to night, with season, and increases with the sunspot humber.
The corrections available in the ERS-1 altimeter product are model
values, based on the monthly sunspot number (“R12") published
by Centre Consultatif International des Radio communications
(CCIR). Thisterm is typically around 2 cm over Icelandic waters.
According to CERSAT (1995) the accuracy of the correction is
estimated to be about 2 cm RMS during low solar activity.
However, during high solar activity it can reach 5 cm to 10 cm
particularly in the tropical areas. No comprehensive work on the
subject has been published. Higher accuracy can be obtained by
using a multi-frequency altimeter, as the dua-frequency altimeter
onboard TOPEX (Fu et al., 1994).

Electromagnetic (EM) bias correction. This correction is
related to the sea-state or more precisely to the fact that the radar
backscatter cross section is asymmetric with respect to wave
troughs and crests, with the troughs cross section being larger.
Therefore the measured altimeter range will be biased toward
wave troughs. The correction is roughly proportional to the height
of waves and is expressed in terms of the significant wave height
(CERSAT, 1994).

The electromagnetic bias should not be confused with the sea-
state bias, which is the overall effect of the sea-state on the
dtimeter range measurement. An additional tracker bias is
introduced by the algorithm which tracks the dope of the leading
edge of the radar pulse. The tracker bias is a function of the
significant wave height. Normally this correction is found among
the instrumental corrections.

The EM correction istypically observed to be in the range of 2-
8 cm for September month 1992 over Icelandic waters. Compared
with the above corrections it varies rapidly in both time and space.
An inspection of the correction values for repeat 5 (September,
1992) revealed major problems in coastal areas, where either the
correction was absent or of a spurious magnitude, indicating that
caution must be taken when applying the correction in coastal
areas. In addition, a limited number of dubious values in the
interior of the ocean could be eliminated by using an along track
filter followed by alinear interpolation scheme.

It has not been possible to find an estimate of the RMS
accuracy of the EM correction for ERS-1. Anaysis of the
correction for TOPEX between the atimeter range and significant
wave height (SWH) suggest that there is a residua EM bias error
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Altimeter - Table 1. Assessment of
Altimeter noise 3.0 measurement accuracies for ERS-1
EM bias ~2.0 (units cm).
lonosphere ~2.0
Dry troposphere 0.7
Wet troposphere 2.0
Total altimeter range** 4.6 4.6

Precision orbit determination
Radial orbit height 15.0%** 6.0

Sea surface height
Single-pass surface height 15.7%%* 7.6"

One sigmavaluesin cm

** Altimeter bias not included
***Generated DPAF

*Altimeter noiseis based on 1-sec average at 2 m significant wave height

“Based on the DGM-E04 gravity model

of about 1% of the significant wave height in the geophysical data
records (GDR) (Rodriguez and Martin 1994).

Precise orbit determination. The uncertainty in the radia
component of the satellite orbit has for long been the largest error
source in satellite altimetry. The precise orbit following the ERS-1
OPR0O2 products is generated at the German Processing and
Archiving Facility (DPAF), which utilizes satellite laser ranging
measurements and altimeter crossover data in their computations.
Typica accuracy of the precise orbit for ERS-1 (OPRO02) is about
12 to 15 cm in the radia component. Lately, these values have
been improved considerably by the introduction of precise ERS-1
orbits produced with the Delft Gravity Model DGM-EQ4, based on
satellite laser ranging measurements, atimeter residua and
altimeter crossovers (R. Scharroo, persona comm., 1997). The
radial precision of the new orhits is estimated to be between 4-6
cm. Unfortunately these new precise orbits were first accessible
around January 1997. Therefore, orbits produced by DPAF are
used in the following.

Table 1 shows an estimate of the error budget, based on the
above, for the sea surface height (SSH) measured by ERS-1. The
error is given in terms of root-sum-sgquare for the 1/s data rate and
2 m significant wave height. The total measurement error, 15.7 cm
for the ERS-1 OPR0O2 products, is higher than the mission
requirement, which specifies a total error of <10.0 cm. With the
newly released precise orbits this requirement is achieved. For
comparison it can be remarked that the TOPEX atimeter has an
estimated total error of 4.7 cm (Fu et al., 1994) of which 3.5cmis
orbit error.

Tidal correction. When it comes to the study of ocean currents
and their variability from altimetric measurements of sealevel, one
must consider the residua tidal signal. The tide sensed by the
altimeter is composed of the ocean tide, the load tide and the body
or solid tide. The tide corrections al make use of model
predictions. According to Fu et al. (1994) the accuracy of the body
tide models are better than 1 cm, whereas the main concern is the
accuracy of the ocean tide models. Since the beginning of 1990
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there has been a rapid development of globa ocean tide models,
mainly achieved in the field where models are based on high-
precision altimetry from the TOPEX/POSEIDON (T/P) satellite. In
1994 this resulted in the release of not less than 12 new global
ocean tide models, reviewed by Andersen et al. (1995), of which
all were superior to the classical Cartwright and Ray (1990, 1991)
and Schwiderski (1980a,b) models when compared to a global set
of tide gauges. Many of the models derived from T/P altimetry are
continuously updated and improved as more data becomes
available. Thus, the continuous development in the field provides
the opportunity to choose the currently “best” available model,
which fits the area of interest. In this study the corrections applied
for body tide were those supplied with the OPR02 data (CERSAT
1994), while the Andersen/Grenoble ocean tide model version
AG95.1 was used for the correction of ocean tides and load tides.
AG95.1 is a long-wavelength adjustment of the Grenoble model
for the M, and S constituents with the first two years T/P
crossover data set (Andersen, 1995; Andersen et al., 1995). The
model turned out to be the best in an recent intercomparison of
ocean tide models for the Atlantic Ocean and on the Northwest
European shelf region (Andersen et al., 1995). In the Atlantic RMS
differences with 39 tide gauge observations were found with
values of 1.41, 0.97, 0.96 and 0.50 cm for the M,, S, K; and
constituents respectively.

Geoid models

The discussions above have up to now been on the altimeter
range measurement and the different corrections which are
connected to this measurement. Thus, knowing the orbital height,
the dtimeter range and the different corrections, we are now,
according to eg. (1), able to derive the sea surface height (SSH).
The SSH or more precisdly its tempora variations have attracted
great interest, as it is a relatively simple quantity to handle when
the satellite ground track is repeated over a longer time span. In
oceanography it is widely used in the study of transient ocean
variability phenomena. For example, it has been used in the
determination of sea surface height variability (“mesoscae
variability”) (e.g. Cheney et al., 1983), eddy kinetic energy (e.g.
Heywood et al., 1994), detection of fronts (e.g. Scott and
McDowall, 1990), and seasona sea level variability combined
with sea surface temperature (e.g. Knudsen et al., 1996),

When it comes to the use of dynamic heights or dynamic
topography and its combination with general circulation models,
the number of references become smaler (eg Pak and
Gambéroni, 1995; Menemenlis et al., 1997). The reason is found
in eg. (2), where the troublesome term is the geoid height or
simply the geoid, which with the exception of few areas, is only
known to an accuracy of about 0.5 m.

The geoid is defined as a gravitational equipotentia surface, to
which the ocean sea surface would conform if it were at rest with
no forces acting on it other than gravity. Departures of the sealevel
from the marine geoid result from local exchange of mass and heat
with the atmosphere through the sea surface, ocean currents, tides,
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waves and atmospheric pressure systems, and it may in places
depart as much as 1-2 m. In general terms, the dynamic topography
and its slopes provide a dynamical surface boundary condition on
the ocean circulation. Variation in the gravity field produced by
mass excesses and deficiencies within the earth, gives rise to an
irregular shape of the geoid which departs from the reference
elipsoid. Globally, relative to the reference dlipsoid the geoid has
adynamic range of about 200 m, which islarger than the dynamic
topography associated with ocean currents by about two orders of
magnitude.

During the past 30 years there has been a tremendous
development in the field of geoid modelling, due to the
mathematical development in the field of spherical harmonic
potential coefficient models, improved computer software and the
introduction of earth orbiting satellites. Combination of terrestrial
gravity data and satellite data (analysis of orbit variations and use
of atimetry) led in 1991 to the introduction of the global Ohio
State University OSU91A spherical harmonic model, complete to
degree and order 360 (Rapp et al., 1991). The accuracy of this
model isin the ocean estimated to be +10 cm on scales greater than
1000 km and for point undulation £26 cm (Rapp, 1994).

Parallel to the development of global geoid models there has
been a progress in the field of detailed regional geoid models. Here
for example multi-band spherical FFT methods have been used in
the determination of regional geoid models (Forsberg and Sideris,
1993), where the geoid prediction is based on a spherical harmonic
reference modd (e.g. OSU91A) and all available terrestria gravity
data (ship, land and air based) from the area on gridded form. An
error estimate for a detailed geoid model is seldom achieved, as it
is difficult to assess. Instead, oceanographic arguments must be
used in the evaluation of the models. Four geoid models will be
tested for their ability to derive the dynamic topography
corresponding to the general circulation observed in Icelandic
waters.

DATA AND METHODS

The data sets used in this work were gathered from many
different sources, including satellite atimetry, hydrography,
satellite tracked drifters, tide gauge and atmospheric pressure
records.

Below is given a description of a hydrographic data set and the
construction of a 35 days mean dynamic topography time series
derived from ERS-1 satellite atimetry. The remaining data sets
will be introduced as a natural part of the text.

Hydrographic data set

To facilitate the oncoming modelling work and evaluation of
the dynamic topography derived from satellite altimetry, a
hydrographic data set was needed for the study area. A natural
choice would be the traditionally used climatological data set in
ocean circulation model studies by Levitus (1982). The Levitus
data set has been and still is of great help for the modelling
community. However, many have noted its restricted use in
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Table 2. Hydrographic data set Research Vessel/Origin ~ Programme Date No. stations
composition. Poseidon (Krauss) special cruise 13/5-24/5 1988 71
Johan Hjort (Blindheim) monitoring 26/7-17/8 1988 96
Tyro (WOCE) WOCE 11/7-12/7 1990 9
Tyro (WOCE) WOCE 12/4-22/4 1991 40
Bjarni Ssamundsson GSP 91 30/8-11/9 1991 56
Meteor (WOCE) WOCE 5/9-10/9 1991 24
Johan Hjort (WOCE) Nordic WOCE 92 15/7-21/7 1992 31
Valdivia (WOCE) WOCE 15/9-21/9 1992 21
Bjarni Ssamundsson* Nordic WOCE 18/9-25/9 1992 72
Bjarni Saanundsson* monitoring 18/5- 4/6 1993 79
Bjarni Seemundsson* special cruise 11/6-23/6 1993 155
Johan Hjort (WOCE) Nordic WOCE 94 24/7-11/8 1994 94
Bjarni Seemundsson* special cruise 24/2 1995 2
ICES 1988-1990 68
* Hafrannsdknastofnunin (Marine Research Institute, Reykjavik)
World Ocean Circulation Experiment (WOCE)
Fig. 12. Location of CTD -
stations used in the study; salinity R S e

~ ¥ ! / I S
/ / { A

and temperature data set, 1988-
1995.

diagnostic modelling studies (e.g. Legutke, 1991), due to its time-
and spatia-averaged nature. Thus, important features such as
fronts and topographical effects on the density field have been
smoothed out.

Using this fact, it was therefore decided to make a new
hydrographic data set for the area (60°-72°N, 5°-45°W)
representative for the year 1992. To compensate for low sampling
rate in a single year high quality conductivity-temperature-depth
(CTD) datafrom the period 1988-1994 (1995) were included in the
new data set. The period was kept as short as possible to avoid the
effect of interannual variations. In the case of repeated monitoring
cruises the most representative cruise were included in the data set.

The data used in this analysis were collected during thirteen
different cruises and from the Internationa Council for the
Exploration of the Sea (ICES) hydrographic data base (Table 2).
The data set consists of 818 high quality CTD stations. The
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Fig. 13a. Average temperature, upper
50 mfrom the data set 1988-1995.
Contour intervals 1°C. Fig. 13b. Average salinity, upper
50 mfrom the data set 1988-1995.
Contour interval 0.1.
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majority of the stations were collected during the months from
May to September, making the data set representative for the
spring-summer period. The vertical resolution of the single CTD-
profiles varies between 1 dbar and 10 dbar, with an accuracy in
salinity better than 0.006 psu and in temperature better than 0.006°
C. All CTD-profiles were quality tested using an aerid TS
analysis. Errors in single values in the TS-profile were rejected
from the profile, whereas for more serious problems the whole
station was rejected and the source was notified. The stations
which passed the quality test are shown in Figure 12. A reasonable
station coverage is observed in most of the region, although a
desirable coverage was not obtained in the Iceland Basin, Irminger
Sea and near the coast off Greenland.

A description of the different water masses based on the data set
have been given by Mortensen (1997).

Average temperature and salinity distributions of the upper 50
m, from the data set (1988-1995), are shown in Figure 13a,b. The
most prominent features of the surface layer are the fronts which
separates the warm and saline water of the northern North Atlantic
from the cold and relative fresh waters of the Nordic Seas. The
Polar Front is clearly seen in both variables following the coast of
east Greenland from north to south, associated with the
approximate outer limit of the East Greenland Current. Warm and
saline Atlantic Water carried by the North Icelandic Irminger
Current is apparent in the surface layer immediately north of
Iceland, here characterized by salinities above 34.8. The Iceland-
Faroe Front between Iceland and the Faroe Islands is best observed
in the temperature map. Another distinct feature in the temperature
map is the small scale variability which, to a high degree, is
associated with the way the data set is constructed. Here mixing of
observations from dlightly different seasons, as in the present case,
gives rise to different stages in seasonal heat exchange with the
atmosphere. The atmospheric influence on the water column
temperature decreases considerably with depth, and at 100 m
depth, its influence is practically absent, giving rise to a more
coherent temperature distribution in the deeper layers.

The hydrography data set (1988-1995) was subjected to
dynamic height calculations with the purpose of checking its
integrity and constructing surface current maps of the region for
comparison with earlier studies (e.g. Stefénsson, 1962; Swift,
1980). In calculating the dynamic height of historical reasons, the
200 and 800 dbar surfaces were selected, as reference levels. The
dynamic topography therefore indicates the sea surface elevation
relative to the chosen reference level. No attempt was made to
include those stations where the depth to the bottom is less than the
reference depth. The most serious problem involved in the
calculations is treating the data set as if it were synoptic. Treating
the data set (1988-1995) as if it were simultaneous probably does
not involve serious errors in areas with relatively low variability
and where few cruises enters the calculations. However in regions
with relatively high variability and where an increasing number of
different cruises overlap serious errors can arise making an overall
interpretation difficult.
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Fig. 14. Hydrographic derived The dynamic topography of the sea surface relative to the 800
ggnamii rtloriggrapg)é;:l?tingtﬁ) 800 dbar in the Iceland Sea from the data set (1988-1995) is shown in
daf‘; ;; 1888_ 13’;5_ Unirtg’:re ien Figure 14 (one dynamic meter iss approxi mately equal to one metric
dynamic meters and contour meter). The question is now: Can the dynarr_uc topography be
interval 0.01 dyn.m. Dotsrepresent  treated as quasi synoptic? The calculations are in the present case
observations which enter the mainly based on two cruises from 1988 and 1991. Hydrographic
calculations. observations from the region shows that the variation between the
two years is limited to the upper 50 meters (Mamberg et al.,
1996). In an extensive analysis in the lceland Sea Stefénsson
(1962) showed that dynamic topography of the 50 m level instead
of the sea surface relative to the 800 dbar level gave nearly
identical results. This suggests that in the case of the Iceland Sea
the dynamic topography can be treated as quasi synoptic.

Highest gradients, in Figure 14, are associated with the
southward flowing East Greenland Current, with decreasing
gradient towards the centre of the Iceland Sea. In the central part of
the Iceland Sea, the cyclonic gyre is well-resolved and indicating
the closure of the northern contour lines for the first time. Thereis
weak evidence of a weak secondary gyre at about 69°30'N, a
similar gyre (~70°30'N) was observed by Swift (1980) in a single
case, else it does not appear in other literature. A complex
transition areais observed between the East Greenland Current and
the cyclonic gyre in the Iceland Sea. The area is seen as meanders
in the isopleths located immediately above the Kolbeinsey Ridge,
suggesting that a complicated exchange takes place between the
two current systems. A feature which is almost absent further south
in Figure 14 is the East Icelandic Current. The explanation of the
absent of the current is that it is normally observed to be strongest
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near the continental slope off the northeast coast of Iceland in
water depths less than 800 m, which are not included in this
analysis.

Compared with earlier results from the beginning of the fifties
(Stefansson, 1962) and the middle of the seventies (Swift 1980)
there is a remarkable resemblance. Only one major difference, and
perhaps also the most interesting, is observed as a southward
movement of the centre of the cyclonic gyre in the Iceland Sea.
While the dynamic topography from the fifties to the middle of the
seventies only showed dlight differences (Swift, 1980), with the
gyre centre located in both periods at about 68°30'N the present
results indicate that the centre has moved to 67°30'N, in the
beginning of the nineties. The movement of one degree, which is
equivalent with 111 km, has not earlier been reported in the
literature. It is interesting to note that at the same time the
secondary gyre aso moves southward by the same distance,
suggesting that the entire gyre system has moved southward. An
explanation can only be of speculative character, but is probably
connected to changes of the wind stress curl in the region. A
verification of the gyre centre movement has not been possible due
to the lack of near synoptic hydrographic data far enough north in
theregion.

The circulation system described by Figure 14 aso conforms
with drift trgjectories of drifters deployed in 15 m depth by the
SACLANT Underwater Research Centre (Poulain et al., 1996).
Their results indicate speeds in the range of 10 cm/s - 40 cm/s in
the cyclonic gyre in the Iceland Sea superimposed an eddy field.
Whereas the results of the above mentioned analysis of
hydrography indicate speeds in the range of 1 cm/s to 6 cm/s,
suggesting that a considerable barotropic component is present in
the Iceland Sea, as a choice of a different reference level will not
ater the features seen in Figure 14 considerably according to
Stefansson (1962).

The dynamic topography of the sea surface relative to the 200
dbar in the investigation area of the data set (1988-1995) is shown
in Figure 15, the 200 dbar chosen as reference level due to the
shallow shelvesin the region.

The overal circulation pattern in the Iceland Sea was observed
to have changed only slightly compared with the results using 800
m as reference level. A feature not resolved by the data set (1988-
1995) is the eastward flow over the shallow north Icelandic
continental shelf and slope, which is apparent in al earlier studies.
Earlier results all indicate arising sealevel towards the north coast
of lceland from the deeper parts of the continental Sope
(Stefansson 1962; Swift 1980), a result not observed within the
present data set. If thisis aresult of the non-synoptic character of
the data set or due to the observed changes in hydrographic
conditions in North Icelandic Waters since the earlier observations
is not possible to determine with the present data set.

The surface circulation in the Irminger Sea and the Iceland
Basin, Figure 15, is seen to be highly influent by the non-synoptic
character of the data set. However the influence is observed to be
reduced considerably if the dynamic topography of the sea surface
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Fig. 15. Hydrographic derived
dynamic topography relating to 200
dbar in the Danmark Strait area
and adjacent seas from the data set
1988-1995. Unitsarein dynamic
meters and contour interval 0.01
dyn.m. Dots represent observations
which enter the calculations.

was calculated relative to the 1000 dbar pressure surface, not
shown. The surface circulation is in both cases characterized by a
broad northeastward flow in the Iceland Basin and a cyclonic
circulation in the Irminger Sea with the East Greenland Current
located near the coast of Greenland, in agreement with earlier
observations (e.g. Wegner, 1973).

The above results indicate that the hydrographic data set (1988-
1995) is of areasonably coherent character, coherent enough to be
used in the coming modelling works, even though it is composed
of non-synoptic observations.

Altimeter Data Processing

Since its launch on July 17, 1991, the European remote sensing
satellite, ERS-1, has provided a wealth of data of particular interest
to oceanographers. The ERS-1 flight was divided into various
mission phases. Where data from the 35-days repeat cycle mission
(the multidisciplinary phase C) were selected for this study. Phase
C was operated between April 14, 1992 and December 15, 1993.
Beside the ERS-1 data set TOPEX geophysical data records (GDR-
M) from the Archiving, Validation, and Interpretation of Satellite
Data in Oceanography (AVISO) Center were selected for two
cross-over points from repeat 1 to 86 covering the period October
1992 to January 1995.

ERS-1 data were obtained by principa investigators in Ocean
Product Records (OPRO02) format. All available 1/s mean atimetric
measurements from the entire 35 days-repeat mission covering the
area 59°-71.5°N, 10°-45°W were used, including al 18 repeat
cycles. Figure 16 shows the stacked data points for repeat 1 to 18
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Fig. 16. ERS-1 35 days repeat
mission tracks in the study area.
Stacked data points for repeat 1-18.
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corresponding to optimal data set obtained during one repeat cycle
(35 days). The mean track spacing is around 30 km in the east-
west direction and the 1/s along-track average values yields one
point every ~7 km.

For each repeat the ERS-1 atimetric measurements of the sea
surface height were corrected for geophysical effect applying
geophysical corrections supplied with the OPRO2 records (see
introduction). Ocean tides and tidal loading were removed using
the Andersen/Grenoble ocean tide model version AG95.1. In order
to obtain the dynamic height (eg. 2) for each repeat four different
geoids model were subtracted and the results are discussed later.
An additional data set using the correction for inverse barometer
effect were made, following the guide lines used by TOPEX
(Callahan, 1993). The TOPEX data processing followed nearly the
same lines as the ERS-1 data above though utilizing geophysical
corrections supplied with the GDR-M. In the following it will be
stressed when the data set including the inverse barometer effect
correctionsis used.

Construction of 35 days mean dynamic topography

The first steps in the construction of eighteen 35 days mean
dynamic topography from ERS-1 data were to remove erroneous
observations and reduce orbital errors.

Erroneous observations were identified by an aong-track
running ten points filter. For a point to be accepted nine
neighbouring points had to be within a distance of 245 km (or 35
s) and fulfil the condition that no more than five of the nine points
had an absolute height difference of greater than 30 cm. Further
observations were removed if the standard deviation of the 20
height measurements within the 1/s average values in the OPR02
exceeded 0.3 m or if the absolute value of the dynamic height
relative to the used geoid model exceeded 2.5 m.

Reduction of orbital errors and other long wavelength effects
(wavelength greater than 2000 km), which are of no interest in this

-25
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Fig. 17. 35 days mean dynamic

topography from repeat 5 (Sept.

1992). Unitsare in meter and
contours are every 0.1 m.

study, were performed using a biaslilt cross-over adjustment
analysis on the tracks from a single repeat (Knudsen, 1993). The
orbit error spectrum for ERS-1 have been reported by Minster et
al. (1992) showing dominant peaks at frequencies at 1 and 3 cycles
per revolution, meaning that the errors will be observed as a bias
between the ascending and descending tracks in the study area. In
the cross-over adjustment anaysis track related errors are
estimated in order to minimize the track differences at the cross-
over location using least squares adjustment. The result from the
cross-over adjustment for repeat 5 using the Greenland geoid
model GGEOID93B showed that the RMS of 681 cross-over
differences was reduced from 0.242 m to 0.070 m. The removal of
the estimated errors from 11671 observations resulted in a nearly
unchanged mean sea surface (dynamic height) from -1.411 m to -
1417 m and in a reduction of the RMS value of the dynamic
height from 0.445 mto 0.430 m.

Eighteen 35-days repeat raw mean dynamic topography maps
were now ready for use. Unfortunately, large areas near the east
coast of Greenland were covered by sea ice during most of the
period the ERS-1 data were collected, resulting in low data
coverage from this area. Unusual heavy ice conditions were
observed in the area between Greenland and Iceland in fall 1993.
In addition, arelatively high level of noise and small-scale features
were observed in the raw mean dynamic topography. Figure 17
shows the 35 days raw mean dynamic topography relative to the
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geoid model GGEOID93B (see Chapter on choice of geoid model)
for repeat 5 (September 1992).

For the coming discussions and modelling efforts it was
therefore decided to reduce the noise level by smoothing and at the
same time add extra points near Greenland. The choice was set by
the atimeter and model constraints, the dtimeter having
difficulties resolving mesoscale eddies with size less than 60 km,
in accordance with observations made by Le Traon et al. (1990)
and Fu and Cheney (1995), and the numerica model’s needs for
dynamic heights estimates near Greenland. In order to smooth and
add extra points to the single repeats the derived along-track
values of the dynamic height were interpolated onto a 0.05x0.1
degree grid (ca. 5.5x5.5 kilometres) using loca collocation
including the 4x4 observations closest to the prediction point. The
local collocation uses a homogenous and isotropic covariance
model defined using the signal variance and the correlation length
of the signal. A mean standard deviation of 10 cm and a
correlation length of 250 km were used in the present case. The
grid caculated were then interpolated onto a stacked data point set
for repeat 1-18 (Figure 16) using spline interpolation involving the
4x4 observations closest to the predicted point.

Figure 18 shows the dynamic topography for repeat 5 after the
smoothing process, which will be discussed in Chapter on
Moddling. A much smoother field is obtained and mesoscale
features and noise with length scale less than 50 km have been

-15

Fig. 18. 35 days mean "smoothed"
dynamic topography from repeat 5
(September 1992). Unitsarein
meter and contours are every 0.1 m.
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Fig. 19a Altimetric dynamic
topography, derived with the use of
OSU91A geoid model for repeat 5
(September 1992). Unitsarein
meter and contours are every 0.1 m.

removed by the smoothing process. In the following the resulting
time series of 35 days mean “smoothed” dynamic topography will
be used.

The programs used above during the calculation of the dynamic
topography are al but one part of the GRAVSOFT package
(Tscherning et al., 1992).

RESULTS AND DISCUSSION/EVALUATION OF THE
DYNAMIC TOPOGRAPHY DERIVED FROM SATELLITE
ALTIMETRY

With the recent development in the fields of satellite altimetry
and geoid models it has become feasible to test their ability to
derive the dynamic topography and hereby the near surface
circulation. For the present test altimeter data from the ERS-1 35
days repeat mission were used, due to its higher spatial resolution
and northward extent compared to the more accurate TOPEX/-
POSEIDON which turns at 66°N.

The ability of satellite atimetry to describe the near surface
ocean circulation depends highly on the choice of geoid model. In
the following four different geoid models are tested: OSU91A,
GGEOID93B, GGEOID94A and GGEOID96A. OSU91A was
briefly described above and the latter three are al later versions of
the Greenland geoid model GGEOID92 described by Forshberg and
Sideris (1993). In brief, the GGEOID92 is a detailed gravimetric
geoid model of Greenland on a 5' x 10" (latitude, longitude) grid,
where a 9-band fast Fourier transformation (FFT) has been used.
The prediction is based on the OSU91A spherical harmonic
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reference model, and all available gravity data gridded on a 5' X
10" grid, covering the area 59° - 84°N, 75° - 10°W. Over land there
were additionally used a 5 Digital Terrain Model (DTM) of
Greenland. The geoid model GGEOID93B is an updated version
of GGEOID92, whereas GGEOID94A and GGEOID96A are later
versions which both make use of additional data from airborne
gravity surveys over Greenland in 1991-92 (Forsberg, personal
communication 1996; Roman et al., 1997).

Choice of geoid model

In the following an oceanographic argument will be given for
the choice of the best geoid model, among the four models
mentioned above. For the evaluation atimeter data from ERS-1
repeat 5 have been used as a reference data set, from which the
dynamic topography is derived with use of the different geoid
models, the calculations procedure are described above. Figures
19a,b,c show the altimetric derived dynamic topography for repeat
5 (September 1992) using OSU91A, GGEOID93B and
GGEOID94A, respectively. The geoid model GGEOID96A is not
drawn into the discussion, as it resembles the GGEOID94A to a
high degree.

In order to get an first impression of the circulation, surface
current speeds can be deduced from the slope of the dynamic
topography using the geostrophic approximation. Where the
magnitude of the current speed depends on the distance between
the isolines and the direction is paralel to the isolines, having
higher sea level to the right when looking in the flow direction,
resembling the atmospheric flow around high and low pressure
systems.

Comparing the satellite derived dynamic topography with in
situ measurements in the interior of the ocean requires some
consideration. It is clear, that the dynamic topography derived
from hydrography yields only the baroclinic component connected
to the density field, whereas altimetry (and also numerical models)
yields the combined effect of the barotropic (connected to the
surface elevation) and the baroclinic components. Utilizing the
knowledge of the circulation compiled above it is possible to
construct a first estimate of the sea surface topography. Direct
current measurements in the Greenland Sea and on the border to
the Iceland Sea (Fahrbach et al., 1995; Mortensen et al., 1991) all
indicate that the barotropic mode dominates the flow in this area.
Model studies of the Atlantic Ocean by Mellor et al. (1982) show
similar results, however with a less dominating barotropic mode
just south of Iceland, in the Irminger Sea and Iceland Basin.
Making use of these observations, the geostrophic relation and the
knowledge of the circulation, a coarse picture of the dynamic
topography takes form. A distinct feature will be the East
Greenland Current with its sea level doping up towards the coast
along Greenland, with its high speed core located above the
continental dope. Two ather, but weaker, features are supposed to
be observed in the Irminger and Iceland Seas as local minima in
the dynamic topography, indicating the cyclonic circulation in
these Sess.
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Inspection of the dynamic topography produced by the
different geoid models in Figure 19 ab,c, reveas that OSU91A
and GGEOID94A are not able to reproduce the East Greenland
Current, whereas GGEOID93B does. At the same time
GGEOID93B shows evidence of cyclonic circulation in both the
Irminger and lceland Seas making it the most promising geoid
model for the area at present time.

It is not surprising that the OSU91A fails to work in the area
near Greenland, as very few gravity measurements existed from
this area when it was produced. However, near lceland where
gravity measurements are dense the model seems to work
surprisingly well, when compared with surface drifter tracks
(Valdimarsson, 1998; Vadimarsson and Mamberg 1999). A
finding which could be used when detailed studies are carried out
in near Icelandic Waters.

GGEOID94A, an updated verson of GGEOID93B, which
includes new airborne gravity data over Greenland, was supposed
to improve the geoid determination near Greenland significantly.
Instead, as Figure 19c indicates, it was a major drawback.
Probably a very small bias at the ~1 mgal level are inherent in the
airborne gravity data set, giving rise to the distortion of the geoid
model near Greenland.

The GGEOID93B derived dynamic topography reveals, as
mentioned above, the large-scale current system of the region
(Figure 19Db), with the southward flowing East Greenland Current
and the cyclonic gyresin the Iceland and Irminger Seas.

Evaluation of the dynamic topography derived with the use of
the GGEOID93B geoid model

The dynamic topography derived by the geoid model
GGEOID93B (Fig. 19b) will in the following be evaluated with
existing observations and model results from the area. Due to the
lack of quasi synoptic observations the evaluation will bear the
impression of a quantitative analysis.

Compared with model derived dynamic topography by Mellor
et al. (1982), Aukrust and Oberhuber (1995), and Heburn and
Johnson (1995) a reasonably good agreement is found, although a
number of characteristic differences are observed. The most
pronounced differences are found in the spatia variation of the
dynamic height associated with the East Greenland Current. There
for example the models normally observe height variations in the
ranges of 0.5 - 0.8 m from the interior of the Irminger Sea to the
coast of Greenland, compared with ~1.4 m calculated by the
atimeter in Figure 19b. Some of this discrepancy can probably be
explained by the extrapolation routine (local collocation) used in
the case of missng points near Greenland, which tends to
overestimate the dynamic heights in these points. However,
uncertainties in the geoid model cannot be ruled out. Neither can it
be ruled out, that the models referred to above are giving a wrong
picture of the circulation and thereby an underestimate in the
range, depending on initialization and data used. Another distinct
difference is observed south of Iceland in the Iceland Basin.
Models often show a gentle slope of the sea surface upward to the
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east in this area, whereas the altimeter derived sea surface is of a
variable type with no tendency to slope upward to the east.

An indirect estimate of the dynamic topography derived from
hydrography has not been possible due to the very complex bottom
topography in the area, which makes it impossible to choose a
reference level deep enough for a comparison. Instead dynamic
topography relative to the 200 dbar level was calculated using
hydrography, Figure 15. Compared with the atimetry there is a
remarkable resemblance in the Denmark Strait, especially above
the East Greenland continental shelf, although much lower sea
surface dopes are observed in the case where the dynamic
topography is derived from hydrography. Given the limited use of
comparing the dynamic topography with model results and
hydrography, as mentioned above, another method must be
considered.

This method makes use of the geostrophic relation, current
meter measurements and drift path of surface drifters. Using the
geostrophic relation, the geostrophic surface velocities can be
calculated from the spatial gradients of the dynamic topography (C)
as.

Fig. 20. Distiribution of geostrophic -y d¢f
surface currents inferred from u(p,4) = ‘R W @)
dynamic topography derived from

altimetry in September 1992 (repeat

5), (50 cmys at 64°N; 19°W).
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where f = (2wesing) is the Coriolis parameter, y is the normal
gravity and R the radius of the earth. A 0.25 x 0.50 degree grid
(latitude (¢), longitude (A)) consisting of geostrophic velocity
vectors were calculated from the spatial dope of the dynamic
topography using loca collocation, in each central point of each
grid cell of the dynamic topography, from the four spatial
gradients surrounding this point. The calculated velocities were
afterwards subjected to a filter which removed land and erratic
points related to the extrapolation used during the processing of
the altimeter data. Additionally, al points having velocity greater
than 100 cm/s were removed. The results of the calculated
geostrophic surface velocities are shown in Figure 20.

Not unexpected, the most prominent feature is the East
Greenland Current on its way south along the coast off Greenland,
with calculated speeds in the range from 20 cm/s to 80 cm/s. An
interesting observation is the westward turn of the current at
around (67°N, 25°W), which is also observed in hydrographic data
from the same period by a Nordic WOCE cruise (RV Bjarni
Saamundsson, Sept. 1992). During the same cruise, a descending
ERS-1 track was followed by high resolution hydrography
measurements, 1 nm apart, over a distance of 16 nm.

The Iceland Sea is, as supposed, characterised by a cyclonic
circulation super-imposed an eddy field, with speeds in the range 0
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Fig. 21. Distributions of
geostrophic current inferred from
dynamic topography derived from

altimetry in September 1992 (repeat
5), (50 cmys scale at 64°N; 19°W),
and trajectories of near-surface
drifters deployed by MRI south and
southwest of Iceland in 1995. Thick
dots indicate deployment sites.




38

Satellite Altimetry and Circulation in Denmark Strait

cm/s to 30 cm/s, with a remarkable resemblance to surface drifter
results reported by Poulain et al. (1996). A stronger velocity field
is observed in the Irminger Sea with speeds in the range O cnv/s to
50 cm/s. The overal circulation is cyclonic, however an
anticyclonic and cyclonic circulation seems to exist in union in its
interior. The weakest current velocities are observed to the south
of Iceland in the Iceland Basin. This is surprising according to
earlier observations, but not unexpected due to recent published
measurements by Otto and van Aken (1996), Krauss (1995) and
Vadimarsson and Malmberg (1999). Similarly to their findings,
the calculated current field is observed to be erratic and dominated
by eddies. Speeds are found to be less than 20 cm/s in most of the
area.

What makes this current field derived from atimeter data
interesting, and even unique, is the quasi synoptic time scale and
the richness at detail which can be observed compared with a
relatively poor data set of direct current measurements in the
investigated area.

Superimposing the altimeter derived surface velocity field from
September 1992 with trajectories of satellite tracked surface
drifters 1995 (Vadimarsson, 1998), Figure 21, brings the overal
circulation into a completely new perspective: The complex paths
taken by the drifters are seen to be remarkably well described by
the atimeter derived velocity fidd.

In the Irminger Seathere is a surprising agreement between the
areas where eddies dominate the trgjectories and the observed anti-
and cyclonic gyres by the atimetry, although three years separate
the two data sets. Similar conditions are observed in trajectories of
drifters deployed by Krauss (1995), indicating that these features
have permanent character. An interesting feature which is
observed by the dtimetry and both drifter data sets is the
“cyclong’ located at ca. (60°N, 40°W), which acts as a
convergence point.

In the Iceland Basin low mean velocities overlaid by an eddy
field are observed by both drifters and the atimetry. In their study
Otto and van Aken (1996) report drifter results from the southern
part of the Iceland Basin, which show temporal variation in both
the mean flow and the eddy dstatistics. Transient eddies were
observed with scalar velocities well above 20 cm/s. An
unanswered question not revealed by the drifters of Otto and van
Aken (1996) and Krauss (1995) is the origin of the Atlantic Water
in the Irminger Sea. Otto and van Aken (1996) suggest that it is
most likely a separate northeastward extension of the North
Atlantic Current which exists west of the Reykjanes Ridge.
However, both the altimeter derived surface velocity field and the
MRI drifters indicate that a significant westward transport of
Atlantic Water across the Reykjanes Ridge takes place just
southwest of Iceland. Hydrographic data support this, as
temperatures and salinities observed in the Denmark Strait are too
high to be explained only by a northeast ward flow west of the
Reykjanes Ridge.

When it comes to the flow immediately north of Iceland the
resemblance between the two fields become less pronounced. Less
is known about the dynamics of this region, however the
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Table 3. Regional altimeter mean current for zonal (u) and meridional (v)
components, speed and number of points which enters the calculation of the
regional mean current in cnv/'s for the five sub-areas.

u % Speed n
EGC-N -14.6 -40.0 42.6 92
EGC-S1 -25.3 -20.9 32.8 118
EGC-S2 -11.4 -22.1 249 35
EGC-S3 -25.6 -27.3 374 12
Sl -1.9 -1.1 2.2 419

Table 4. Regional drifter mean current for zonal (u) and meridional (v)
components and speed in cnv/s for the sub-areas.

| u v Speed
EGC-S1* -105 -10.3 14.7
EGC-S1° 23.5*
EGC-S1* ~60.0%
EGC-S2! -8.7 -255 26.9
EGC-S2° 65.9%
EGC-S3! 71 -10.2 12.4
EGC-S3? 73.6%
sit -0.7 -0.1 0.7
SI® 0.8° 2.6° 2.7°
SI® -0.9% -0.5" 1.0"

! Preliminary Icelandic data (V& dimarsson, personal communication, 1997).
Tota of 61 drifters, deployed in the period 1995-1996.

2 Krauss (1995). Total of 20 drifters, deployed in the 1988.

3 Otto and van Aken (1996). Total of 19 drifters, deployed in the period
1990- 1991 and 1993.

* Maximum mean current vector found by the drift of asingle drifter within
theregion.

® Summer estimate.

" Winter estimate.

shallowness and the presence of the Polar and Arctic Fronts in the
area throw doubt on the reliability of the geostrophic relation used
during the calculation of geostrophic velocities from altimetry.
The path taken by one drifter indicates that some of the difference
can probably be explained by the local wind condition. During a
northerly storm one drifter was observed to take a westward path
for later to join the East Greenland Current. The trgectory and
current meter measurements indicate that the mean surface current
field in the region can be distorted for longer periods due to such
storm events.

Due to the preliminary state of the MRI drifter data set in 1997,
it was not possible to make a thorough statistical analysis of the
two velocity fields. However, afew estimates of current velocities
derived from drifters existed from the region. These velocities are
normally given in geographica “bins’ of adequate size, following
the lines proposed for WOCE. For convenience of comparing, the
atimeter derived velocity field was subdivided into areas from
which velocity estimates aready existed. The mean current vector
is estimated in each region by the spatial mean.

For the regiona subdivision, five areas were defined: (i) The
East Greenland Current north of the Denmark Strait (EGC-N),
68°-70°N, 30°-18°W. This region covers the East Greenland
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Fig. 22. Mesoscale variability
calculated for the period October
1992 - September 1993. Contour
interval 0.02 m.

Current just north of the sill in Denmark Strait; (ii) The East
Greenland Current south of the Denmark Strait (EGC-S1), 63°-65°
N, 42°-33°W. This region is characterized by a wide continental
shelf of approximately 220 km, with the cold water of the EGC
located on the shelf and joined on the shelf break by warm water of
the Irminger Current; (iii) The East Greenland Current south of the
Denmark Strait (EGC-S2), 61°-62°N, 43°-38°W. In this region the
extension of the continental shelf has decreased to 55 km, the
configuration of currents are the same as in (ii); (iv) The East
Greenland Current south of the Denmark Strait (EGC-S3), 59°-60°
N, 43°-40°W. The continental shelf has in this region decreased
additionally to only 30 km, the configuration of currents are the
same as in (ii); (v) The region south of Iceland (SI), 60°-63.5°N,
28°-13°W. In thisregion the circulation and transports was in 1997
till a matter of dispute (Otto and van Aken, 1996).

Since then further research with surface drifters in the area has
strengthened the circulation scheme in the Iceland Basin
(Vadimarsson, 1998; Valdimarsson and Mamberg, 1999).

The regional atimeter mean values of the current component
for the above defined sub-regions are listed in Table 3. The main
points of these findings are the strong East Greenland Current and
the weak west-southwesterly current in the region south of Iceland.
The strong East Greenland Current observed north of the Denmark
Strait sl is seen to continue to the south with nearly the same
strength after joining the Irminger Current, showing minor
variations along its southward path towards Cape Farewell.
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The regiona drifter mean values of the current derived by
different authors for the defined sub-regions are listed in Table 4.
Taken into consideration the variability which exists in the region,
there is found a remarkabl e resemblance between the altimeter and
drifter derived mean currents in the regions EGC-S2 and Sl. For
the two other sub-regions in the East Greenland Current south of
the Denmark Strait the altimeter derived mean currents are
generally higher than those derived by the drifters. However, the
altimeter values are well below the maximum values derived by a
single drifter passing the region.

In order to get a better understanding of the variability of the
region, the mesoscale variability have been calculated using the
sea surface height variability. Figure 22 shows the mesoscae
variability for a one year period from the 35-days repeat mission
(October 1992 to September 1993). The highest variability are
associated with the continental shelves, the ridge system between
Greenland and Scotland, and the deeper parts of the Iceland Basin
west of the Rockall Plateau. Notice, that near to Greenland the
number of points which enters the determination of the standard
deviation are too few to make a valid estimate of the variability.
The findings in the Iceland Basin are in agreement with eddy
kinetic energy observations obtained by Heywood et al. (1994),
and Otto and van Aken (1996). In oceanographic studies, the eddy
kinetic energy (EKE) derived from altimetry is more informative
than the mesoscale variability derived from sea surface heights.
Thisis because the EKE takes the sea surface slope on eddy scales,
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Fig. 23. Velocity variations calcu-
lated as the difference between the
velocity fields of repeat 4 and 5 (20
cnvs scale at 64°N; 19°W).
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i.e. the vertical motion of adjacent points, into account. However,
it has a major weakness associated with the changes in the mean
current field and mesoscale current patterns which are under
influence of topography. A sudden change in the mean current
field (i.e. trangport) e.g. of the East Greenland Current will, by the
eddy kinetic energy scheme used up to now, be interpreted as a
change in the eddy field. The eddy kinetic energy is normally
obtained as the variance of eddy velocity, disregarding the phase
changes. Hence, topographically steered eddies, which are of more
stationary character, will not show up in atimeter derived eddy
fields. In order to obtain a more detailed information of the eddy
kinetic energy field, future schemes should take into consideration
these phase changes. One possible way could be to make use of the
velocity variability between the single repeats. Figure 23 shows an
example of the velocity variation which can be obtained between
two repeats, here given as the difference between repeat 4 and 5.
The Figure gives a good impression of the magnitude and location
where variations have taken place during a 35 days period. A
feature, which is likely to be linked to the variation in the mean
field, is observed just west of Iceland in the Denmark Strait, seen
as aelongate “current” emanating from the East Greenland Current
and continuing southward along the Icelandic shelf. The situation
possibly arise as a strengthening of the East Greenland Current
with a subsequent weakening of the northward transport of the
Irminger Current. The discussion will be left here, and handed over
to future study.

From the discussion above it can be concluded that the dynamic
topography derived with the use of geoid model GGEOID93B is
capable of reproducing many of the observed current features in
the region, using the geostrophic assumption. The geoid model
GGEOID93B is therefore the best choice at present. However,
unsolved problems connected to the north Icelandic shelf and the
high velocities observed in the East Greenland Current still exist.
There is no doubt that some of the problems observed in the East
Greenland Current can be ascribed to inaccuracies in the geoid
model and to the lack of valid atimeter points near Greenland,
caused by seaice.

ERS-1 35 days mean dynamic topography evaluated against
tide gauge and TOPEX/POSEIDON sea level

The following analysis is intended as a quantitative check on
the time-variable ERS-1 35 days mean dynamic topography for
further use in the modelling. The question is: Can the 35 days
mean dynamic topography time series (represented by 18 repeats)
in its present form to a certain degree of accuracy describe the
timing and ranging of the sea level variaions observed by the
TOPEX/POSEIDON (T/P) atimeter and tide gauge sea levels? In
this connection it must be remembered that every time step in the
ERS-1 derived time seriesis derived on the basis of data from a 35
days period (i.e. data from one repeat).

For the analysis, a tide gauge and two T/P atimeter cross-over
points were used. The tide gauge time series is from Reykjavik
Harbour (64.15°N, 21.93°W), a coastal shallow water station with
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records covering the period from January 1992 to December 1994.
Hourly sealevel measurements were prior to the analysis averaged
into a daily mean sea level. The tide gauge record is in the
following not connected to a benchmark, instead the relative sea
levels will be related to the time mean over the observation period
which are useful for the intercomparison with altimeter data. Two
T/P altimeter cross-over points are considered. The first cross-over
point is located on the Icelandic continental shelf (~64.25°N;
24.17°W) near to the tide gauge. The distance between the two
location is approximately 100 km and the water depth of the T/P
point isin the range of 200 m to 400 m. The other cross-over point
is located south of Iceland (~61.98°N; 19.82°W) over deep water
(1600-1800 m). T/P geophysical data records from AVISO were
selected for the two cross-over points for repeat 1 to 86 covering
the period October 1992 to January 1995. Prior to use, the
altimeter data were corrected for geophysical effects applying the
geophysical corrections supplied with the geophysical data records
(GDR-M). The Andersen/Grenoble ocean tide model version
AG95.1 were used for the corrections of ocean tides, following the
same methodology of ERS-1 initial data processing as described in
Chapter on data and methods. The accuracy of a single-pass sea
surface height measurement is specified to be 4.7 cm (given as
root-sum-square value) (Fu et al., 1995) of which orbit errors
constitute 3.5 cm making it unnecessary to correct for orbit errors.
With a repeat cycle of 10 days for T/P two observations are
obtained in cross-over points every 10 days.

In the following the model input ERS-1 35 days mean dynamic
topography data time series are validated. Two model points are
used in the validation, both of them selected such that they are less
than 20 km from the nearest T/P cross-over point. The first point
(18,21 or 64.25°N, 24.02°W) is located at the T/P cross-over point
nearest to Reykjavik Harbour. The other point (28,8 or 61.97°N,
20.08°W) is located near to the T/P cross-over point south of
Iceland over deep water.

Before comparing ERS-1 sea levels with tide gauge and T/P
derived sea levels, the T/P atimetry is compared with in situ sea
level data from Reykjavik Harbour. Similar comparisons have
been performed in the equatorial Atlantic Ocean (Verstragte and
Park, 1995) and in the Indian Ocean (Park and Gamberoni, 1995).
Both works found a RM S difference within 2.2 cm between the T/
P data and the in situ sea level when filtered for effects with a
period of less than 60 days.

Comparison of T/P and Tide gauge sea level time series L ow-
Passed at 35 days

The comparison differs in three major aspects from the analysis
of Verstragte and Park (1995) and Park and Gamberoni (1995).
Firstly, they use a spatial average (2° along track) to remove high-
frequency fluctuations, whereas this comparison use asingle cross-
over point without any spatial averaging. Secondly, they use the
so-called adjusted sea level ((-(5) where the atimetric sea level {
has been corrected for the inverse barometer effect (,. In the
present case the altimetric sea level { is used instead. The reason
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owes to the fact that the tide gauge is of the classical kind with a
float and therefore responds to the atmospheric pressure variations.
Thirdly, 35 and 90 days Gaussian low-pass filters were used
instead of 30 and 60 days.

Both the T/P and the tide gauge time series are irregular in
time and contains high-frequency fluctuations of periods less than
10 days. For T/P because of the mixing of two tracks. In order to
get a platform for comparing T/P and tide gauges sea levels with
ERS-1 sea levels a smoothed time series, interpolated at regular
time intervals using a successive correction scheme with a
Gaussian filter were adapted from Park and Gamberoni (1995).
The scheme is described by the formula

HE P+D=H( P+ IWOE-H(P] 2w (5)
where H(t,p) is the interpolated value at time t from the pth
iteration, {; isthe observed sea surface height at time t;, H;(p)=H(t;,
p) is the estimate of from the pth iteration. The Gaussian filter is
given by the weight function

wi(t) = exp |- (t—1t)2/1.44T2] (6)
where T is the timescale. The number of iterations depend on the
convergence criteria which was set to 0.4 cm. The response
function of the Gaussian filter has a cutoff period near T and a
half-amplitude pass near 2T.
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Fig. 24. T/P sea level time series
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Figure 24 shows the smoothed dtimetric time series at 1-days
intervals obtained with T equal to 17.5 days along with the raw
time series. High-frequency fluctuations of periods much less than
35-days half-amplitude pass window are seen to have been
removed, while signals of longer periods are well preserved
without any deformation of phase. A phase-preserving interpol-
ation scheme is of importance in a comparison of two different sets
of time series. The most noticeable feature in the smoothed T/P
atimetric time series are the oscillations of sea level with
periodicity in the interval about 50-70 days superimposed on the
dominant low-frequency variation.

Figure 25a shows the comparison of the 35-days low-passed T/
P and the tide gauges derived time series at Reykjavik harbour,
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with a 25-month period of overlapping from October 1992 to
December 1994. Note that each time series has been centred about
their respective mean sea level over the 25 months of overlapping
and the lack of tide gauge data for a two months period in 1994.
The low-frequency and even the high-frequency sea level signals
seen in the tide gauge data are remarkably well represented in the
atimetric time series, in particular in the range and timing of short
period sea level variation. One must remember that the two
observation points are separated by a distance of ~100 km, and that
they represent respectively a coastal station and a continental shelf
point, having very different dynamic conditions. Further note that
there is a lack of T/P observations in the period day 620 to 700
probably resulting in a less pronounced maximum in late 1993.
The RMS difference between the two time series is 6.2 cm with a
correlation coefficient of 0.83. This is an unexpected high RMS
value compared with the results found by Verstraete and Park
(1995) and Park and Gamberoni (1995). For example Verstraete
and Park (1995) found a RMS difference of 2.4 cm with
correlation of 0.87 in the equatorial Atlantic, based on a 30-day
Gaussian window. The high RMS value found in the present case
was suspected to be mainly the result of the tidal aiasing, due to
imperfectly removed short-period tides, which is connected to the
sampling rate of T/P, and to the use of only a single cross-over
point, instead of using a noise reducing spatial average scheme.
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Tidal alias periods for T/P can described using the formula
given by Parke et al. (1987),

=27 -PlAag] @
with
Ap=2-7-PIT —rm<Ap<n (8)

where 1 is the alias period, P (= 9.9156 days) is the repeat cycle
period of T/P, A¢ is the tidal phase change (defined within the
range +m) over the period P, and T is the period of a given tidal
constituent. In Table 5 the dias periods for the eight most
prominent mgjor diurna and semidiurnal constituents are shown,
along with available RMS errors obtained in a comparison with 65
tide gauge readings in the Northwest European shelf region for
each of these tides from the AG95.1 model (Andersen et al.,
1995).

In order to remove the possible tidal diasing it was decided to
apply a 90-days Gaussian filter on the data sets. Figure 25b shows
a comparison with the same 90-days Gaussian window applied to
both the T/P and tide gauge sea level times series. The tide gauge
record is clearly characterized by a seasonal signal in the three year
period, represented by two sea level maxima in August and
December and two minima in May-June and October. Although
the “secondary” maximum and minimum is less pronounced in
1993. A ten year long time series from the eighties reveals that the
seasonal description by two minima and maxima are characters
which are usually found at the tide gauge. However the
“secondary” minimum and maximum are over most of this period
characterized by amplitudes which are similar to the primaries and
their timing varies from the above mentioned, indicating that
changes have taken place in the seasona sealevel pattern since the
eighties. The low-frequency sea level variations in the nineties are
observed to be in good agreement with the local low-frequency
pressure field, but the steric sea level variations, which are
believed to have minimum in March-April and maximum in
September, are difficult to distinguish. The much stronger pressure
signal overshadows the weak steric signal. The tide gauge shows a
360-day signal with an amplitude of about 14 cm during the 27
months of measurements. This signal is well reproduced by T/P
atimetry, although there seems to be a trend and phase change
between the two data sets. The phase change (10-20 days) can
possibly be explained by the different sampling rate of the two data

Tide Tidal Period Alias Period Model Tide Error

hours days cm
0o1 25.819342 457 0.70
N2 12.658348 49.5
S2 12.000000 58.7 2.23
M2 12.420601 621 3.23 Table5. T/P tidal alias periods for
Q1 26.868357 69.4 eight major diurnal and
K2 11.967235 86.6 semidiurnal constituents, RMS
P1 24.065890 88.9 errorsin the Northwest European
K1 23.934470 173.2 1.29 shelf region AG95.1 tides.
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sets, whereas the observed trend was suspected to be introduced by
local difference in the long period sea level variations between the
two points. The RMS difference between the two time seriesis 4.0
cm with a correlation coefficient of 0.90.

Compared with results of Park and Gamberoni (1995) based on
a shorter period (October 1992 to July 1993), RMS difference of
1.9 cm with a correlation coefficient of 0.80 using a 60-days
Gaussian filter are found, showing no trace of a trend. Opposite,
Verstraete and Park (1995) finds for a little longer period (October
1992 to December 1993) a RMS difference of 22 cm and a
correlation coefficient of 0.88 using the same 60-days Gaussian
filter, which indicates a trend between the two time series.

Performing an analysis similar to the above two described
periods using instead a 90-days Gaussian filter, one observes, for
the period October 1992 to July 1993, a RM S difference of 2.4 cm
and a correlation coefficient of 0.97 and for the period October
1992 to December 1993 a RMS difference of 3.6 cm with a
correlation coefficient of 0.94. The results show a pronounced
deterioration of the RM S difference and the correlation coefficient
with time. The tide gauge was inspected carefully. The authorities
in Reykjavik Harbour were contacted and the status of the tide
gauge was checked. The tide gauge had been routinely checked on
weekly basis and had been found functioning properly most of the
period, although a hole in the well was observed at the end of
April 1994 resulting in rejection of data records from that day and
back to a more thorough check of the tide gauge 2 months before,
explaining the lack of data from this period. The overal
performance of the tide gauge in the period 1992-1994 is therefore
high.

Some of the difference observed between the two time seriesin
late 1993 are likely to be explained by the lack of T/P observations
from the period day 620 to 700 resulting in a less pronounced
maximum. However the observed difference in 1994 cannot be
explained by lack of T/P measurements. A number of theories
were considered, in order to explain the observed trends between
the two time series, ranging from coasta wave setup, Kelvin
waves to long period tides. In July 1996, the solution to the
problem was found, with the announcement by the TOPEX group
at NASA’s Jet Propulsion Laboratory of the discovery of an error
in the TOPEX agorithm which corrects for oscillator (clock) drift.
The error was observed to give a shorter range estimate with time
after mid 1993, with reported drift rates of about 10 mm per year,
i.e giving rise to an increasing sea level, which prior to the error
discovery was interpreted as a fast global sea level rise of about 6
mm per year by a number of sources. New corrected T/P altimeter
data have not been drawn into this analysis, as it is believed that
the correction will not change the results of the following
comparison significantly. Further the comparison period is limited
to 1992 -1993.

The conclusion drawn from the above analysis is similar to
others (e.g. Verstraete and Park, 1995): T/P derived altimetric sea
level anomalies is of a high quality when used on timescales
greater than 35-days with a precise tide model.
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Fig. 26. Comparison of sea level
time series derived from ERS-1
Point 18,21 versus T/P and Reykjavik Harbour. altimetry in model p0| nt a) 1821
and b) 28.8, T/P altimetryin a
Cross-over point nearest to the
model point and the tide gauge
records for Reykjavik harbour. The
two last data sets have been low-
pass filtered using a 35-days
Gaussian filter.
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The above results show that the T/P derived altimetric sea level
anomaly is in good agreement with observed tide gauge derived
sea level anomalies, within about 6.2 cm RM S on timescale greater
than 35 days. T/P sea level data are therefore drawn into the
validation of the ERS-1 dynamic topography time series on equal
basis with the tide gauge records from Reykjavik Harbour.

It is of interest to validate the ERS-1 altimetric dynamic
topography time series sea level variations which are used as
model input described later. Two model points being representa-
tive for an aerial extent of 400 km? are used in the following. Both
points are selected so that the distance is less than 20 km from an
adjoining T/P cross-over point. Model point (18,21 or 64.25°N,
24.02°W) was selected located at the T/P cross-over point near
Reykjavik Harbour. The other model point (28,8 or 61.97°N,
20.08°W) is located near to a T/P cross-over point south of Iceland
over deep water. The time mark for the single repeat or time step
was set in the middle of each repeat cycle. Thus the ERS-1 time
series have alength of 18 time steps or repeats.

A comparison of this type is not straightforward, due to the
limited number of ERS-1 time steps and the possibility that the
ERS-1 will observe short period transient atmospheric phenomena
which are not resolved in the T/P data set. So the comparison
below can only be of qualitative character.
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Figure 26ab shows the comparison of the ERS-1 atimetric
dynamic height time series for model point (18,21) and (28,8) with
the 35 days low-passed T/P and the tide gauges (Reykjavik
Harbour) time series. Note that each time series has been centred
around their respective mean sea level for the overlapping period
and that the overlapping period between T/P first starts at ERS-1
repeat 6. Low-frequency and to a certain degree also the high-
frequency variations seen in the tide gauge data (Fig. 26a) are
remarkably well represented in the ERS-1 altimetric time series, in
particular for the first twelve ERS-1 repeats (i.e. up to day 506).
For the first 12 repeats a standard deviation between the two time
series of 6.3 cm are found with a correlation coefficient of 0.90,
which is comparable to the result found between the tide gauge
data and T/P atimetry. For the same period (i.e. repeat 6 - 12) a
standard deviation of 7.3 cm and with a correlation coefficient of
0.89 are found between T/P and ERS-1 altimetry.

Figure 26b shows the comparison of the ERS-1 atimeter time
series from the model point (28,8) and the 35 days low-passed T/P
time series south of Iceland. It here becomes clear that the ERS-1
altimetry have problems describing the sea level variations after
repeat 12. The reason is not known whether it is connected to
possible combined effects of orbit errors and atmospheric pressure
variations. Even for repesat 6 - 12 there are problems, which are
likely to be associated with the setting of the ERS-1 time marks
which are set in the middle of each repeat cycle. By fitting the
time marks and disregarding repeat 8 a relatively low standard
deviation and high correlation coefficient can be obtained for
repeat 6 - 12. An inspection of the original T/P data set shows a
Sizeable drop in the sea level in the vicinity of repeat 8, which
have disappeared during the filtering process, indicating that an
unambiguous comparison between the two data set is not possible.

Figure 27 is included to show the comparison of the ERS-1
atimeter time series from the model point (28,8) and the 35-days
low-passed T/P time series south of Iceland, where the inverse
barometer effect correction have been used. The atmospheric
pressure connected to sea level variations should in this case have
been eliminated, under the condition that the atmospheric load is
added instantaneously and with 100%. Both the ERS-1 and the T/
P time series experience the same variations from repeat 6 to 12,
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after which the agreement decreases as in the case above. It is
interesting to note that at the end of 1992 a short period oscillation
with amplitude of over 10 cm are observed in both data sets.
Compared with the seasonal signal observed in the T/P data set
this is a suspiciously high amplitude. Atmospheric pressure
observations from Reykjavik shows for the same period unusual
high fluctuations with range up to 38 mbar over short periods. This
coincidence throws doubt on the reliability of the inverse
barometer effect correction used, particularly during periods with
considerable pressure variations.

From the above findings it was decided only to include ERS-1
altimetric mean dynamic topography from repeat 1 to repeat 12 in
the coming modelling, due to an apparent increase in RMS
difference between T/P and ERS-1 after repeat 12. In addition it
was found advisable not to use pressure corrected atimeter data
from the region.

MODELLING IN THE DENMARK STRAIT AREA AND
ADJACENT SEAS

The promising results of the dynamic topography derived
from satellite atimetry, with respect to deducing the surface
circulation in the study area, makes it interesting to see whether the
inclusion of these resultsin a limited area model can increase our
knowledge of the circulation and transports in the layers below the
surface layer in the region. In the following simulations it is
attempted to apply atimetry at the open lateral boundaries which
make up more than 70% of the total model boundary. Providing
conditions at open boundaries has traditionally caused difficulties
for numerical models in this region (e.g. Legutke, 1987, 1991;
Stevens, 1991; Heburn and Johnson, 1995).

The limited area model used in this work is a fully three-
dimensiona and non-hydrogtatic, primitive equation ocean
circulation model, developed at the Danish Hydraulic Institute
(DHYI), referred to as the SYSTEM 3 or MIKE 3, Rasmussen
(1991). The model has been documented in detail by Rasmussen et
al. (1990) and DHI (1994).

Model Description

The model is based on the primitive equations which are
discretized on a Cartesan grid; x and y are the horizontal
coordinates and z denotes the vertical direction pointing upwards
with origin in the undisturbed sea surface.

The basis equations are the Navier-Stokes equation, the mass
conservation equation, the concentration equation for salt, the
energy equation, and the equation of state,

i = ©
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where U is the velocity vector, P the pressure, p the density, ¢
the earth’s angular velocity, g the gravity, vr the eddy
viscosity, Fex the externa forcing, Sand T the salinity and
temperature, xs and xr the eddy diffusivity for salt and heat,
respectively, o the thermal expansion coefficient, c, the specific
heat capacity, Qy the heat exchange, S denotes the respective
source-sink terms and t is the time. The density is calculated as a
function of T, S and P, following the guiddines of UNESCO
(1981). The atmospheric pressure is included in the model through
the pressure term in eg. (9), and applied instantaneoudly in the z-
direction. The Sss terms handles the possible inclusion of
precipitation, evaporation and radiative exchange with the
surroundings. The dynamic height (or the sea surface elevation)
which is of interest in this study is introduced through the
kinematic boundary condition mentioned later. The prognostic
variables of the model are the three velocity components, pressure
(sealevel) and the two scalar quantities temperature and salinity. A
more thorough treatment of the above equations and their
Reynolds decomposition are given by Rasmussen et al. (1990) and
DHI (1994).

The turbulent closure scheme is the Smagorinsky eddy
viscosity formulation. Thisis the most used scheme for the subgrid
scale eddy viscosity and was proposed by Smagorinsky (1963).
Here the eddy viscosity in the stratified case, vy, is linked to the
filter size (the grid spacings) and the mean rate of strain s
i.e. to the deformation of the flow field. In the unstratified case v-.
is given by

—=\’ 14

Vro = |2(28iiji) 49
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Si = 2 [ d Xi i d Xj j (15)

where | is a characteristic length scale. In order to take into
account the different grid spacing the classical formulation is split
into a horizontal and vertical term. Thus, the length scale | is split

into two,
2 2
| = {Cs.m/(Ax) + (Ay) (16)

CS, VAZ

where csp and csy are constant in space, the value of csy, is set to
0.176 and cs, to 0.352 during the experiment.

In the stratified case the eddy viscosity is damped according to
the local gradient Richardson number (Ri = -g(dp/0z)/p(0U/0z)?)
using a generdization of the classca Munk-Anderson
formulation,
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1 17)
vie (l+w - -Ri)”

where y and a are dimensionless constants set to respective 10
and -0.5.

The eddy diffusivities for sat and heat (ks and x7) are
assumed linearly related to the eddy viscosity through the Schmidt
(Sc=xg/vr) and Prandtl (Pr=xr/vr) numbers, which are both set to
0.05 during the experiment. The kinematic boundary condition
usedis

dg dg dg (18)
U,(z=¢)=—"+U,—=+U —=
Z( g) at X ax y ay
where the pressureis linked to the surface elevation ¢ from the free
surface and down to the first computational node, by the

hydrostatic relation P(z)=-pg(z-¢). (19)

The momentum flux through the sea surface at z=0 is computed
with aquadratic drag law

T

97 J - M 20
pVTEU —paCDMm’\Nw ( )
where p, is the air dengity, Wa is the 10 m wind speed derived
from observed data and Cp, the drag coefficient has been set to

(1.2 + 0.54W ) - 1072 for |V\710‘S 26m/s

21
= T (21
2.6-107° for W2 26m/s

The bottom friction is computed with a quadratic drag law
assuming alogarithmic velocity profile just above the sea bed

fszTiU :pCb
0z

0\0 at  z=—H(xY) (22)

whereV isthe velocity and Cy, is the drag coefficient expressed
as a function of the total water depth, H, the distance above the
bottom, z,, the length scale in eq. (16), |, the von Kaman's
constant, «, the roughness length, z, and the height at which the
logarithmic and Smagorinsky closure derived profiles are identical,

2,
cb:[zﬁH[(l_z*f”_(l_zbj3’2]+1log( - )] @3
3 1 H H K Z0/30

Zy is set to a constant value of 0.25 m in the model domain. At the
open laterd boundaries, which make up more than 70% of the
model’s lateral boundaries, temperature and salinity are set to
values derived from the hydrographic data set 1988-1995
discussed above in the section on data and method. The specified
transport across the open boundaries, which must be specified in a
limited area model, are obtained from the satellite derived sea
surface elevation discussed further in the section on evaluation of
the dynamic topography. It is the inclusion of sea surface elevation
which makes this study interesting, as most other studies from the
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region have used prescribed transports at the open boundaries.
Furthermore none of the studies have had open boundaries for
more than 70% of the model boundaries.

Thus, the variations of all prognostic variables in time and
space have to be prescribed at the open latera boundaries.
However, during outflow conditions, scaar quantities as
temperature and salinity are advected out of the model domain as
determined by the interior of the model. Through the closed latera
boundaries and through the bottom, there is no flux of heat or
mass. Additionally, a free-dip condition is used at closed lateral
boundaries.

On a discretized form the partial differential equation can now
be solved by a finite difference scheme (FDS) on an Arakawa C
staggered grid. Where the velocities u, v and w are defined
between the nodes, the scalar quantities such as the pressure,
sainity and temperature are defined at the nodes. The solution of
the hydrodynamic eguations are advanced in time by applying two
special techniques and using an Alternating Directions Implicit
(ADI) technique in combination with the artificial compressibility
method proposed by Chorin (1967). The ADI technique makes use
of the fact that inverson of a matrix may be split into three
operations according to the three directions. During each
operation, only the prognostic variables directly associated with
the directions, are considered as prognostic whereas the other
direction variables are locked, i.e. only the pressure and the u-
velocities are solved during a x-direction operation.

Thefirgt of the two specid techniquesis called the “fractioned-
step” technique, which is atime staggering of prognostic variables,
Figure 28, described in detail by Leendertse (1967).

The second specia techn-

Fig. 28. Time staggering of the

prognostic variables. By
Rasmussen et al., 1990.

ique is caled “side-feeding”, TIME
which is a semi-linearization of A
the non-linear terms in the
equations. For details on the
side-feeding technique see | n+ 2 o
Abbott (1979). It has been
shown that the discretization
used is accurate to the third
order, so if al terms are
accurate to the third order, the n+ 1 o
finite difference scheme (FDS)
is supposed to have a second
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Fig. 29 The model domain and
topography, contour valuesin
meter.

(Gridspacing 20 000 m)

range of 1 to 10. In a compressible fluid, sound waves would be
the fastest propagating waves and ¢ should be set to the speed of
sound in seawater (~1485 m/s). Thus, this physical valueimpliesa
correspondingly small time step to ensure stability. The introduct-
ion of an artificial compressibility in the continuity equation makes
it possible to choose an artificia speed of sound, ¢s, which leads to
a practicaly usable time step. By choosing cslarger than the
shallow-water wave speed (C*=g™) and smaller than the speed of
sound in sea water, the fastest propagating waves such as shock
and true sound waves are filtered out, leaving the shallow-water
wave (or barotropic waves) which carries the information of the
barotropic pressure undisturbed. The use of the artificia
compressibility together with the two specia techniques makes it
possible to use a non-iterative ADI-algorithm, which givesriseto a
computationally very efficient solution algorithm.

Scalar quantities such as temperature and salinity are modelled
using the QUICKEST (Quadratic Upstream Interpolation for
Convective Kinematics with Estimated Streaming Terms) scheme
proposed by Leonard (1979). Briefly, this method can be described
as based on a conservative control-volume formulation, where
upstream interpolation is used to determine higher order
derivatives. An extended version to three dimensions by Vested et
al. (1992) is used in combination with the SHARP scheme
(Leonard, 1988), where the SHARP scheme is used as a bound
exponentia interpolation in regions with steep gradients in the
scalar field.

Details of the numerical schemes
used to solve these equations have

(Gridspacing 20 000 m)

| been documented in various papers

" (e.0. Rasmussen et al., 1990; DHI
1994) and will not be discussed
further here.

The model domain and the
topography are shown in Figure
29. The latter is derived from the
Naval Research Laboratory-
Acoustics division, 1980, Map and
Chart series, MC-21. The model is
set up on a 50x60x20 grid with a
resolution of 20 km in the
horizontal and 50 min the vertical.
Thus, the equations are solved for
20 horizontal levels in the upper
1000 m of the water column.
Variations in the water depth are
accounted for by using a bottom
boundary fitting approach of the
lowest box such that the actual
depth is taken into consideration.
The model domain is set as a
compromise between the spatial
extent of the already existing

ESOP (European Sub-Polar Ocean
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Fig. 30. Climatological monthy mean wind
PrOgramme) m(_)del from the fields for September a) Hellermann and
area and the atimeter data set. Rosenstein (1983) and b) ECMWF fields.
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preferred. These new fields used in the following are representa:
tive for the seasonal period May to September.

Monthly climatological wind data by Hellermann and
Rosenstein (1983) and ECMWF (1988) were used during the
simulations. Figure 30 shows an example of the two wind fields.
Notice that there is a significant difference between the two wind
fields. The Hellermann and Rosenstein field being significantly
stronger than the ECMWF field, which is derived from monthly
mean pressure fields.

At the open lateral boundaries sea level heights derived from
satellite atimetry are used. Temperature and salinity are applied
from the two initial fields mentioned above. The satellite derived
sea levels are introduced to the model grid pointsin a similar way
as the temperature and sdlinity fields, i.e. by the use of bilinear
interpolation. The above conditions constitute the forcing of the
model.

The modd is initialized with the new temperature and salinity
fields discussed above, and a stagnant velocity field. During the
initial spin up, the forcing applied by the sea level at the lateral
boundaries are gradually increased over a period of 35 days, in
order to prevent the effects resulting from a suddenly applied
force. In the present case thisis done by alinear interpolation over
the period. It was redlized very late in this study that the new
temperature and salinity fields in themselves congtituted a forcing
field, and therefore also should have been introduced gradually. As
it was not the purpose to evaluate this finding, it isnot used in the
following model experiments. However, it was very early seen that
the model had problems handling the new temperature and salinity
fields, so a relaxation scheme was introduced to compensate for
these problems. The introduction of the relaxation scheme will be
discussed in a later section. The simulations in the following do
not include heat exchange with the atmosphere, atmospheric
pressure and precipitation/evaporation.

M odel results and discussion

From earlier works (e.g. Stevens, 1991; Legutke, 1987, 1991;
Aukrust and Oberhuber, 1995) it had become clear that new and
more realistic temperature and sdinity fields were needed for the
region. In the following sections the introduction of the
temperature and salinity fields and the modelling results using
atimetry at the open boundaries in the limited area model will be
discussed and compared with observations from the region. The
modelling efforts have, for convenience of understanding, been
divided into a number of experiments. In experiment 1 the only
driving force is the density field derived from the new temperature
and salinity fields discussed in the section on data and methods.
The main findings are the circulation and transport in the Denmark
Strait which resembles results derived by classical means and the
model problems handling the diffusion which leads to mixing in a
more than adequate amount. In order to avoid this tendency a
relaxation scheme towards the initial temperature and salinity
fields was introduced. In experiment 2 two additional forcing
terms are applied, dynamic height derived from altimetry at the
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open lateral boundaries and wind at the sea surface. The model’s
response to the applied open lateral boundaries is discussed. It is
attempted to solve the numerical problems by introduction of a
dightly modified dynamic height field at the open laterd
boundaries.

During the model simulations the prognostic variables are
saved in two ways, the surface field is saved every three hours (i.e.
every 36 time steps), while the total field is saved every 12 hours
(i.e. every 144 time steps). In the following there will be referred
to snapshot or mean values of the prognostic variables, meaning
either asingle time step or afour days mean value respectively.

Thetemperature and salinity fields

The temperature and salinity fields used to initialize numerical
circulation models for the region have up to now made use of the
Levitus (1982) data set. Because of the space- and time-averaged
nature of this data set, it has become very smooth. Strong fronts
and topographic signatures in the temperature and sdinity fields,
and therefore also in the density field, have been weakened to a
degree which makes it questionable whether it can be used in
connection with open lateral boundary conditionsin alimited area
model, where inflow points are prescribed by the initia fields.
Experiments have shown that ill-posed open lateral boundary
conditions with respect to the density field can lead to unrealistic
circulation patterns in the interior of a model (e.g Griffiths, 1995).
The effect arises as a consequence of the joint effect of
baroclinicity and bottom topography known as the “JEBAR” effect
identified by Sarkisyan and Ivanov (1971). For a flat-bottomed
ocean the effect is non-existent. However, in the case of prominent
bottom topography, the baroclinic-topography interaction can give
rise to a barotropic current component which is comparable or
even larger than the baroclinic counterpart (e.g Mellor et al., 1982;
Park and Gambéroni, 1995). It is therefore of great importance that

Fig. 31. Temperature and salinity at
50 mdepth at a hydrographic
station located in North Icelandic
watersin May/June 1924, 1926,
1936, 1937, 1947 and 1952-1994
(Malmberg et al., 1996).
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the prescribed properties at the open latera boundaries resemble
those observed in the nature.

Another problem connected to the Levitus data set is that it
includes data from the period characterized as the “ Great Sdinity
Anomaly” in the late 1960s. During this period the northern North
Atlantic and the Nordic Seas undertook a significant change in
properties (e.g. Dickson et al., 1988; Blindheim et al., 2000),
where changes were observed over most of the region. In the
Nordic Seas it was mainly seen as a decrease in temperature and
salinity in the upper 1000 m of the water column. The same
tendency was also observed over large areas of the North Atlantic.
It is therefore not surprising that some of the models from the
region report results which are smilar to what was observed
during the “Great Salinity Anomaly” (e.g. Aukrust and Oberhuber
1995).

Figure 31 shows an example of atime series of temperature and
salinity observed in May/June at 50 m depth on the North Icelandic
Shelf. It shows that a rather abrupt change in both temperature and
salinity occurred during the late 1960s. During a relative short
period the shelf waters, which were earlier of Atlantic character
with sdinities on average of about 35.0 and temperature mostly in
excess of 5°C, were suddenly replaced by colder Arctic and Polar
waters. This resulted in an average decrease of more than 2°C and
0.4 psu, athough conditions have been much more variable during
the following years than before 1965. The origin of the changed
conditions on the North Icelandic shelf areas in the late 1960s is
generally believed to be a new state (mode) caused by increased
amount of Polar Water in the East Greenland Current spreading
into the East Icelandic Current (EIC) further offshore. Thus, the
EIC had changed from an ice-free Arctic current to an Arctic/Polar
current, which under unfavourable conditions can preserve drift ice
and even support formation of new ice (Mamberg, 1969).

Legutke (1987) questions the Levitus density field, “the
problem remains whether the density data used are suitable for
diagnostic calculations, where climatological data tends to be
smooth by averaging moving fronts’. Legutke (1991) shows that a
significant adjustment of the temperature-salinity fields to the
topography first occurs after ayear of spin-up.

20 STATION 10 1

r deyﬁ

Fig. 32. Potential density along 62°
N between Greenland and the
Faroes. The contour interval is 0.05
(Krauss, 1995).
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With background in the problems described above it was
decided to make a new temperature and salinity field data set for
the study area. The selection criteria was set by date and quality, i.
e. only CTD data after 1987 were used. The data set is described in
detail above in the section on data and methods. The main bulk of
data were obtained during the months May to September, making
it a spring/summer data set. As aready mentioned, the data set was
spatially interpolated to the model grid by using a bilinear
interpolation routine. The problem arose whether further
smoothing was desirable. One of the main advantages by
smoothing would be removal of a supposed eddy field which could
exist in the data set, on the expense of the more stationary field.
An inspection of the data set revealed that many of the observed
fluctuations in the density field were closely connected to
variations in the bottom topography. Figure 32 gives an example
of a potential density section in the North Atlantic along the 62°N
latitude between Greenland and the Faroe Idands. It clearly
appears that the dratification is highly dominated by eddy like
features, however many of them seem to be closely related to the
bottom topography. From just a few sections in the region it
becomes clear that to make a divison between transient and
permanent (topographic) featuresis an almost impossible task.

Based on initial test run results using unsmoothed fields, it was
decided to use only unsmoothed fieldsin the rest of the study.

Experiment 1 (puredensity runs)

In the two runs described in the following, the model is
integrated for 29 days (8064 time steps, where one time step
equals 300 s) under the conditions that the only driving force isthe
density field and at the open lateral boundaries the sea surface
elevation are set to a constant equa to zero. The difference
between the two density runs discussed below, is that in the first
case the temperature and salinity fields are allowed to adjust freely
to the model parameterization and in the second case they are
relaxed towards the initial fields.

The relaxation scheme used on the temperature and salinity
fiedsis

Siigd= (1-0) Srode+ 0Sinitial (25)

where Siqq is the new field after the relaxation, Sy iS the model
derived field, Snita is the initid field and a is a weighting
coefficient. The relaxation time scale is set to 100 minutes and the
weighting coefficient a is set to the constant value of 0.5 all over
in the model domain. The relaxation scheme makes it possible to
control the temperature and salinity fields, and only alows for
minor deviations from the initia fields. In the present case the
model derived fields are adjusted to the initial fields every 20 time
steps by the relaxation scheme. One major problem using a
relaxation scheme of this type is the possbility that the density
field is improperly adjusted to the topography from the start. This
can give rise to unrealistically strong boundary currents near steep
topographic features. Thus, there is aways the possibility that a
JEBAR effect can cause spurious topographic currents.
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Fig. 33. Horizontal velocity field in
the surface layer and at 500 m after
27 days for the density field allowed
to adjust freely according to the
forcing and parameterization of the
model (20 cnv's scale at the lower
right).

As mentioned above the sea surface elevation is in the
following prescribed to zero along the open boundaries, while the
vertical shear is left free to adjust. The distribution of inflow and
outflow along the sections is thus not given a priori, but is
determined by the dynamics of the model. The temperature and
salinity are prescribed at inflow points. Under outflow conditions,
however, scdar quantities are advected out of the model as
determined by theinterior.

Figure 33 displays a snapshot of the velocity fields in the
surface layer (layer 20) and at 500 m depth (layer 10) after 27 days
for the density field which is alowed to adjust freely according to
the forcing and parameterization of the model.

Not unexpected, the most prominent feature is the high level of
wave energy in the velacity fields, with the highest levels observed
south of the ridge between Greenland and Scotland. The open
boundaries which are set to zero do not allow the barotropic flow
(associated with the sea surface elevation) to leave or enter the
domain, instead it is being distorted and reflected off the
boundaries. The wave energy is at depth additionally increased by
the dendity effects. Connected to these oscillations an intense
mixing of the temperature and sdinity field is observed, making
these fields dmost unrecognisable compared with the initial fields
already after 27 days.

The pronounced difference in wave energy which is observed in
the regions north and south of the ridge, suggests that the dynamics
of the two regions are of completely different character. With the
circulation in the Iceland Sea to the north of the ridge being more
dependant on the barotropic component of the flow, i.e. on the sea
surface elevation. Whereas the circulation in the Iceland Basin
south of the ridge is more dependant on the baroclinic component
of the flow, i.e. on the density fields. These findings are in
agreement with direct current meter observations from the regions,
which show strong baroclinic character in the Iceland Basin (van
Aken, 1993) and a more barotropic character in the East Greenland
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Figure 34 illudtrates the point,
by showing two vertica sections
of the model initial density field, a
west-east section along model
point x,10 and a south-north
section along model point 30y,
respectively. Here the steepest
sopes of the isopycnals are
observed to the south of the ridge,
indicating that the baroclinic flow
component is of greater
importance in the Iceland Basin
than in the Iceland Sea.

The above results indicate that
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when it comes to the integration 0 5
of open lateral boundaries using

sea surface elevations in a limited
area model for the region, the
model is less senditive to the
choice of prescribed sea level at
the northern boundary than at the
southern boundary. At the
southern boundary it is of vita
importance to describe the sea
level correctly from the start in
order to avoid the initial
oscillations.  Similar problems
connected to the choice of
southern boundary conditions in
the region have been reported by
Stevens (1991) and Griffiths
(1995). 0 , : : : :
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Stevens (1991) observes, using
Levitus data, that a treatment of
the southern boundary (in his case 58°N) using a simple choice of
a prescribed barotropic stream function is not possible. Stevens
found that the boundary data are not consistent with the
topography and the density field which forces the stream function.
Opposite a the northern boundary (~83°N) where he observes that
the stream function is able to adjust within asingle grid point from
the approximate boundary data to a value consistent with the
equations of maotion.

Griffiths (1995) notes the importance of the right choice of
location of the open boundaries, in order to get the mass transports
correct. For a limited area model of the Iceland-Faroe Front she
used unforced open boundaries to the north (67°N) and south (59
or 60°N), and observed two different circulation patterns in her
model depending on which of her southern boundaries she choose.
The discrepancy between the two she explains by the JEBAR
effect where the presence of a baroclinic ocean in conjunction with
topography can drive a barotropic current.

Fig. 34. Distiribution of density on
a vertical plane extending a) west-
east along model point x, 10 and b)
south-north at model point 30,y.
The contour interval is 0.1 o; units.
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Fig. 35. Horizontal velocity field in
the surface layer and at 500 m after
27 days for the density field making
use of the relaxation scheme. (20
cm/s scale at the lower right).
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At a late stage of the work with MIKE 3 it was realised that a
way to reduce the oscillations was to apply a baroclinically derived
sea surface height at the boundaries almost instantaneously during
the initial spin up, to respond to the sea surface height derived in
theinterior of the model, see next section.

In order to reduce the high level of oscillations and subsequent
mixing which are likely to occur during the initial spin-up, two
schemes were considered. The first scheme is to raise the eddy
viscosity coefficients during the initial spin-up to dampen possible
initial oscillations and the second would be the use a relaxation
scheme as described in the start of this section. The results above
indicate that an additional increase of the viscosity coefficients
would just lead to an increase mixing, so that scheme was rejected.
It has lately been shown that the model used has problems with
grid diffusion, which is experienced to produce mixing in a more
than adequate amount (Andersen, 1996). It was therefore decided
to test the relaxation scheme for its eventual use in the following
experiments. An advantage is that the density field is kept
approximately fixed to the initia field, avoiding the problem which
is connected to the parameterization of the horizontal and vertical
diffusive coefficients of momentum, temperature and salinity. As
Stevens (1991) notes that the vertical mixing in the ocean is still
poorly understood and poorly treated in general circulation models.
A further discussion of the problems concerning a better choice of
parameterization of the horizontal and vertical diffusive
coefficients of momentum and tracer (heat and sat) will not be
given here. Asindicated by model results from the Atlantic and the
Nordic Seas it takes lots of effort just to parameterize the model
and choose the right boundary conditions (e.g. Stevens, 1991,
Legutke 1991; Aukrust and Oberhuber, 1995; Boning et al., 1996).
It then takes many model years before the fields (temperature,
sdinity and therefore density) significantly adjust to the applied
forcing and topography.
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Figure 35 displays a snapshot of the velocity fields in the
surface layer (layer 20) and 500 m (layer 10) after 27 days for the
density field which makes use of the relaxation scheme.

Compared with Figure 33 the oscillations is dampen to a level
which is acceptable with respect to the applied open latera
boundaries. In the interior of the model the East Greenland Current
has become apparent.

Thus, the relaxation scheme used in connection with a
“redlistic” density field makes it possible to shortcut the time
consuming spin-up which is required when using the Levitus data
set. However it should be stressed here, that the used temperature
and salinity fields are not perfect.

Based on initial test runs it has become apparent that a four day
mean value of the velocity field discussed above is able to remove
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Fig. 36. The mean velocity field in
the surface layer, at 250, 500 m and
1000 m after 27 days for the
experiment using the relaxation
scheme (20 cnvs scale at the lower
right).
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the high frequency oscillations
observed in the velocity field,
and what remains are the more
robust features in the velocity
field. Figure 36 shows the mean
velocity field in the surface layer
(layer 20), 250 m (layer 15), 500
m (layer 10) and 1000 m (layer
1) after 27 days, for the
experiment using the relaxation
scheme.

As expected the best model
feature is the East Greenland
Current and the circulation in the
Denmark Strait. The circulation
is very smilar to the one
obtained with the use of
dynamical calculations assuming
geostrophy. As pointed out by
Malmberg et al. (1995) there is
an accordance between the
geostrophically calculated veloc-
ities derived from the density
field in the upper 200 m and the
velocities measured by current
meters in the cold and low saline
waters in the Denmark Strait.
The Irminger Current is
observed as a northward flow of
Atlantic water on the west
Icelandic shelf with velocities of
the order of 10 crm/s. The highest
velocities are observed in the
East Greenland Current near the
Icelandic continental dope with
velocities of the order of 20-30
cm/s at the surface and on the
East Greenland Shelf an
anticyclonic gyre is observed
over the @st Bank (~67°30'N,
30°W), in agreement with
observations (Krauss, 1958; and
unpublished Nordic WOCE
1992 data). More unexpected are
the low velocities observed in
the Iceland Basin, compared

Fig. 37 The mean dynamic
topography derived by a) the model
at day 27 and b) the dynamic height

anomaly relative to 150 dbar
derived from the hydrographic data
set 1988-1995. Unitsarein meter.
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with results by Griffiths (1995) who for a similar experiment
found velocitiesin the range 10 to 20 crmy/s.

The mean transport through a section in the Denmark Strait has
been cal culated (between model points (10,47) and (20,30)) giving
values of 1.53 Sv to the northeast divided between the two currents
on the two shelves, and 5.83 Sv to the southwest. This is in
agreement with what is generally accepted as the transport through
the Denmark Strait. Unfortunately, it has not been possible to
differentiate between the transport estimate of different water
Masses.

Figure 37 shows a comparison of the mean dynamic
topography derived by the model at day 27 and the dynamic height
anomaly relative to 150 dbar derived from the hydrographic data
set. A remarkable resemblance is observed between the two fields,
indicating that the best way to handle the temperature and salinity
fields at present is through the use of the relaxation scheme.

A feature seen in Figure 36 which is not fully understood, is the
“current” which emanates from the EGC. It is seen as a southward
flow dong the Icelandic continental slope which continues south
along the Reykjanes Ridge until it turns east at the southern
boundary. This “current” is believed to be generated by the ill-
posed boundary conditions and it appears to be a very robust
feature which can be observed in the coming model runs. However
model results in the framework of the World Ocean Circulation
Experiment Community Modeling Effort shows evidence of a
similar circulation pattern (Boning et al., 1996; Redler and
Bdning, persona comm., 1996).

The discussion above can be summarized as follows: The best
way to handle the uncertainties which are connected to diffusionis
by the introduction of a relaxation scheme for the temperature and
salinity fields. Away from the boundaries the model is able, with
the use of a redlistic density field, to model transports in the
Denmark Strait which is in agreement with generally accepted
values derived by other means. In the following experiments it is
therefore decided to make use of the relaxation scheme.

Experiment 2 (altimeter data applied at the open boundaries)

In the following experiments the dynamic sea surface heights
derived from satellite altimetry will be introduced at the open
lateral boundaries of the model. Since the applied temperature and
salinity fields consist mainly of data from the spring-summer
period, it was decided to make use of satellite data from the same
seasonal period only. In the following, repeat 4 from the ERS-1 35
days repeat cycle, which is representative for August 1992 will be
used. Notice that, as mentioned above in the section on evaluation
of the dynamic topography, the dynamic heights used are not
corrected for inverse barometer effects. In addition to the dynamic
heights applied at the open latera boundaries, climatologica
monthly mean wind data from the European Centre for Medium
Range Weather Forecasts (ECMWF, 1988) was applied as a
dynamical boundary condition at the sea surface.

During preliminary experiments a number of different types of
initial spin-up procedures were tested, all leading to nearly the
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same results. The spin-up used in the following starts with the
initial sea surface height field set to zero al over in the model
domain which aso includes the open lateral boundaries. The open
boundaries are then over a period of 35 days alowed to adjust
linearly to the prescribed open boundary values determined by the
altimetry. The wind stressis applied instantaneously.

Experiments with prolonged periods of wind action (up to 6
month) after the initial spin-up revealed no major difference in the
velocity field compared to 35 days initid spin-up trails. An
experiment with the much stronger Hellermann and Rosenstein
(1983) wind field compared to the ECMWF field gave similar
results. A similar result is obtained by Griffiths (1995) for a
limited area model of the Iceland-Faroe front. A possible
explanation is that the applied sea surface elevation at the open
boundaries already contains the mean wind signal, which makes
the results less sensitive to the applied wind stress field. Another
possible explanation is that the ared extent of the model is so
limited that aredlistic wind actionis not possible.

During the initial work with the atimeter data set, a number of
test runs were performed where the only driving force, except for
the dendity field, was the satellite atimetry applied at the sea
surface as inverse barometer effects through the atmospheric
pressure term in the model. Applying this term as a stationary field
will not add any force to the water column, as the atmospheric
pressure and the adjusted sea level will cancel each other.
However, when it comes to the time varying part of the pressure
fidd induced by the atimetry over a 35 days period, which is
observed to have variation of the order of £10 mbar (or ~+10 cm
when speaking of sea surface heights) the situation completely
changes. Now, aforce is applied on every water parcel through the
time varying pressure terms in the governing equations. The
results of the smulations, not shown here, are very similar to the
density experiment described above. However, weak evidences of
fluctuations were found in the more robust features of the velocity
field in the Denmark Strait. During a simulation a strengthening of
the Irminger Current along the west coast of Iceland was observed
in connection with an assumed inflow scenario to North Icelandic
waters. The test series was not followed up. Though it would have
been a good opportunity to test the response of the model to
variations in the applied pressure field and at the same time
estimate their importance. Isit therefore possible, that the observed
variations in sea level discussed above in the section of evaluation
of the dynamic topography, are responsible for strengthening or
weakening of existing currents, or even causes the on set of
currents, especially with respect to the dynamics and the variations
of the North Icelandic Irminger Current, which is observed to be
intermittent in nature. The use of atmospheric pressure and itstime
variations is a field overlooked by modellers. It have not been
possible to find any model studies from the region which reports
on the effect of using atmospheric pressure variations when
studying the circulation in the Nordic Seas. The question must here
rest for later investigation.
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In the following discussion and description of the results
repeat number will be referred to instead of time. For example
repeat 4 refers to the time where the boundary condition for
repeat 4 isworking optimally.

Figure 38 shows the mean velocity field in the sea surface
layer, 250 m, 500 m and 1000 m depth for repeat 4 being
representative for August 1992, where the original altimetry data
set is applied at the open boundaries.

Besides the obvious problems near the western and southern
boundaries, which are discussed later, an interesting circulation
field has developed in the rest of the model domain, especialy in
the region north of Iceland, i.e. in the Iceland Sea. The progress
of the East Greenland Current (EGC) from the north is seen as a
concentrated current following the bottom topography along the

Fig. 38. The mean velocity field in
the surface layer, at 250 m, 500 m
and 1000 mfor repeat 4, where the
original altimetry data setis
applied at the open boundaries (20
cnvs scale at the lower level right).
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coast of East Greenland southward towards the Denmark Strait.
The highest velocities are generally observed over the steeper parts
of the continental slope, in agreement with observations. A few
grid points from the northern boundary the surface velocity of the
East Greenland Current is observed to be in the range 20 crm/s to
40 cm/s, which is in agreement with observations. Approaching
the Denmark Strait the main bulk of the EGC is forced by the
bottom topography into a more southerly direction leaving the
coast of East Greenland, bringing the current nearer to the
continental dope of Iceland. Here the bottom topography
(continental slope) of Iceland participates in the steering of the
current. This influence holds until the sill of the Denmark Strait,
where it again turns back to the East Greenland shelf areas. The
model results show that the highest velocities in the Denmark
Strait are found over the deeper parts of the Strait and over the
Icelandic continental dope, which is in agreement with
conventional observations. The observed vertical variations of the
velocity field associated with the East Greenland Current are
observed to resemble the few current meter measurements from
the area. The current is observed to undergo a transformation from
more barotropic in the northern part (around 70°N) to more
baroclinic in the southern part (around 68°N) (Mamberg et al.,
1995).

It isinteresting to note that, compared with the pure density run
results (Figure 36), no mgor changes in the circulation pattern
have taken place in the surface layer in the Denmark Strait. On the
other hand, a noticeable change is seen in the deep part of the
water column, as a strengthening of the current towards the
southwest along the Icelandic continental dope. These findings
suggest, that the surface layer in the Denmark Strait is mainly
driven by the local density field, whereas the intermediate and
deep layers seem to be driven by the dynamics of the surrounding
regions. The finding throws doubt on the reliability of using
geostrophic estimates of the transport through the deep parts of the
Denmark Strait.

The mean transports through the section in the Denmark Strait
have been calculated giving vaues of 0.1 Sv to the northeast and
12.0 Sv to the southwest, i.e. a doubling of the transport to the
southwest is experienced compared to the pure density run
discussed above. As for the density experiment it has not been
possible to differentiate between the transport of the different
water masses. A total transport of 12.0 Sv to the southwest in the
Denmark Strait is perhaps at the upper limit, however compared
with the purely density derived transport of 5.83 Sv the addition of
the barotropic component of the flow would more likely give a
trangport in the range of 9to 10 Sv.

As already mentioned in the section on genera circulation, the
present knowledge of some details about the circulation in the
Iceland Sea is dtill limited. For example the origin of the East
Icelandic Current has been described only in genera terms (e.g.
Stefansson, 1962; Mamberg and Blindheim, 1994), as being
formed from a branch of the EGC to the north of Iceland which
joins the cyclonic circulation in the Iceland Sea and eventualy
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mixes with the North Icelandic
Irminger Current. The model
results shown in Figure 38
confirm these ideas, and propose a
more complete picture of the
system, where the main key in the
description seems to be the
presence of the Kolbeinsey Ridge
(i.e. topography). The model
results show that the EGC is not
only steered by the topography of
the East Greenland continental
dope, but aso by the western
slope of the Kolbeinsey Ridge,
which divides the EGC from the
cyclonic circulation observed in
the Iceland Sea. The part of the
EGC which is influenced by the
topography of the Kolbeinsey
Ridge, follows it to the south to
the Spar Fracture Zone at ~69°N.
There the current turns southeast
and joins the cyclonic circulation
of the Iceland Sea, leaving a
relative large and dynamically
interesting area in between it and
the EGC. Along the northeast
Icelandic continental slope the
current becomes known as the
East Icelandic Current. The model
results indicate that the current
has a strong barotropic character
in the upper 1000 m of the water
column.

It is difficult to verify the Fig. 39. The location of stationsin
branching of the EGC. However, one observes that the circulation the Icelandic-Danish Greenland
described above is not only limited to the surface layer but can be  SeaProject (GSP) 1987-1991 in the

western Iceland Sea in September
traced down to a depth of at least 1000 m. A good tracer for water and the horizontal distribution af

movements in the region is the lower Arctic Intermediate Water salinity maximumin the 0-500 m
(IAIW), which is known to originate from the West Spitzbergen layer expressed by the 34.92
Current and is characterized by a salinity maximum in the upper isohaline and the core values
parts of the water column. Figure 39 (Mamberg et al., 1996) (Malmberg et al, 1996).

shows the distribution of the salinity maximum in the 0-500 m
layer expressed by the 34.92 isohaline and core values.

Two of the years, 1987 and 1991, indicate a branching of the
IAIW located in the EGC. On the other hand, years where no
branching of the IAIW is observed, do not necessarily mean that
the current is absent, it more likely indicates that the IAIW is not
located over the western dope of the Kolbeinsey Ridge. An
additional weak support to the proposed topographica steering by
the Kolbeinsey Ridge and subsequent branching of the EGC is that
a correlation seems to exist between the hydrographic conditions
along the 71°N section and a section northeast of Iceland which
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covers the East Icelandic Current. In years where the laterd
extension of the EGC in the surface layer is observed to be wide at
the 71°N section, polar conditions are observed in the EIC at the
“same time’. The opposite stuation is when the EGC, and
therefore Polar Water, is observed near to the East Greenland
Coast, arctic conditions are observed in the EIC. With an observed
mean speed of ~10 cnV/s the response of changing condition at the
71°N section will be observed approximately 2 to 3 months later at
the section in the EIC, under the assumption that no major change
in forcing and mixing takes place in the region.

Similarly to the East Icelandic Current, the model result of the
cyclonic gyre in the Iceland Sea is observed to have a strong
barotropic character. Near-surface drifter results published by
Poulain et al. (1996) show the presence of the cyclonic gyre in the
Iceland Sea (Stefansson, 1962) limited to the west by the
Kolbeinsey Ridge. A remarkable resemblance between the model
and drifter solutions is observed. The southern part of the gyre is
seen to leave the model area between 67 and 68°N, in agreement
with drifter observations reported by Poulain et al. (1996). The
reason why the cyclonic gyre is not seen fully developed to the
eadt, is that the return flow to the north is situated to the east
outside the model domain.

A circulation pattern very similar to that observed in the model
for the Iceland Sea as above has earlier been observed by Legutke
(1991). Using Levitus fields and a too high viscosity coefficient
Legutke observed a similar current field which was smooth and
without details. Legutke notes, that care has to been taken with an
appropriate resolution of mesoscale topographic features, since
observations and model results suggest a strong controlling
influence of the topography not only on the current but also on the
density field, and in particular the influence of submarine ridges
are important. With respect to temporal variability she concluded
that the treatment of open lateral boundaries congtitutes a problem
for the application of the model results to observations. The
boundary conditions (in her case set to constant transports) can
introduce artificia variations in the interior of the model, meaning
that the variations in the observed fields in the Nordic Seas depend
highly on what happens outside the model domain.

The triangle area bound by the two topographically steered
branches of the EGC and the north coast of Iceland represents with
respect to hydrography, dynamics and forcing, is a very interesting
area. Here occasionally inflow of warm Atlantic Water to the
North Icelandic shelf areas is observed to take place through the
eastern part of the Denmark Strait. The inflow of Atlantic Water is
observed to have great importance for the ecology and marine life
in the area (e.g. Jakobsson, 1992; Mamberg and Blindheim, 1994).
What makes it an interesting area from an oceanographic point of
view is that the hydrographic conditions of the North Icelandic
shelf areas can change/shift between three different regimes. A
distinction is made between, Atlantic, Polar and Arctic conditions.
Several authors have discussed the cause of the observed
variability in the Iceland Sea (e.g. Aagaard, 1970; Mamberg and
Krissmannsson, 1992; Jonsson, 1992, 1994; Mamberg and
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Jonsson, 1997). Attempts have been made to correlate it with the
wind stress curl in the Iceland Sea and adjacent areas, indicating
that the wind stress curl is a factor controlling the hydrographic
variability. The model results give no answer to this problem, as
the model is not able to reproduce the observed eastward flow
along the North Icelandic shelf, known as the North Icelandic
Irminger Current when associated with Atlantic Water. Direct
current measurements from the outer parts of the northwest
Icelandic shelf at water depths of 250 m, show variable high speed
currents with main direction oscillating around an easterly
direction. At the same time the temperature is observed to fluctuate
between nearly pure Atlantic Water and a mixture of Atlantic and
Polar/Arctic waters. Dueto its directiona steadiness, it is therefore
suggested that the current is driven by an interaction between the
local topography and the East Greenland Current, which mixes
with Atlantic water that is always present in the area. However,
during inflow of Atlantic water the current is in addition density
driven. Unfortunately, the bottom topography used by the model is
too coarse to resolve the finer structure of the shelf which can be
of possible importance for the circulation. Future studies must be
carried out with a much more detailed bottom topography of the
shelf areain order to get a more detailed picture of the circulation
on the shelf areas of the model. Furthermore, the influence of the
boundary observed a the model’s western and southern
boundaries discussed below cannot be ruled out as the cause of the
none observed eastward transport on the North Icelandic shelf.

The discussion above reveds that the model circulation within
the Iceland Sea and the Denmark Strait isin remarkable agreement
with observations, however one exception is the area located just
north of Iceland between the East Greenland Current and the East
Icelandic Current. As will become evident below, some of the
disagreements can be explained by the artificial current system
which is set up south of the ridge between Greenland and
Scotland.

In the region south of the Denmark Strait and Iceland obvious
numerical problems are observed at the western and southern
boundaries. Lots of effort has been devoted to solving these
problems. The most obvious reason would be to throw doubt on
the used dynamic heights derived from atimetry, which is known
to be questionable near Greenland. In an attempt to solve the open
boundary problems a new set of open boundary conditions was
constructed from the atimetry. The new western boundary was
obtained by lowering all heights by 20 cm. Thereafter the western
boundary from model point (0,17) to the coast of Greenland (0,43)
was tilted until the height of the point nearest Greenland
approximately matched the height nearest Greenland at the
northern boundary. In order to avoid possible extrapolation errors
obtained during the processing of the altimeter data new boundary
datafor the northern, eastern and southern boundary were obtained
from insde the model domain. For the northern and eastern
boundaries the altimeter data was taken 5 grid points inside the
model domain, while for the southern boundary it was taken 8 grid
inside the model domain. The eastern and southern boundary was
then additionally lowered by 10 cm.
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Figure 40 shows the mean velocity field in the sea surface
pattern. The increase
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time seen to increase from 12.0 Sv to 19.0 Sv. The numerica
problems associated with the downstream gradient of the dynamic

32.7 Sv. The transport through the Denmark Strait is at the same
height of the EGC, observed at the western boundary near

modified atimetry boundary data set has been applied at the open
southward transport through the northern boundary from 16.2 to
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Fig. 40. The mean velocity field in
the sea surface layers at 250 m,

mand 1000 m for repeat 4
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Greenland are reduced, however on the expense of a strengthening
of the westward flow in the surface layer just north of Iceland, a
current never observed by direct means. To the south of the
Greenland-Scotland Ridge no maor changes in circulation and
velocities are observed, except for the current southeast of Iceland
which is observed to be strengthened. It becomes specul ative when
the two velocity fields derived from altimetry are compared with
the pure density run in Figure 36. One observes that the circulation
in all three cases isthe same in the region south of the ridge, where
the only changes observed are in the magnitude of the velocities
between the cases.

As mentioned earlier, it was late in the study realized that the
physical integration of the open boundary conditions and the initial
spin-up procedure used was wrong. Generally, limited area models
need specification of either transport across open boundaries or the
sea surface elevation at the open boundaries. It is then normal to
apply the forcing at the open boundaries gradually in order to
avoid shock waves and initial oscillations, i.e. starting from rest
(with no transport or sea level gradients, through or on the open
boundaries, respectively). The procedure is likely a left over from
the times when models were of hydraulic character and the density
was set to a constant, i.e. the initial density field is unforced.
However, with the inclusion of a non-constant initial density field
the situation changes completely. The procedure is now used in
connection with a dynamic density field in the interior of the
model where the open boundaries are alowed to adjust only
gradually over a certain time period. Thus, a dynamica
inconsistency is obtained between the interior of the model and the
applied open boundaries. During the first time steps the interior of
the model starts to adjust to the density field by setting up a
velocity field and a sea surface topography. At the same time the
open boundaries are till dynamically inactive not responding to
the dynamics of the interior. The model response to the situation as
observed in Figure 33, where the open boundary used acts as a
reflector. In regions where the circulation is mainly driven by
baroclinity (i.e. density) strong oscillations develops, whereas
regions which depend less on baroclinity show weaker signs of
oscillations. In order to damp the initia oscillations, it is common
to raise the eddy viscosity coefficients during the initial spin-up or
more infrequently by the use of a relaxation scheme as described
above. The initial oscillations are perhaps reduced, however a
more serious problem is the mean circulation, which is ill
influenced during the first time steps by the dynamically inactive
open boundaries. The consequence is that during the first few time
steps, an artificial circulation develops, dictated by the open
boundaries a this stage. In regions where the circulation is
determined by baroclinity this can have a fatal influence on the
further development of the model, i.e. when the open boundaries
reach their optimal strength the current field is distorted to a degree
where the boundary conditions have no major influence on the
circulation which have developed in the interior of the model.

The model results indicate that a corresponding progress to the
status described above have taken place in the region south of the
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Greenland-Scotland ridge. Where the circulation
which develops during the first few time steps is
likely described by the results of the pure density
simulation in Figure 36. Thisis a postulate, asit is
not known at the time on which time scale the
adjustment takes place. The results indicate that
currents connected to the open boundaries are of
barotropic character, which means that
information travels with the speed of shallow
water waves, i.e. approximately 100 m/s in the
region. With a speed of this magnitude it is
therefore believed that the main adjustment
observed in Figure 36 is obtained on time scales of
less than 12 hours. For comparison it takes a
surface gravity wave less than 3 hours to travel
1000 km. In the same 12 hours period the vertical
excursion of the open boundaries is observed to be
lessthan 2.6 cm.

Fig. 41. The mean dynamic
topography derived by a) altemtry,
b) the model run with original
boundaries and c) the model run
with modified boundaries. Units
arein meter.

It is therefore believed that Figure 36 is
representative for the circulation during the first
time steps. Along the western and southern boundaries artificia
currents are observed to develop, seen as a southward and eastward
flow, respectively. During the gradual increase of the force applied
at the open boundaries a gradual amplification of these currents is
observed ending up with the result shown in Figures 38 and 40.

Figure 41 shows the dynamic topography derived from
atimetry for repeat 4 and the two model runs described above.
Notice that Figure 41b is given with a contour interval of 0.2 m, in
contrast to the two others which are given with a contour interval
of 0.1 m. The altimetry derived solution shows no resemblance
with the two model solution of the region south of the ridge, and
the atimeter derived current system discussed above in the section
of evauation of the dynamic topography derived from satellite
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atimetry is not reproduced by the model. Instead a remarkable
resemblance are observed between the two model solutions and the
pure density model solution in Figure 37, indicating evidence of
improper handling of the open boundaries during the initial spin-up
procedure. The influence is not only limited to the region south of
the ridge but as it can be seen in Figure 41b, c it can be followed
into the area north of Iceland.

Due to the improper handling of the open boundaries during the
initial spin-up of the model, it is not possible to state anything
conclusive about the circulation south of the Greenland-Scotland
Ridge and in the area just north of Iceland. However the model
results for the EGC and in the Iceland Sea discussed previously
still remain valid as a much better resemblance is observed
between the two model solutions and observations made by other
means.

In order to avoid the set up of an artificial current system in a
baroclinic region during the initial spin-up of the model, a new
initial spin-up scheme is proposed. The scheme takes its origin in
the pure density run using the relaxation scheme discussed
previously. From a spin-up of this type one can obtain an idea of
the dynamic height developed by the model. By using the
information of the height field obtained in the interior of the model
it is possible, by means of dynamical calculation at the boundaries,
to produce a set of open boundary conditions which
approximately match the dynamic set by the initial density field.
The model is now spun-up again but the new boundary conditions
are applied almost instantaneoudly. If the result of the simulation is
giving a satisfactory results the boundary condition will be used in
the case where the barotropic field is applied, € se the scheme have
to be applied again until a better agreement between the interior of
model and the open boundaries is found. With a set of densty
boundary conditions the model are now ready for the inclusion of
the barotropic component derived from altimetry. During theinitial
spin-up the open boundary conditions are almost instantaneously
set to density derived open boundaries and then afterwards all owed
to adjust gradualy to the values determined by the altimetry.

From the discussion above it becomes clear that many
unresolved modelling issues that are a consequence of both poorly
known parameterization and initialization of the modd still
remain. In particular, the integration of open lateral boundary
conditions which makes use of sea surface elevations needs further
investigation.

Beside the obvious initialization problems the results indicate
that the use of altimetry in connection with numerical ocean
modelling has a great potential.

SUMMARY AND CONCLUSIONS

It is thought-provoking that in a historically well studied region
as the Nordic Seas and the northern North Atlantic it is still
possible to question even fundamenta issues as circulation and
transports. Although well monitored in a globa sense many areas
till need further investigation, especially the intermediate waters
of the Nordic Seas which are known to contribute with an essentia
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part to North Atlantic Deep Water. However, the understanding is
hampered by the variability observed in the region. Recent
discussions in the literature have been focussed on variations on
decadal time scales, even though historical data indicate longer
time scales (e.g. Jonsson, 1990). These variations may explain the
different circulation schemes which have emerged during the
years.

The circulation derived by the use of ERS-1 satellite altimetry
in the Denmark Strait and adjacent Seas has been investigated. All
available 1/s mean altimetric measurements in the area 59°-71.5°N,
10°-45°W from the entire ERS-1 35 days-repeat mission C, i.e. 18
repeat cycles were used. The best geoid model out of four available
for the study area was found using oceanographic arguments, as
formal error estimates seldom exist for such models. The best
choice was found to be the loca geoid modd GGEOID93B
(Forsberg and Sideris, 1993). Currents computed using the
geostrophic assumption and ERS-1 derived 35 days mean dynamic
topography relative to GGEOID93B were compared to two
different types of in situ data: hydrography and near surface drifter
tracks.

When comparing atimetry derived currents with recent near-
surface drifter tracks, good agreement is observed. When
comparing atimetry derived currents with hydrography, the
agreement is griking in the Denmark Strait above the East
Greenland continental shelf. However major differences are found
in the Iceland Basin, where the dynamic topography derived from
hydrography in the traditional way is observed not to resolve the
barotropic component of the currents. It can be concluded that the
dynamic topography derived with the use of geoid model
GGEOID93B is capable of reproducing many of the observed
current features in the region, using the geostrophic assumption.
The same is not true for the other geoids tested (OSU91A,
GGEOID94A and GGEOID96A) so GGEOID93B is therefore the
best choice at present. The atimetry even shows evidence of a
cyclonic circulation in the Iceland Basin just south of Iceland
which is supported by observations described in the section on
general circulation, and lately also indicated in a schematic
circulation pattern of the northern North Atlantic (Otto and van
Aken, 1996). However, unsolved problems connected to the north
Icelandic shelf and the high velocities observed in the East
Greenland Current till exist. There is no doubt that some of the
problems observed in the East Greenland Current can be ascribed
to inaccuracies in the geoid model and lack of valid atimeter
points near Greenland, dueto seaice.

Measurements from a tide gauge at Reykjavik and altimetry
from the TOPEX/POSEIDON (T/P) satellite indicate that the ERS
1 35 days mean dynamic topography is capable of describing sea
level anomalies (variations) on timescales of 35 days up to repeat
12. After repeat 12 a significant increase in the standard deviation
between ERS-1 and T/P is observed. For the first 12 repeats a
standard deviation between the tide gauge and ERS-1 time series
of 6.3 cm is found with a correlation coefficient of 0.90, which is
comparable with the result found between the tide gauge data and
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T/P atimetry. The analysis of ERS-1 and TOPEX/POSEIDON sea
level time series show that the inverse barometer effect correction
commonly used is unreliable, particularly during periods with
considerable atmospheric pressure variations.

The promising results of the dynamic topography derived from
satellite atimetry, i.e. being able to deduce the surface circulation
in the study area, makes it interesting to see if the inclusion of
these resultsin alimited area model can increase the knowledge of
the circulation and transports in the layers below the surface layer
in the region. A limited area model has been set up for the
Denmark Strait and adjacent Seas. Experiments were conducted
integrating dynamic heights derived from altimetry at the open
lateral boundaries, which makes up more than 70% of the total
model boundary. During the numerica experiments realistic
temperature and salinity fields were used. The experiments show
reasonable agreement with observations in the East Greenland
Current and lceland Sea. They indicate that the Denmark Strait
Overflow is influenced by far-field barotropic currents. However,
the results shows huge problems near the western and southern
boundary which highly influence on the circulation in the Irminger
Sea and Iceland Basin. Earlier works show similar difficulties
associated with integrating open lateral boundaries into numerical
models for this particular region (e.g. Stevens, 1991; Heburn and
Johnson, 1995). The results show that many unsolved modelling
issues still remain and are a consequence of both poorly known
parameters and the initidization of the model. In particular the
integration of open lateral boundary conditions which makes use
of sea surface elevations combined with a realistic density needs
further investigation.
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