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The overflows of cold, heavy waters from the Nordic Seas across the Greenland-Iceland-Scotland Ridges
are simulated using the Hybrid Coordinate Model in a North Atlantic configuration. Results at three dif-
ferent horizontal model resolutions are compared to each other, to recent hydrographic sections and
moored observations. Simulations in the finest grid employed, 1/12° resolution, show realistic overflow
pathways, reasonable overflow and Deep Western Boundary Current mean velocities and transports, and
overall reasonable North Atlantic three-dimensional temperature and salinity fields, namely the Atlantic

Ic()f/ivrvftl)cr)if; Meridional Overturning Circulation (AMOC). In contrast, simulations at coarser grids of 1/3° and 1° res-
AMOC olution exhibit a range of significant problems owing to unresolved, dynamically vital features in the sea-

floor topography. This lack of resolution, for example of the Faroe Bank Channel, leads to unrealistic
overflow pathways between Iceland and Scotland in the 1/3° and 1° cases. Accordingly, overflow mass
transports are also unrealistic in this area. In the Denmark Strait Overflow the underlying topographical
scales are larger, and pathways are reasonable even at coarse resolution. However, overflow speeds are
too small in the 1/3° and 1° cases. Underestimated velocities in the 1° simulations are compensated by
an overestimated sill cross-section, whereas it is too small in 1/3°. As such, the 1/3° and 1° simulations
show both large under- and overestimations of volume transport at several locations. No significant
improvement in modeled overflows takes place when the grid spacing is decreased from 1° to 1/3°. An
experiment conducted with hand-tuned topography shows improved volume transports near the regions
of modification, but somewhat increased errors in other parts of the deep circulation, indicating the com-
plex response of the system to perturbations in bathymetry. These results demonstrate the importance of
an accurate representation of the domain geometry, in particular the channels of the complex Iceland-
Scotland ridge system, in order to reproduce the pathways of the deep AMOC.

© 2009 Elsevier Ltd. All rights reserved.

Climate modeling

1. Introduction

On a background of climate and climate change, the Atlantic
Meridional Overturning Circulation (AMOC) represents a key phys-
ical process. The AMOC is thought to affect such important condi-
tions as the comparatively warm climate of Northern Europe and
to be sensitive to global warming, possibly even to the point of
shut-down as an extreme case (Hansen et al., 2004; Quadfasel,
2005; Bryden et al., 2005; Broecker, 2003; Hdkkinen and Rhines,
2004; Wunsch and Heimbach, 2006; Cunningham et al., 2007;
Kanzow et al., 2007). Hence, there is great interest in the AMOC
and in modeling it (Bentsen et al., 2004; Gregory et al., 2005; Lump-
kin and Speer, 2007). The warm branch of the AMOC transports
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water between Iceland and Scotland northward at relatively shal-
low depths into the Nordic Seas, where it is cooled and transported
to depth (Weaver et al., 1999; Blindheim and Francisco, 2004). The
cold return branch has to cross over the Greenland-Iceland-
Scotland ridge system (GIS). The flow then converts to overflows
- gravity currents - on its southern side. These latter “Nordic Over-
flows” are the topic of this paper. It needs to be mentioned that deep
water formation in the Labrador Sea is also part of the downward
branch of the AMOC. Much of the cold water from the overflows
and the Labrador Sea flows south on the western side of the North
Atlantic as deep boundary currents (Fischer et al., 2004).

This study is conducted within the framework of the Climate
Process Team on Gravity Current Entrainment (Legg et al., in press),
a project aimed at improving the numerical simulation of gravity
currents in global climate models. Within this context, we are ask-
ing the question of what the effect of the horizontal model resolu-
tion is on numerically simulated Nordic Overflows and other
aspects of the North Atlantic circulation. This question is motivated
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by a current typical horizontal grid spacing in global climate mod-
els of 1° - which is comparable to, and sometimes far greater than
the width of most overflows.

This is of course not the first investigation of the effect of hori-
zontal resolution on overflow models. For example, Chang et al.
(2008) found that the pattern and pathways of the Red Sea Over-
flow do not become realistic until the detail of the bottom topog-
raphy is resolved. In that case the key topographic features are
two channels that are 2-5km wide. Among several studies to
examine topographic influences on overflows and AMOC structure,
Roberts and Wood (1997) performed sensitivity tests with a 1°
model by artificially changing sill depths in the Denmark Strait
as well as in the Iceland-Scotland ridges. The simulations across
the entire domain from the Nordic Seas to the subpolar gyres
proved to be highly sensitive to topographic variations. Similar re-
sults were obtained by Beismann and Barnier (2004) in an investi-
gation of the strength of the AMOC as a function of topographic
differences near the sills of the Nordic Overflows.

Herein, we are studying overflows, the AMOC and, more gener-
ally, wide aspects of the circulation in the subpolar and Nordic Seas
as a function of horizontal model resolution. We are focusing on
numerical simulations with a community ocean general circulation
model, routine atmospheric forcing, routine initialization, and rou-
tine procedures for generating the model seafloor topography at
various resolutions. There are other approaches to overflow model-
ing, such as the Marginal Sea Boundary Condition (MSBC). In this
approach, the exchange between the marginal sea and the open
ocean, descent and entrainment of the outflow on the continental
slope are collapsed into what amounts to a side-wall boundary
condition for an ocean general circulation model. This approach
to modeling deep water formation by a marginal sea is appropriate
from an oceanic perspective since the outflow water mass transfor-
mation takes place within one grid cell of a typical ocean climate
model. The reader is referred to Price and Yang (1998) for details.
In MSBC, the overflows are not explicitly simulated, and this type
of parameterization is shown to be effective in coarse-resolution
studies, in particular when the outflow from the marginal sea re-
mains as a single branch before equilibrating in the open ocean,
such as in the case of the Mediterranean outflow (Wu et al.,
2007; Xu et al., 2007).

In light of the importance of overflows from Nordic Seas on the
AMOC, and their complex structure, we pose the following questions:

e Can we obtain realistic Nordic Overflows and deep transport
pathways using ocean general circulation models, in which
the overflows are explicitly simulated?

o If so, at which model horizontal resolution is this achieved?

Experiments are conducted by gradually increasing horizontal
resolutions. We start with 1° grid, which appears to be the typical
ocean model resolution used in climate studies at the present time
(e.g. Gnanadesikan et al., 2006). Then, we carry out simulations at
1/12° grid spacing, which resolves the most important topographic
features, as well as many mesoscale turbulent eddies, jets and wes-
tern boundary currents. A simulation at an intermediate, eddy-per-
mitting resolution of 1/3° complements the other two. We are
striving to trace the pathways of all components of the Nordic
overflows and of the AMOC in the North Atlantic in good detail.

The paper is organized as follows. The principal properties of
the Nordic Overflows are reviewed in Section 2. The model config-
uration, initialization, atmospheric forcing, bottom topography and
model parameters are laid out in Section 3. The results of the sim-
ulations, including detailed comparisons with moored observa-
tions and hydrographic sections follow in Section 4. The paper
concludes with summary and discussion.

2. Review of Observations on Nordic Overflows

The Greenland-Iceland-Scotland ridge system is a continuous,
relatively shallow barrier which constrains the exchange of
waters between the subpolar North Atlantic and Nordic Seas
(Fig. 1). Sill depths at various locations range from 300 to
840 m. Iceland and the Faroe Islands divide the ridge into three
gaps that are the main routes for the exchange between the water
masses in the North Atlantic and Nordic Seas (Hansen and
@sterhus, 2000). The fairly wide Denmark Strait (DS) is the west-
ernmost gap with a sill depth of about 600 m. The rather dense
Denmark Strait Overflow Water (DSOW) crosses the sill and con-
tinues southwestward and downward as illustrated in Fig. 1. Max-
imum speeds at the sill can exceed 0.5ms™' (Macrander et al.,
2007). The corresponding DSOW mass transport is 2.7-2.9 Sv at
the sill (Dickson and Brown, 1994; Hansen and @sterhus, 2000;
Girton et al., 2001; Macrander et al.,, 2007). From the sill, the
DSOW continues to flow through the Irminger Basin parallel to
the east coast of Greenland southwestward and downward on a
broad slope. Entrainment of ambient fluid along this path in-
creases the overflow transport to ~ 13.3 Sv at the southern tip
of Greenland (Dickson and Brown, 1994). The DSOW then joins
the deep water circulation in the Labrador Sea, where deep-con-
vection processes increase the transport of this main return
branch, the Deep Western Boundary Current (DWBC), to about
17 Sv near the Grand Banks (Fischer et al., 2004).

The middle gap in the GIS ridges is the Iceland-Faroe Ridge
(IFR), which is broad and shallow with crest depths of 300-
500 m. Since it was first probed more than a century ago by Knud-
sen (1898) a multitude of observations of the overflow across the
IFR have been made (Tait, 1967; Steele, 1967; Meincke, 1974).
However, because the IFR is broad and long and has highly-variable
flow, the detail and overall magnitude of the overflows are still
uncertain. The transport is estimated to be no more than 1 Sv. After
crossing over the IFR, overflow waters flow mainly southwestward
along the Iceland Basin (Fig. 1).

The easternmost gap on the GIS is the Faroe-Shetland Channel,
which has a relatively deep sill about 1000 m deep. This channel
is blocked at its southwestern end by the Wyville-Thomson Ridge
(WTR) with a sill depth not deeper than 600 m. The Wyville-
Thomson Ridge joins the Scottish shelf at its southern end and
Faroe Bank at its northern end. The Faroe Bank is separated from
the Faroe Plateau by the narrow and deep Faroe Bank Channel
(FBC), which has a sill depth of 840 m. Because of its depth the
FBC is the main outlet from the Faroe-Shetland Channel (FSC)
and a major outlet from the Nordic Seas. Numerous observations
in the FBC indicate maximum velocities up to ~1ms™!
(Mauritzen et al., 2005; Geyer et al., 2006). The reported volume
transport from this channel is 1.5-2.1 Sv (Hansen and @sterhus,
2000; Lake and Lundberg, 2006; Geyer et al.,, 2006). After the
overflow water passes through the FBC, a considerable part
crosses the Island Basin and joins with the overflows that have
crossed over the Iceland-Faroe Ridge (Steele, 1961; Swift, 1984;
Saunders, 1996; van Aken, 1998; Hansen and @sterhus, 2000).
Further on, the overflow water continues southwestward along
the Iceland Basin and eventually reaches the Mid Atlantic Ridge.
It flows southward along its eastern flank until parts of it escape
into the Irminger Basin through the Charlie-Gibbs Fracture Zone
(CGFZ; Saunders, 1994) and probably other gaps in the Mid Atlan-
tic Ridge. The overflow water that crosses over the Wyville-
Thomson Ridge continues flowing southward through the Rockall
Channel along the eastern flank of the Rockall-Hatton Plateau
(Ellett and Roberts, 1973; Sherwin and Turrell, 2005). Estimates
of the overflow transport in this region are rather uncertain with
a wide range of reported values between 0.1 and 2 Sv.
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Fig. 1. Schematic of North Atlantic overflows. Solid arrows, observed overflows and their directions; thick arrows, main primary overflows; dashed arrows, presumed
overflows and directions; numbers, mass transports in Sv from observations; question marks, unknown mass transports. The colorbar indicates water depth in km. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The long distance spreading of overflow waters which have
crossed over the GIS is better known in the western North Atlantic
than in the basins east of the Mid Atlantic Ridge as indicated by
dashed lines and question marks in Fig. 1. Pathways and transports
of overflow waters south of Rockall Channel as well as possible
flows on the western side of Rockall Plateau remain unknown. Fur-
ther, the southwestward transport magnitude along the eastern
flank of the Mid Atlantic Ridge is unclear, as are the transports
through gaps in the Ridge with the exception of the flow through
the CGFZ of about 2.4 Sv (Saunders, 1994). Comparing this value
with a westward overflow water transport of 3.2 Sv south of Ice-
land (Saunders, 1996) suggests that some overflow water crosses
westward into the Irminger Basin north of the CGFZ. Possibly there
are other branches of spreading overflow water that flow south-
ward on either or both sides of the Mid Atlantic Ridge south of
the CGFZ.

3. The numerical model and configuration

We use the Hybrid Coordinate Ocean Model (HYCOM, Bleck,
2002; Chassignet et al., 2003; Halliwell, 2004). Most relevant for
this study is the Lagrangian nature of isopycnic coordinates to nat-
urally migrate with the interface between the descending gravity
currents and the ambient fluid, thereby allocating vertical resolu-
tion to locations where most of the entrainment tends to take
place. This desirable behavior of isopycnic coordinates in HYCOM
was shown to be advantageous in previous simulations of gravity
currents (Chang et al., 2005; Xu et al., 2006; Xu et al., 2007; Chang
et al., 2008).

Previous studies of the North Atlantic with HYCOM have em-
ployed a model domain ranging from latitudes 20°S to 70°N. Here-
in, we have extended the domain northward, namely to 80°N in 1/
12° and 1°, and to 77°N in 1/3° cases, so that more of the Norwe-
gian Sea is covered by the model. We employ three different hori-
zontal grid resolutions of 1/12°, 1/3°, and 1° grids. The coarsest 1°
grid corresponds to the typical resolution of current global coupled
climate models. The finest 1/12° grid resolves not only the most
essential details of the seafloor topography, but also most of the
meso-scale eddies in the circulation. Finally, the 1/3° grid is se-
lected as the middle course between the other two.

The model seafloor topography is a crucial aspect of this study.
The following paragraph describes effects of varying grid resolu-
tions as well as the methods of deriving topographies at varying
resolution. Fig. 2a provides an overview over the important part
of the model domain while the subsequent panels (b-d) depict
the complex terrain between Iceland, the Faroe Islands and Scot-
land at the three resolutions of 1/12°, 1/3°, and 1° chosen herein.
The 1/12° grid clearly captures the key features, especially the nar-
row Faroe Bank Channel (Fig. 2b). In 1/3°, channels such as the FBC
are still roughly expressed, however, the FBC is represented by only
two grid points, and its sill depth has become ~200 m shallower
than at 1/12°. In the 1° most channels and banks are no longer dis-
cernible. The FBC, for example, has simply vanished. Moreover, the
1° topography has an unrealistically deep channel across the Ice-
land-Faroe Ridge just southeast of Iceland at ~ 63.5°N. This artifact
is a result of the standard procedure of generating bottom topogra-
phies in HYCOM. First, the bathymetric data from DBDB2 is pro-
jected to the grid space using spline interpolation. Then, a
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Fig. 2. Seafloor topography: (a) part of the model domain from the subtropical North Atlantic to the Norwegian Sea; (b) magnified domain between Iceland and Scotland at 1/
12° resolution. The narrow channels of both Faroe-Shetland Channel and the Faroe Bank Channel are resolved. (c¢) The same area at 1/3° resolution. The Faroe-Shetland
Channel is resolved but not the FBC. (d) Ditto, 1° resolution. Neither the Faroe-Shetland Channel nor the FBC are resolved. The depth color scale is in km. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

convolution with a spatial filter function (close to a Gaussian filter)
is applied once.

The simulations of each grid were initialized by slightly differ-
ent climatological data sources, namely GDEM3 (Teague et al.,
1990) for the 1° and 1/12° simulations and Levitus (Levitus et al.,
1994; Levitus and Boyer, 1994) for the 1/3° case. This has no signif-
icant difference in outputs at least in terms of the initial conditions.
In all simulations, the mechanical and thermodynamic atmo-
spheric forcing at the sea surface is given by monthly mean data
from the ECMWF 40-Year Reanalysis (ERA-40) Data Archive
(Uppala et al.,, 2005), but in the 1/12° case 6-h climatological
anomalies were added to the mechanical forcing. Vertical turbu-
lent mixing is parameterized by the KPP algorithm (Large et al.,
1994). Along the northern and southern boundaries, temperature,
salinity and pressure are relaxed to climatology within sponge
zones, the details of which are as follows. In the 1° case, the north-
ern (southern) buffer zone is taken as 19 (10) grid points, in which
the relaxation (e-folding) time scale function changes linearly from
48 to 6 days toward the boundaries. In the 1/3° case, the northern
(southern) buffer zone is taken as 15 (50) grid points, and the
relaxation time scales are the same, 48 to 6 days. In the 1/12° case,
the northern buffer zone contains 103 points with a relaxation
time scale of 30 to 5 days, while the southern buffer zone has 43
points with times scales of 60 to 10 days. The influence of the

northern buffer zone on the internal circulation in the Nordic Sea
is reduced by extending the domain boundary northward with re-
spect to those chosen in previous simulations with HYCOM or its
earlier version MICOM (Miami Isopycnal Coordinate Ocean Model;
for instance 65°N in (Garraffo et al., 2001, and 70°N in Chassignet
et al,, 2007). The southern boundary is not very critical as we focus
our attention on the deep sub-polar circulation here on time scales
smaller than the North Atlantic overturning circulation. The simu-
lations were integrated for 6 years to allow the model to attain a
stable state with quasi steady state in the overflows. Both the
atmospheric forcing and the initial stratification are broadly repre-
sentative of the North Atlantic state of the late twenthieth century.
The same holds for our simulations, an important factor in compar-
isons with ocean observations.

4. Results
4.1. Overflow pathways and effects of the model topography

The main objective of this study is to address the question of
whether we can successfully simulate the complicated pattern of
Nordic Overflows as they are observed in Fig. 1, and if so, at what
grid resolution. Among the numerous branches of the Nordic Over-
flows we focus on its two main branches, the overflows through



70 Y.S. Chang et al. /Ocean Modelling 29 (2009) 66-84

the Denmark Strait and through FBC. These carry the majority of
overflow water into the subpolar North Atlantic. While the Den-
mark Strait has simple topography and overflow pathway, the
complex topography and curved and bifurcated overflow pathways
of the Faroese Channels pose much more of a challenge. Here, we
expect high sensitivity to the bottom topography, and therefore
we focus our attention on this area in the following.

The propagation pattern of overflows between different grids in
the eastern North Atlantic are compared in Fig. 3. It shows the ini-
tial temperature (T) distributions on HYCOM model layers repre-
sentative of overflow waters and the evolution at five time steps
of 0, 1, 7, 13 and 19 months in the form of deviations from the ini-
tial T-fields. The overflow layers are distinguished from the others
using the criterion of ¢, > 27.8. Fig. 3 shows clear and strong dif-
ferences in the propagation pattern on the three model grids which
increase with time, being small at one month evolution time and
quite dramatic already at 7 months.

In the 1° grid most of the cold water from the Nordic Seas enters
the subpolar North Atlantic over the wide and shallow Iceland-Far-
oe Ridge instead of passing through the narrow and deep Faroe
Bank Channel. This result is evident a-priori to the computation
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based on the lack of resolution of the FBC at 1° depicted in Fig. 2
and discussed in Section 2. As the overflow cannot find its path
through Faroe-Shetland Channel and FBC, the cold water masses
are pushed south over the much wider IFR, especially through
the artificial depression in the Iceland-Faroe Ridge just southeast
of Iceland created by the seafloor algorithm as discussed above.
Thus, the overflow over the Iceland-Faroe Ridge is overestimated
at 1°, while the overflow through the FBC is underestimated owing
to the poor grid resolution. These overflow waters in the 1° simu-
lation flow southward along the eastern side of the Mid Atlantic
Ridge and eventually split into one branch flowing westward
through the Charlie Gibbs Fracture Zone and another branch that
continues southeastward along the Mid Atlantic Ridge.

The overflow propagation pattern is quite different in the 1/3°
grid (Fig. 3). Here, the majority of the overflows mass passes
through the Faroe Shetland Channel rather than over the Iceland-
Faroe Ridge as in the 1° case. However, after passing through the
Faroe Shetland Channel most of the overflow water keeps a south-
ward direction over the Wyville-Thompson Ridge, and only a small
part turns toward the northwest in trying to pass through the
partially blocked FBC. The water that crosses over the shallow
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Fig. 3. Plan views of the time evolution of the overflow propagation between Iceland and Scotland in a comparison of the 1°, 1/3° and 1/12° simulations. Plotted are
temperature contours (in °C) at the start of the simulations and temperature anomalies, deviations from t = 0, thereafter at t = 1,7,13,19 months.
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Wyville-Thompson Ridge continues to the southwest and occupies
most part of the Rockall Channel. Even though part of the overflow
pathways in 1/3° grid are more realistic than in the 1° grid, they
still disagree with the observations. Most of the overflow water
still end up in the wrong ocean basin as shown by a comparison
of Figs. 3 and 1 and noting a transport of 2 Sv through the FBC
and about an order of magnitude less across the Wyville-Thomp-
son Ridge. Hence, even a resolution of 1/3° is insufficient to capture
the most basic properties of the Nordic Overflows.

In the finest grid of 1/12° there are no unrealistically strong cur-
rents over either the Iceland-Faroe Ridge or the Wyville-Thompson
Ridge. Instead, the overflow is concentrated in the Faroe Bank
Channel, as it should be. In the 1/12° panels of Fig. 3 the overflow
waters seem to proceed westward after passing through the Faro-
ese channels, although this flow is not so clearly seen compared to
the other two coarser grids. More details about this flow pattern
are discussed in Fig. 4.

In order to investigate the overflow pathways at different grid
resolutions in more detail, we now discuss four regions of special
interest in conjunction with Figs. 4-7. These depict the overflow
layer temperature fields in the regions of the Faroe Islands, Iceland
Basin, Irminger Basin, and the Labrador Sea, respectively. Model
output averaged over the sixth year of integration are shown as
bottom temperature fields with superimposed current vectors.

In Fig. 4 the overflows in the Faroe Islands areas are compared
among the different grids in panels (b) through (d) while the bot-
tom topography at 1/12° grid is shown in panel (a). As already
found in Fig. 2, each grid has a different overflow pathway. The ma-
jor flow pathways found above are confirmed in Fig. 4 by the cur-
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" ' IFR

62 .
§ Iceland Basin FBC
E
&
=
=

-20 -15 -10 -5
longitude

rent vectors. To reiterate, in 1° the major flow is across the Iceland-
Faroe Ridge just southeast of Iceland continuing southwestward
along the southern coast of Iceland and the Mid Atlantic Ridge.
In 1/3° the major flow is through the Faroe-Shetland Channel,
across the Wyville-Thompson Ridge and into Rockall Basin. In 1/
12°, finally, the major flow takes the route of the Faroe-Shetland
Channel and Faroe Bank Channel continuing westward toward Ice-
land and the Mid Atlantic Ridge. Obviously, in this region of com-
plex topography with small scales the model seafloor topography
is the major factor that controls the simulated overflows.

We are unable to validate part of the overflow pathways for lack
of observations in large parts of the North Atlantic. This holds for
the area east and west of the Mid Atlantic Ridge south of Iceland
and south to the Charlie Gibbs Fracture Zone (CGFZ) and beyond
(Fig. 5). Fig. 1 indicates quantitive information only at the exit from
the FBC and from the Iceland-Faroe Ridge in the northeast and in
the CGFZ in the south (Saunders, 1994, 1996). Hence, we can only
partly evaluate and compare model performances as depicted in
Fig. 5. A prominent feature in the 1° simulations is the strong flow
of cold overflow water along the southeastern and eastern flank of
the Mid Atlantic Ridge to the CGFZ and beyond (Fig. 5b). This flow
is the continuation of the excessive flow over the Iceland-Faroe
Ridge discussed above and illustrated in Fig. 4b. Only part of the
flow along the Mid Atlantic Ridge turns west in the CGFZ. This con-
trasts with the 1/3° and 1/12° simulations in which the southwest-
ward flow of overflow water is generally weaker and warmer, and
in which most of it does not reach the CGFZ (Fig. 5¢ and d). Appar-
ently, the overflow pathway crosses westward over the Mid Atlan-
tic Ridge well north of the CGFZ. We note that all resolutions show

longitude

Fig. 4. Seabed topography and the overflow pattern between Iceland and Scotland. (a) Model bottom topography at 1/12°. (b) Temperature distribution with velocity vectors

in the “overflow” layer from the 1° simulation; (c) 1/3° simulation; (d) from 1/12°.
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Fig. 5. Seabed topography and overflow pathways around the Mid Atlantic Ridge south of Iceland; as Fig. 4: (a) bottom topography, (b) temperature distribution with velocity

vectors from 1°, (c) from 1/3°, (d) from 1/12°.

northeastward flow along the northwestern flank of the Mid Atlan-
tic Ridge which eventually flows toward the sill of Denmark Strait.
To our knowledge, there are no observations to confirm this result.
Similarly, we cannot completely discount the southward flow
south of the CGFZ in the eastern North Atlantic Basin in the 1° sim-
ulations (Fig. 5b).

About 60% of the dense water masses crossing the Greenland-
Iceland-Scotland ridges are carried by the Denmark Strait Over-
flow. As already shown in Fig. 1, the straightforward path of the
latter from the sill of Denmark Strait is along the eastern shelf
off Greenland. Fig. 6 shows the model results of overflow pathways
and velocities in this region. Unlike previously discussed areas fur-
ther east, the overflow pathways are similar between all the three
grids. However, in the 1° and 1/3° simulations the coldest water
lies east of the velocity maximum, which is situated above the con-
tinental slope. In contrast, the western edge of the cold water and
maximum flow coincide in the 1/12° case.

After the overflows reach the southern tip of Greenland, they
turn to the northwest and enter the cyclonic deep water circulation
in the Labrador Sea. The patterns of the deep, cold flow between
southern Greenland and the Grand Banks generally agree among
the three different grids as seen in Fig. 7. However, the 1° simula-
tions show comparatively weak currents except on the north side
of the Grand Banks. In contrast, currents in the 1/12° are compar-
atively swift and narrow. At the exit of the Labrador Sea at the
Grand Banks, the main pathways of flows in all three grids become
complicated to trace further. This could be associated with the
sharp bend in topography, which induces at least in the 1/12° case
the break down of the flow field into eddies. Schematics of the gen-

eral circulation appear to indicate a bifurcation of the deep flow
field near the Grand Banks (e.g., Schmitz, 1996, Fig. [-86). A recent
analysis of acoustically-tracked RAFOS float trajectories shows that
the vast majority of floats released near 50°N leave the DWBC by
the tail of the Grand Banks at 43°N, where some take a path to-
wards the CGFZ whereas others drift along the western flank of
the Mid Atlantic Ridge towards the subtropics (Bower et al., sub-
mitted for publication). This is certainly an interesting problem,
but in this study, we restrict the analysis of the model fields to sub-
polar Atlantic in order to preserve our focus on Nordic Overflows.

4.2. Comparison with observations

We now proceed to a comparison of our simulations with the
observations. We compare the water mass structure from some
hydrographic sections, velocity and temperature profiles and the
transport magnitude of overflow waters from a number of moored
current meter arrays. As mentioned at the end of Section 3, our
simulations are roughly representative of mean conditions in the
late 20th century. In contrast, the observations were taken at spe-
cific times and are thus subject to ocean variability on a variety of
time scales. The moorings were deployed for 1-6 years. Averaging
over these time spans reduces the seasonal varibility and some
interannual variations.

The observational data sets chosen herein are listed in Table 1,
and their locations are marked in Fig. 8 as P1-P10. The available
data at each location are denoted by 'T’ for the temperature pro-
files, 'V’ for the velocity profiles, 'Sec.’ for the cross-sectional maps,
and 'Tr’ for the mass transport.
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Fig. 6. Seabed topography and overflow pathways in the Irminger Basin; as Fig. 4: (a) bottom topography at 1/12°, (b) temperature distribution with velocity vectors from 1°,

(c) from 1/3°, (d) from 1/12°.

4.2.1. Comparison with hydrographic sections

In Figs. 9-11, we compare density or temperature sections
across overflows between simulations and observations at the sill
of Denmark Strait (P1 in Fig. 8), in the Faroe-Shetland Channel
(P5), and the FBC (P6). Potential density (o,) contours across Den-
mark Strait show the overflow water banked over the northwest-
ern slopes with a sharp front just east of the deepest point
(Fig. 9a; Macrander et al., 2007). This spatial pattern is nicely rep-
licated in the 1/12° simulations except that the simulated area of
DSOW is larger than in the observations (see the heavy black line
in Fig. 9a and b). The agreement between observations and simula-
tions is worse for the coarser grids. In the 1/3° grid the distribution
pattern is qualitatively correct with overflow water on the north-
west side, but the amount of DSOW is smaller than in the observa-
tions and the 1/12° simulations (Fig. 9¢). This is at least partly an
effect of a sill depth of only 600 m in the 1/3° grid compared to
680 m in the 1/12° grid. In the 1° grid the channel is resolved by
only 2-3 grid points (Fig. 9d). The deepest part is far too wide at
100 km, one grid cell, and the shape of the channel is not well rep-
resented. Consequently, the area occupied by DSOW is too large
compared to the observations.

The simulations on the coarser grids show similar problems in
the cases of the Faroe-Shetland Channel (P5 in Fig. 8) and the Faroe
Bank Channel (P6). The observed potential temperature section
across the Faroe Shetland Channel (Mauritzen et al., 2005) shows
a modestly inclined interface on top of the overflow water
(Fig. 10a). This feature is well-simulated in the 1/12° and 1/3° grids
(Fig. 10b and c). However, while the 1/12° replicates the shape of
the channel well, it is too deep in its eastern part in 1/3°. In con-

trast, there is almost no channel in the 1° grid, depths being far
too shallow throughout the section (Fig. 10d). There is only a very
small area of overflow water in this case. The situation is even
worse in the Faroe Bank Channel (Fig. 11). There hardly is any
channel in 1/3° and none in the 1° grid, which also shows no dense
water at all. In contrast, the 1/12° simulation replicates the channel
shape and the spatial overflow water distribution well.

4.2.2. Comparison of velocity and temperature profiles

A further assessment of the model performance is given by a
comparison of observed and simulated velocity and temperature
profiles shown in Figs. 12-17. North (V) and east (U) velocity
components from Denmark Strait are depicted in Fig. 12. The sim-
ulated velocities from the 1/3° and 1° grids are far too small at
the overflow level near 500 m depth while the 1/12° velocity pro-
files agree reasonably well with the observations. The depths of
maximum flow speeds do not coincide between observations
and simulations and between the different grids. This is a conse-
quence of differences in the model seafloor topography and actual
depths. Such differences are inevitable and not of further conse-
quence. In the comparison with the observations one has to con-
sider that the measurements were taken at one spot while the
simulations represent averages over significantly large horizontal
grid cells.

Figs. 13 and 14 depict velocity and temperature profiles, respec-
tively, from locations P2, P3 and P4 in the Denmark Strait overflow
area (see Fig. 8). Three moorings have been selected from the spa-
tial arrays as indicated in the caption. The velocity vector has been
rotated by —45° so that the new V component is in the streamwise
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Table 1
List of the observational data used herein.

Locations Source of the data Time of deployment Available data
P1: DS Sill Mauritzen et al., 2005 1999-2000 'V',Sec.’, Tr’
P2: Exit of DS Dickson and Brown, 1994 1986-1991 TV, Tr
P3: Exit of DS Dickson and Brown, 1994 1986-1991 TV, Tr
P4: Exit of DS Dickson and Brown, 1994 1986-1991 TV, Tr’
P5: FSC Meincke, 1974 Jun., 2000 'Sec’

P6: FBC Geyer et al., 2006 Sep., 2003 'Sec’,'Tr’
P7: Southeast of Iceland Schmitz, 1996 1990 - 1992 TV, Tr’
P8: CGFZ Saunders, 1996 1988 - 1989 TV, Tr’
P9: Exit of Labrador Sea Fischer et al., 2004 1997-1999 VT

P10: East of Grand Banks Sherwin and Turrell, 2005 1993-1995 VT

Notation: ‘T": temperature profile; ‘V': velocity profile; ‘Sec.’: hydrographic section; ‘Tr’: Mass transport; ‘DS’: Denmark Strait; ‘FSC’: Faroe-Shetland Channel; ‘FBC’: Faroe Bank

Channel.

direction with negative values corresponding to the overflow.
Similar to P1, the velocity magnitudes show reasonable agreement
in the 1/12° grid but are seriously underestimated by the 1/3° and
1° grids. Some locations, such as P2 (Figs. 13 and 14a), have the
additional problem that the coarse 1° bottom topography has
depths much too shallow. Overflow velocities are smallest in the
1/3° grid even though the topography fits fairly well with reality.
Another significant feature of the modeled velocity profiles are
their strong barotropic components. Observed profiles show
near-bed maximum flow rates, but the modeled velocities at P3
and P4 have small vertical gradients throughout. The simulated
temperature profiles are in better agreement with the observations
than the velocities (Fig. 14). Except for P2, the temperature in the

bottom layer is in reasonable agreement with the observations
within an error range of 1-2 °C. In the surface layers, however,
there are large differences between the 1/12° grid and the other
two coarser grids. These differences among the surface tempera-
ture from the 1/12° grid with respect to that from the coarser grids
is likely to be related to several factors. The first is the eddy com-
ponent of the meridional heat transport, which can be significant
in mesoscale eddy resolving models, while it is effectively zero in
the coarser resolution cases. The second is the interaction of deep
overflows with the surface flows via vortex stretching, near GIS
ridges. The third is the difference of potential vorticity exerted by
the significantly-different topographies on surface flows. Possibly,
a combination of these factors plays a role in the difference. This
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complex problem will be pursued in a future study, and here we
focus only on the deep flows.

Location P7 in Fig. 8, southeast of Iceland, coincides with exces-
sively strong flow across the Iceland-Faroe Ridge in the 1° simula-
tions already discussed above. This finding is reinforced by Figs. 15
and 16a which show V and T profiles from P7. The 1° flow speed is
too large and the temperature is too low in the lowest 200 m above
the bottom.

Observed and modeled flow speeds through the Charlie Gibbs
fracture zone are small (Fig. 15b). All grids underestimate the flow.
The 1° grid again suffers from a depth that is too shallow in the
fairly narrow passage as a consequence of the smoothing and
coarse grid resolution. The modeled temperature profiles are in
good agreement with the observations (Fig. 16b).

The velocity field near the exit of the deep, cold flow from the
Labrador Sea (P9 in Fig. 8) and east of the Grand Banks (P10) is spa-
tially highly variable. Thus Fig. 17 depicts two profiles each of the
mooring arrays, one from shallower depths and one from deeper
depths. Success and failure of the simulations are mixed. The flow
at the shallower site P9-1 in Fig. 17a is too fast in the 1/12° grid,
part of the apparently too vigorous circulation around the perime-
ter of the Labrador Sea at this resolution (see Fig. 7). None of the
simulations capture the DWBC that appears in the observations
at 2800 m depth at P9-2 (Fig. 17b). Only the 1/12° simulation cap-
tures the DWBC at P10-1 (Fig. 17¢).

4.2.3. Comparison of volume transport

One of the most important measures of validating our simula-
tions is the volume transport of overflow waters. The vertical and
horizontal integration inherent in the transports removes effects

of local spatial velocity variations such as those encountered in
the context of Fig. 17 above. Observed estimates of the volume
transport across the 10 sections P1-P10 introduced above and lo-
cated in Fig. 8 are listed in Table 2 along with the corresponding
model results. We have added four more sections to this list,
P11-P14. P11 is to compare modeled transports at the southern
tip of Greenland to that estimated by Dickson and Brown (1994).
Observations are not yet available for the others in the eastern
North Atlantic, but the model transports suggest that considerable
amounts of overflow water might flow in these areas. Table 2 is
accompanied by Fig. 18, which displays the transport numbers
and direction in graphical form on a map of the North Atlantic.
The volume transport, Q, is calculated from Q = [, ii - dA, where A
is the cross-sectional area vector pointing toward the overflow
direction and i is the velocity vector.

Table 2 and Fig. 18 demonstrate quantitatively that the 1/12°-
simulated volume transports match the moored observations quite
well. Typical rms differences between observed and simulated Q
are about 25%. In contrast, the 1/3° and 1° simulations show both
large under- and over-estimations at many locations. There seems
to be no significant improvement in the model performance of
reproducing overflow transports when the resolution is increased
from 1° to 1/3°. The following provides detail.

The transports along P1-P4 in the Denmark Strait overflow
shows an observed increase in Q owing to entrainment from 2.9
Sv at P1 to 10.7 Sv at P4 (Dickson and Brown, 1994). In the 1/12°
grid the entrainment rate is smaller; the simulated Q increases
from 2.9 Sv to about 7 Sv.

As already indicated above, a combination of underestimated
velocities (Fig. 13) and overestimated channel cross-section
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(Fig. 9) leads to reasonable overflow transports in the 1° simula-
tions in Denmark Strait. The fair match holds from P1 to P4. Trans-
ports from the 1/3° simulations are much too low at the sill of
Denmark Strait and end up being an order of magnitude too small
by P4. Above, we have diagnosed underestimates of both velocity
(Fig. 13) and cross-section (Fig. 9) in the 1/3° grid. At the southern
tip of Greenland (P11), the transport from the 1/12° case is in fair
agreement with the observation. Similar values are obtained with
1°, but due to errors across the CGFZ compensating those over
the Denmark Strait. Transport from the 1/3° grid is significantly
lower, because subtropical pathways along the basin to east of
the Mid Atlantic Ridge are followed in this case.

Observed transports are available at P6-P8 in the area from
Scotland via Faroe Islands past southern Iceland to the Charlie
Gibbs Fracture Zone. At these locations only the 1/12° simulations
produce realistic transports. Transports in the 1/3° and 1° grids
vary between large overestimates and large underestimates. For
example, the 1° transport at P6, Faroe Bank Channel, is O Sv simply
because there is no channel at this grid resolution (Fig. 11). The 1/
3° transport is also far too small owing to poor resolution of the
narrow channel. We already described excessive flow across the
Iceland-Faroe Ridge in the 1° grid (Fig. 4b). This simulated flow
continues westward and appears as overestimated transport at
P7. In contrast, the 1/3° transport at P7 is too small owing to weak
flow through the FBC and diversion of overflow water across the
Wyville-Thompson Ridge (Fig. 4c).

Problems with the 1° simulations continue at P8, the Charlie
Gibbs Fracture Zone, where the transport is too large owing to
excessive flow speeds (Fig. 15b) and excessive cross-section

(Fig. 6b), and with underestimated transports at P9 and P10, which
lead into the Deep Western Boundary Current. Problems with the
1/3° simulations are no less severe, with underestimates at P8-
P10.

Overall, the 1/12° simulations agree with the observations at
P8-P10 reasonably well, Q being significantly underestimated in
the Charlie Gibbs Fracture Zone (P8) and at the southeastern corner
of the Labrador Sea (P9). The latter location is interesting because
some of the 1/12° velocities in the P9 section are overestimated
(Fig. 17a), yet the transport proved to be underestimated.

The considerable realism of the 1/12° simulations encourages
us to examine model transports at overflow density levels at
locations where there are no transport observations. Specifically,
we are interested in the deep flows along the east and west
flanks of Rockall Plateau (sections P12 and P14 in Fig. 18). The
latter is the southward continuation from the overflow across
the Wyville-Thompson Ridge. Our interest also extend to the
possible further continuation into the eastern basin of North
Atlantic at section P14. Table 2 shows a 1/12° transport at over-
flow densities of 4.6 Sv. Such deep transports are significant
within the deep ocean circulation. Fig. 18 suggests that these
transports may be connected to the overflows in the area around
the Faroe Islands even though it is not likely that all the deep
transports at P12-P14 consist of overflow water. We expect them
to be mixed with other water masses by both lateral and diapyc-
nal processes. The question how much the deep circulation at
overflow density levels east of the Mid Atlantic Ridge and south
of Rockall Plateau is affected by the overflows in the Faroe region
remains open.
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4.2.4. A simulation with hand-tuned topography

In light of the incorrect overflow pathways in coarse resolution
simulations due to large errors in critical deep channels, we pres-
ent an additional experiment in which the bathymetry is manually
modified in an attempt to rectify the pathways. We present an
experiment only with 1° since it contains less degrees of freedom
regarding the number of grid points to be modified with respect
to the 1/3° case, but it can still serve to indicate the implications
of taking this avenue.

The topographic hand tuning for the 1° case is focused at the
FBC (P6), IFR (upstream of P7) and CGFZ (P8), which show the larg-
est errors in this case (Table 2 and Fig. 18). The changes in the

topography are depicted in Fig. 19. In particular, we have manually
created a one grid wide channel as a representation of FBC, since
this was missing in the original grid. The depth of this channel is
set to 780 m, which is a value that has been determined through
several trials. The second topographic change is made at the IFR,
which is unrealistically deep in the original version of the bathym-
etry. It is now replaced by the depths of neighboring grid points
along the IFR. Finally, the lateral extent of the CGFZ is narrowed
with respect to the original version in order reduce the unrealisti-
cally high deep transport into the Irminger Basin. Since the hand
tuning of topography is not based on any quantitative criteria,
but on an iterative response of circulation, this is in fact a difficult
inverse problem. As such, wide spread topographic manipulations
can easily change the deep circulation significantly and obscure
any understanding. Thus, we limit these changes to these three re-
gions in order to minimize the hand-tuned area.

The results of the topographic manipulations are shown in
Fig. 20 and Table 2. We immediately see that near locations of
topographic changes, namely at P6 (FBC), P7 (downstream of IFR)
and P8 (CGFZ), the results have improved significantly. The reduc-
tion of transport across CGFZ has also increased the southward
flow along the eastern flank of the MAR (for which we do not have
observations). Nevertheless, the reduced westward transport
through CGFZ appears to have deteriorated the results in the Irm-
inger Basin. This is because in the previous version of the 1° topog-
raphy, the unrealistically high transport across CGFZ was
compensating for errors in the DSOW (this is a case of two errors
correcting the final result). In the modified bathymetry, errors in
the dynamics of DSOW are more apparent. Even though the differ-
ence is not very significant, it indicates a need for further topo-
graphic adjustments in the vicinity of the Denmark Strait in
order to further improve the results. Finally, we see far reduced
transports at P10, which seems to be an indication of the sensitiv-
ity of the circulation near the Grand Banks (possibly a complex
bifurcation region) to any upstream changes, as emphasized by
Bower et al. (2008).

The new results from the modified topography seem to give the
following messages. First, the hand-tuning of the topography in a
coarse resolution model may lead to better results in some areas,
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but it may disturb the accuracy of results at some other locations
as well. It is a complex inverse problem that has the prospect of
becoming more difficult when the nonlinearities in the flow in-
crease (e.g., in eddy-permitting cases). Second, it can only be at-
tempted if the circulation details are known on the basis of the
existing observations. Sparse data, highly-variable flows and rap-
idly-changing forcing conditions (all of which possibly apply in
the Nordic Seas presently) can lead to misleading results. Subse-
quently, it is not clear how to develop quantitative techniques to
go about this approach systematically.

5. Summary and discussion

Pathways of overflows across the Greenland-Iceland-Scotland
ridge system are investigated using a community ocean circulation
model (HYCOM) at three different horizontal grid resolutions of 1°,

1/3° and 1/12°. Initial conditions and surface forcing are nearly
identical in all cases. We focus on the effect of differences in the
model seafloor topography at the different resolutions. The model
seafloor topographies are generated using standard interpolation
routines. The simulations are evaluated qualitatively and quantita-
tively by comparing them with observations, hydrographic sec-
tions and moored current and temperature measurements.

We find that the mean structure of the overflows in Denmark
Strait and Faroe Bank Channel are simulated only at the highest
resolution employed, 1/12°. Simulations of lower resolution fail
quantitatively or even qualitatively. The 1° grid, for example, sim-
ply does not have a Faroe Bank Channel and thus no overflow
through it. Severe problems with the lower resolution cases extend
far beyond the actual overflows to large parts of the deep circula-
tion at overflow density levels. In the lower resolution simulations
part of the overflow waters enter the wrong basins of the ocean, for



80 Y.S. Chang et al. /Ocean Modelling 29 (2009) 66-84

0.2—

0.6f

temp.,°C

051

w
T
L

4 .
0 5 10

temp., °C

Fig. 16. Comparison of temperature profiles (a) P7, and (b) P8. Data sources and notation follow Fig. 15.

(a) P91
L

0.5

1.5

depth, km
N
hd

25

3.5

-

-0.1 0 0.1 0.2

(b) P9-2

0.5

1.5

25

3.5

0.2

Fig. 17. Comparison of velocity profiles from (a and b) the southern Labrador Sea (P9 in Fig. 8) and (c and d) southeast of the Grand Banks (P10). The rotated velocity
component depicted is positive northwestward for P9 and positive northeastward for P10. Black dots: observed data by Fischer et al. (2004) for P9 and Sherwin and Turrell
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46.686°W; P10-2: 41.907°N, 44.575°W. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

example, in the 1/3° case, into Rockall Basin instead of west into
Iceland Basin. Conversely, the 1/12° simulations compare favor-
ably, although not perfectly, with observations far from the over-
flow locations in the Charlie Gibbs Fracture Zone, Labrador Sea
and to a degree even in the Deep Western Boundary Current off
the Grand Banks.

This study was conceived with the notion that realistic climate
models, and especially climate change models, need to have a
realistic deep ocean circulation. The connection between the deep
ocean and the surface that affects the atmosphere, and hence cli-
mate, is the vertical overturning in the ocean, in our case the

Atlantic Meridional Overturning Circulation. Herein, we asked
the question of what grid resolution is required in isopycnic coor-
dinate models to produce fairly realistic overflow pathways and
AMOC, in the absence of any specific treatment of overflows.
Our answer is that the resolution needs to be an order of magni-
tude larger than the typical 1° of current climate models. This res-
olution is mainly dictated by the main pathways of the sea floor.
Both 1° and 1/3° simulations show both large under- and over-
estimations at many locations. There seems to be no significant
improvement in the model performance of reproducing overflow
transports when the resolution is increased from 1° to 1/3°. This
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Table 2
Observed and simulated volume transports. Error is calculated from Q o461/ Qobservea — 1-

Observed. 1/12°(error%) 1/3°(error%) 1°(error%) modified 1°(error%)

P1 2.9 Sv 2.93 Sv (1) 0.75 Sv (-74) 1.79 Sv (-38) 1.58Sv (-46)
P2 5.2 Sv 4.33 Sv (-17) 0.74 Sv (-86) 3.86 Sv (-26) 2.04 Sv (-61)
P3 5.1 Sv 5.93 Sv (16) 1.39 Sv (-73) 5.85 Sv (15) 5.34 Sv (5)
P4 10.7 Sv 6.94 Sv (-35) 1.49 Sv (-86) 8.41 Sv (-21) 6.49 Sv (-39)
P5 - 2.96 Sv 4.01 Sv 0.34 Sv 1.80 Sv
P6 1.9 Sv 2.20 Sv (16) 0.38 Sv (-80) 0.0 Sv (-100) 2.20 Sv (16)
P7 32Sv 2.79 Sv (-13) 1.66 Sv (-48) 5.42 Sv (69) 3.43 Sv (7)
P8 2.4 Sv 1.31 Sv (-45) 0.17 Sv (-93) 7.11 Sv (196) 1.44 Sv (-40)
P9 17 Sv 10.85 Sv (-36) 6.85 Sv (-60) 9.15 Sv (-46) 9.51 Sv (-44)
P10 12 Sv 11.55 Sv (-4) 3.18 Sv (-74) 4.66 Sv (-61) 1.73 Sv (-86)
P11 13.3 Sv 9.44 Sv (-29) 3.32 Sv (-75) 8.76 Sv (-34) 7.49 Sv (-44)
P12 - 1.51 Sv 1.29 Sv 2.58 Sv 1.69 Sv
P13 - 2.23 Sv 6.30 Sv 0.78 Sv 1.89 Sv
P14 - 4.60 Sv 7.07 Sv 2.92 Sv 4.32 Sv
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Fig. 18. Map of overflow water volume transports showing comparison between the observed and modeled Q at each of the sections P1-P11. The bars are directed into the
mean overflow direction at each location. Orange bars: observation; green bars: 1/12°; pink bars: 1/3°; purple bars: 1°. Observations are unavailable for sections P12-P14.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

implies that under-resolved topography sets a threshold as to
prohibit the usual gradual improvement in model performance
until dynamically important channels are adequately represented
in the model domain.

In order to improve the deep circulation resulting from large
topographic errors, manual corrections are made to IFR, FBC and
CGFZ in an experiment with 1° horizontal resolution. The results
show significant reductions in errors near these regions, but simul-
taneously creation of somewhat higher errors than before in other
parts of the basin as well. We conclude that such manual correc-
tions to bathymetry could be useful provided that they are limited

to the most obvious locations, such as blocked or significantly-
overestimated channels.

Alternatives to our approach of explicit simulations of over-
flows, namely MSBC-type parameterizations of overflows, and
depth- or sigma coordinates are beyond the scope of this paper.
While the MSBC is shown to result in excellent agreement with
high-resolution model output for the Mediterranean Sea overflow
(Xu et al., 2007), it is not clear how to extend its applicability to
overflows across the Iceland-Scotland ridge and further down-
stream. High-resolution simulations by Riemenschneider and Legg
(2007) show patterns far more complex than those captured with
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1/12° HYCOM for the FBC overflow. Existence of complex hydraulic
phenomena with possible impacts on mixing have also been put
forth by Pratt et al. (2007). Clearly, we have discussed require-
ments to capture only the very basic mean overflow pathways
here, and more comprehensive investigations of the fluid dynami-
cal problems must await even higher resolution computations of
the general circulation.

On a technical note, this paper indicates that great care needs to
be taken in generating model seafloor topographies, especially at
lower resolutions. The common smoothing applied in the topogra-
phy-generating algorithms can cause undesirable and unrealistic
leakages of deeper into shallower depths. In our case this leads
to a non-existing passage across the Iceland-Faroe Ridge at 1° res-
olution. As such, topography-generating algorithms may have to be
reexamined to develop techniques that help preserve the main
pathways as accurately as possible on coarse meshes. Perhaps a

contribution of this study would be to increase the awareness in
the modeling community of the sensitivity of the deep circulation
to details in preprocessing of bathymetry and foster future studies
on improved interpolation methods.
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