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ABSTRACT
Several 1000 yr runs of the University of Victoria Earth System Climate Model (UVic ESCM) with a hydraulically
controlled overflow in the Denmark Strait are used to analyse the effects of NAO-like variations of the wind stress
localized in the subpolar North Atlantic. The focus is laid on improving the representation of the Atlantic meridional

overturning circulation (AMOC), the sea surface temperatures in the Nordic Seas and the sea ice coverage without
increasing the resolution of the global model. We show that by implementing hydraulic control in the Denmark Strait
Overflow the AMOC can be enhanced at depths between 1000 and 3000 m by up to 7 Sverdrup (Sv) towards more
realistic values. The stability of the Deep Western Boundary Current is considerably enhanced. The expansion of sea
ice into the Nordic Seas in the standard run is pushed back from about 65°N to 75°N when hydraulic parametrization
is switched on. In this case sea ice variations at 75°N and Northern Europe air temperatures exhibit a lag of 9 yr to

variations in the wind stress curl.

1. Introduction

The Denmark Strait can be seen as a key region for present-day
climate, as about one half of the water masses that later become
North Atlantic Deep Water is related to exchange processes via
this passage (e.g. Cooper, 1955; Ross, 1984; Quadfasel and Kise,
2007). The outflow of waters over this sill is limited by hydraulic
control (e.g. Whitehead, 1998; Kise and Oschlies, 2000; Girton
et al., 2001). Several different model studies showed that an
overflow parametrization based on hydraulic constraints leads to
a more realistic representation of the Denmark Strait Overflow
(Kosters et al., 2005), a stronger AMOC and temperatures and
salinities in the Nordic Seas that remain closer to observed values
(Born et al., 2009). Moreover, the sea ice edge is located much
further northwards, again in a better agreement with observations
(Kosters et al., 2005).

Saunders et al. (2008) noted the persisting problem that ocean
models picture a much too shallow AMOC. Spence et al. (2008)
demonstrated that improvements in the barotropic volume trans-
ports, the meridional heat transport and the poleward penetration
of the North Atlantic Current can be obtained by increasing the
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spatial resolution of the respective model. In this study we main-
tain the original coarse resolution of 3.6° (zonal) x 1.8° (merid-
ional) to save on computing time, as we accomplish several
1000 yr runs in a global model.

A major factor defining the European climate variability
is the North Atlantic Oscillation (NAO, e.g. Hurrell, 1996;
Greatbatch, 2000). Recent variability of the NAO since the 1950s
is mimicked in several climate variables like in the number of
frost days (Meehl et al., 2004), the occurrence of extreme events
(e.g. Cavazos, 2000) and fish catch (Reid et al., 2001). Hilmer
and Jung (2000) found a high correlation between the NAO and
Arctic sea ice export through Fram Strait after 1977. Koberle
and Gerdes (2003) showed a significant contribution of the wind
stress forcing in their ocean—sea ice model to the decadal vari-
ability in the Arctic ice volume.

Some focus will be laid on the Labrador Sea region. Latif
et al. (2006) discovered a lagged correlation of the Labrador
Sea convection depth and the North Atlantic/South Atlantic sea
surface temperature dipole of about 11 yr, with the NAO un-
lagged to convection. It is not clear whether further prognostic
capabilities are hidden in other NAO-conditioned correlations.
The difficulties lie in the short time series available that lead
to large significance margins. Therefore we carry out multicen-
tennial and millenium scale runs by employing artificial wind
stress forcing variability with zero mean on the equilibrium
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state to prove and expand the findings of Kosters et al. (2005)
concerning implementation of hydraulic control and to see if
any lagged correlations can be found that might establish cli-
mate predictabilities.

The paper is structured as follows. In Section 2, we describe
the model setups, in Sections 3.1-3.3 we discuss the improve-
ments made by the hydraulic parametrization to the mean ocean
state. We continue to apply different wind stress forcing scenar-
ios in the subpolar North Atlantic, that differ by their time spec-
trum only. This is done in Section 4. The emerging lagged cor-
relations between subtropic/subpolar diagnostic quantities and
the Nordic Seas ice cover or Northern Europe air temperature
are established. In the discussion section we try to relate our
findings to recent observations and numerical experiments.

2. Model description

Our investigations are based on version 2.8 of the University
of Victoria Earth System Climate Model (UVic ESCM), which
is a model of intermediate complexity. Its components are a
three-dimensional ocean general circulation model coupled to a
dynamic—thermodynamic sea ice model, a land- and vegetation
model and an energy-moisture balance atmosphere model with
dynamical feedbacks. Its first release is described in detail in
Weaver et al. (2001). The ocean component is version 2.2 of the
Geophysical Fluid Dynamics Laboratory Modular Ocean Model
(GFDL-MOM, Pacanowski, 1995). It consists of 19 unequally
distributed vertical levels, reaching from a 50-m-thick near sur-
face layer to a 518-m-thick bottom layer at greatest depths.
The global coupled model has a resolution of 3.6° (zonal) by
1.8° (meridional). Atmospheric heat and fresh water transport
are achieved by advection through monthly climatological near-
surface winds, and Fickian diffusion. Precipitation occurs when
the relative humidity is greater than 85%. Even though the wind
field is fixed, there is a dynamical feedback between atmosphere
and ocean on diffusive timescales.

The AMOC in the UVic ESCM has been shown to be sensi-
tive to diverse parametrizations. For example, Wiebe and Weaver
(1999) showed a sensitivity in the ocean component of the UVic
ESCM to the Gent and Mc Williams parametrization for mixing
with mesoscale eddies and Saenko et al. (2003) revealed a sen-

sitivity of the AMOC in the UVic ESCM to meridional moisture
transport and freshening in the Southern Ocean.

Due to the relatively coarse grid, several shortcomings oc-
cured in previous simulations. If the model is driven to equilib-
rium, the ocean’s thermohaline structure without restoring to-
wards climatology is deviating considerably from the observed
mean state. To overcome this partly, we apply a parametrization
of the dense water exchange through the Denmark Strait, which
is a major site for the export of Nordic Seas’ water into the deep
subpolar North Atlantic. About one half of the water masses that
later become North Atlantic Deep Water is related to exchange
processes via this passage. Therefore, the first experiments fo-
cus on the improvements in water mass distribution obtained
from this parametrization. The run labelled CONTR is a stan-
dard control run with parameters set as in the reference run of
the UVic ESCM (Weaver et al., 2001). The only change in run
HYD compared to CONTR is the parametrized dense overflow
in the Denmark Strait.

Details of the hydraulic parametrization are described in
Kosters (2004) and Kosters et al. (2005). The main procedure
is to replace the advective and diffusive fluxes according to the
diagnosed hydraulic transport in the bottom cell at the sill. As
the basic equation for the maximum hydraulic transport we use
the integral

0
0=-% / (on(2) — ps(2)) 2 dz. (1)
fro Ji

with g being the gravitational acceleration, f the Coriolis pa-
rameter, po the mean density, py and py the laterally averaged
but depth dependent potential densities north and south of the
sill and the integral being evaluated from sill depth z = A to
surface z = 0. For constant densities py and pg the integral re-
duces to equation 12 of Whitehead (1998). This parametrization
is also used in the runs HYDP and HYDW, where an additional
wind stress forcing is applied over the subpolar North Atlantic.
This additional forcing has the spectral form of pink and white
noise, respectively. In NHYDP and NYHDW exactly the same
forcings are used but hydraulic control is switched off again.
Table 1 gives an overview of the six different runs.

Our motivation to use different wind stress forcings was to
detect the influences of the NAO on variations in the sea ice

Table 1. Characteristics of the six different model runs.

Time range (yr)  Hydraulic control Wind Acronym
implemented spectral form
3601-5500 No Climatological CONTR
3601-5500 Yes Climatological HYD
0-5500 Yes Climatological + pink noise HYDP
3601-5500 Yes Climatological + white noise HYDW
3601-5500 No Climatological + pink noise NHYDP
3601-5500 No Climatological + white noise =~ NHYDW
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coverage, barotropic streamfunction, salinities, etc. The pink
noise (or 1/f) forcing seemed to be an appropriate alternative to
the white noise forcing as this kind of spectral form consistently
appears in nature (e.g. Hooge, 1976; Yano et al., 2000; Fraedrich
and Blender, 2003). A pink noise low frequency spectrum can be
the result of random perturbation on a dominant peak frequency
(Kaulakys and Meskauskas, 1999), which in our case would be
corresponding to the seasonal cycle. Thus, instead of reconfigur-
ing the basic climatological forcing, we superimpose pink noise
wind stress curl variations on the seasonal climatology. Regard-
ing observations, a test for autoregression of the station based
monthly NAO is not successful. However, the recent variabil-
ity documented in the winter NAO since 1970 indicates some
longer term memory. It is therefore interesting to note that the
spectrum of a 2 yr running mean winter NAO is statistically not
different from pink noise.

3. Improvements through implementation
of hydraulic control in the Denmark Strait

3.1. Barotropic Gyres

The barotropic streamfunction in the case of no hydraulic
parametrization is displayed in Fig. 1a. The North Atlantic max-
imum subtropical transport is 40 Sv, the subpolar gyre exhibits
hardly 20 Sv. The barotropic circulation around Iceland is much
less than 5 Sv. In the southern hemisphere the subtropical gyre is
25-30 Sv while the circumpolar current reaches close to 100 Sv.
The improvement by introducing the hydraulic parametrization
can immediately be seen in the difference plot HYDP-NHYDP
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Fig. 2. Section through subpolar (at 55°N, upper panel) and
subtropical gyre (at 25°N, lower panel). Black: HYDP, red: NHYDP,
green: HYDP-NHYDP.

(Fig. 1b). A section through both the subtropical and subpolar
gyres in Fig.2 displays the absolute values. The subtropical
gyre (lower plot) is enhanced by 8 Sv and widened to the east.
The subpolar gyre in the Irminger Sea has increased by 8—10 Sv.
Also, the Nordic Seas have a distinct Greenland Sea gyre now
and the circulation around Iceland has increased to more than
6 Sv. The changes in the circumpolar current, which are of
the order of the North Atlantic Current increase, have the op-
posite sign, reducing the strength of the flow through Drake
Passage.
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Fig. 1. Time-averaged Atlantic barotropic streamfunction for ran NHYDP (a). The difference plot between HYDP and NHYDP shows the changes
that occur through hydraulic control parametrization in the Denmark Strait (b).
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Fig. 3. Difference in sea surface temperature between HYDP and
NHYDP. The implementation of hydraulic control results in a warming

in the Nordic Seas. Additionally, the mean surface velocity vectors of
the HYDP run are plotted.

3.2. Surface fields

The increased gyre strength obtained by implementing hydraulic
constraints into the parametrization of the Denmark Strait Over-

ww oW T
Longitude

flow in addition yields a surface warming in the Nordic Seas
(Fig. 3). This leads to a closer agreement with the Levitus clima-
tology (Levitus, 1982) which can be seen in Fig. 4a. The equiv-
alent salt increase is shown in Fig.4b. The 34-PSU-isohaline
is shifted into the western part of the Nordic Seas and towards
Spitsbergen in the north. However, there is no pronounced West
Spitsbergen Current in the mean and most of the warm and salty
waters are entering the Arctic through the Barents Sea opening,
probably because of the unresolved topography. As a conse-
quence, the ice edge (not shown) is pushed back from about
65°N in NHYDP to about 75°N in HYDP which confirms the
findings of Kosters et al. (2005) and is in a better accordance
with observations. This was also confirmed by Born et al. (2009)
who used the Kosters et al. (2005) parametrization in the coupled
climate model CLIMBER-3« (Montoya et al., 2005).

3.3. Overturning

In the introduction it was brought up that in general the AMOC
is displayed too shallow in ocean models (Saunders et al.,
2008). The contours in Fig.5a show the vertical structure of
the mean NHYDP overturning, while in Fig. 5b the overturning
for the HYDP run is shown. It is obvious that the hydraulic con-
trol parametrization strengthens the transport at depths between
1000 and 3000 m by up to 7 Sv. The figures also show that the
downstream representation of water masses is improved, which

b)
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W
Longitisde

Fig. 4. Comparison of the 4°C isotherm (left) and the 34-PSU-isohaline (right) in the runs HYDP (red line), NHYDP (blue line) and the Levitus

climatology (grey background, black line).
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Fig. 5. AMOC streamfunction (Sv, black) contoured over Density Anomaly in NHYDP (a) and HYDP (b). Through implementation of hydraulic
control in the Denmark Strait higher, denser and thus more realistic transport rates are achieved.
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Fig. 6. Comparison between cross-sections of transport per unit depth
at 25°N in runs HYDP and NHYDP. Implementation of hydraulic
control leads to a broader and deeper core.

is visible in the extent of the tongue of deep water with oy >
27.8 kgm ~* south of Denmark Strait.

A comparison between the cross-section of the derivation
of the overturning (Fig.6) and observations (e.g. shown in
Roemmich and Wunsch, 1985; Déscher et al., 1994) shows that
the lack of a second core at about 4000 m depth persists. This
may be ascribed to the coarse resolution of only 19 vertical lev-
els. On the other hand, in the runs with hydraulic control the
first core is broadened and shifted to greater depths, in a better
agreement with observations.

In Fig. 7 the velocity vectors at 3658 m depth (15th layer) of
the NHYDP run are subtracted from the corresponding vectors

80°N- |

Latitude

40°W 0°
Longitude

80°W
0.01m/s
Fig. 7. Velocity vectors at 3658 m depth from NHYDP run subtracted

from equivalent velocities in HYDP. In the run with hydraulic control a
stronger Western Boundary Current emerges.
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of the HYDP run. The result shows a strengthening of the Deep
Western Boundary Current when hydraulic control is switched
on. The stabilizing effect of the hydraulic control parametriza-
tion is seen in Hovmoeller diagrams of the southward transport
of water with oy > 27.8 kgm ~° west of 30°W (Fig. 8). In
the non-hydraulic case, variations are about 50% larger, and the
Deep Western Boundary Current temporarily disappears, indi-
cating a thermohaline off-state (white patches represent non-
existing NADW). Southward propagation is accelerated from
041 cms™' in NHYDP to 1.45 cms ~!' in HYDP, as the
parametrization acts as a source of momentum.

The strengthening of the overturning circulation also trans-
lates in more realistic heat transports (e.g. shown in Talley et al.,
2003). In the runs without anomalous wind stress forcing the heat
transport across 45°N gets enhanced from 0.47 PW in CONTR to
0.68 PW in HYD, the runs with white noise forcing show an en-
hancement from 0.52 PW in NHYDW to 0.68 PW in HYDW and
in the pink noise forced runs it rises from 0.51 PW in NHYDP
to 0.68 PW in HYDP.

4. Influence of varying wind stress curl
in the North Atlantic

As described in Section 2 and shown in Table 1, two different
wind stress forcings were used, having the spectral form of pink
noise in HYDP and NYHDP on the one hand and white noise in
HYDW and NHYDW on the other hand. As pointed out in the
previous chapters, the runs with hydraulic control parametriza-
tion show a better agreement with observations. Hence we con-
centrate on them when looking at the influence of varying wind
stress curl in the North Atlantic.

A horizontally Gaussian shaped anomaly in wind stress curl
is superimposed on the climatological forcing. The time depen-
dence of the pink noise forcing anomaly can be seen in Fig. 9a.
Figure 9b shows the time series for the white noise case. A higher
positive forcing anomaly leads to a stronger cyclonic rotation in
the wind field. As a curlplus ensemble we define all samples
with higher forcing anomalies than one standard deviation. The
curlminus ensemble is defined accordingly. The wind fields for
these two ensembles are presented in Figs.9c and 9d, respec-
tively. The standard deviation of the forcing in the HYDP run is
about twice as large as in the HYDW run. As a consequence, the
influence of the varying wind stress curl becomes more apparent
in the HYDP run, so that we only show figures from this run.
However, the correlation coefficients and lags between different
variables are also given for the HYDW run.

In the subpolar gyre region the strongest variations in the
barotropic streamfunction emerged at 55°N. Therefore we cal-
culated the gyre strength between 60°W and 30°W and anal-
ysed its correlations with other parameters. Unlagged correla-
tions were found with the wind stress curl at 30°W and 55°N
which is caused by the forcing (Ryypp = —0.87, Fig. 10a,
Ruypw = —0.76), and with the surrounding average surface air
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Fig. 8. Hovmoeller diagrams of the
§ southward transport of dense water (oo >
£40°N 27.8 kgm ~?) in the NHYDP (a) and the
3 HYDP (b) run. The southward propagation
is accelerated and the variations are reduced
207

to about 50% if hydraulic parametization is

4400 4600 4800 ' 5000 ' switched on. The white patches represent
Maodel Years non-existing NADW.
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Fig. 9. Forcing of the pink noise (a) and white noise (b) experiments and the wind stress field in a curlminus (c) as well as in a curlplus ensemble (d).
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Fig. 11. Velocity vectors printed over salinity variations at 177 m depth in a curlminus (a) and a curlplus ensemble (b).

temperature in this region (Ryypp = 0.81, Ryypw = 0.27). Be-
sides, the aforementioned variations lead variations in the sub-
tropical gyre at 25°N by 6 yr. The correlation coefficient between
the two is Ryypp = — 0.83 (Fig. 10b) in the HYDP run and

Ruypw = —0.58 in the HYDW run. A negative correlation re-

sults from increased vorticity in both gyres (more positive in
subpolar and more negative in subtropical gyre or vice versa).
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The NAO-like forcing shifts the position of the subtropical and
the subpolar gyre in an quasi-oscillating manner. This becomes
apparent in Figs. 11a and b. Here the velocity vectors are plotted
over the ocean salinity variations in the third layer at a depth of
177 m both for a curlplus and for a curlminus ensemble. When
there is a strong positive wind stress curl phase, the border be-
tween the subpolar and the subtropical gyre is shifted southwards
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Fig. 12. Hovmoeller diagram of zonally averaged salinity anomalies for model years 4400-4500. It takes about 6 yr for the salinity variations to

propagate from 50°N northwards to 70°N.

so that the North Atlantic Current gets enforced. Due to salinity
conservation the time change in a given box is proportional to
the flux out of its boundaries which is out of phase with the
salinity itself. Since the peak in the variance conserving salinity
spectrum (not shown) is at 7.4 & 3.6 yr, we expect strongest ad-
vection 2 yr after the salinity maximum and 3 yr after that of the
subpolar gyre streamfunction. This behaviour is consistent with
the findings of Hatun et al. (2005), who could verify the observed
increase of salinity in the Irminger Sea in case of a weak sub-
polar gyre, which again was discussed by Hikkinen and Rhines
(2004). The advective process can be observed in Fig. 12, where
the latitude- and time-dependent longitude-averaged salt varia-
tions are plotted. The marked line shows that the variations need
about 6 yr to propagate from 50°N northwards to 70°N. The salt
signal is used here, as in Hatdn et al. (2005), because it mostly
determines the density near freezing point temperature, and thus
has the largest influence on the circulation in the Nordic Seas.
Lagged correlations with the sea ice coverage at 75°N, averaged
between 10°W and 10°E, emerge for both the variations in the
subpolar gyre and the variations in the subtropical gyre. The lag
between the subtropical gyre and the sea ice coverage is 3 yr
in the HYDP run (Rgypp = — 0.72, Fig. 10c) and 4 yr in the
HYDW run (Rygypw = — 0.59), whereas the subpolar gyre leads
the sea ice coverage 9 yr in the HYDP run (Ryypp = 0.65,
Fig.10d) and 10 yr in the HYDW run (Ruypw = 0.35). The
sea ice coverage moreover shows an unlagged correlation with
Arctic temperatures (Rgypp = — 0.91, Ryypw = — 0.87).

5. Summary and discussion

Different model runs in the UVic ESCM confirmed and ex-
panded the findings of Kosters et al. (2005) in millennium
runs with different wind stress forcings that parameters like
sea surface temperature, sea surface salinity, Denmark Strait
Overflow transport, AMOC or sea ice coverage in the North
Atlantic/Nordic Seas show a better agreement with observa-
tions when hydraulic control parametrization is switched on in
the Denmark Strait. As a consequence, in future simulations it
should be considered to expand such parametrizations for other

hydraulically controlled passages, e.g. the Faroe Bank Channel.
Spence et al. (2008) showed that a better spatial resolution also
leads to more realistic model results. As we used a global model
to perform our 1000 yr runs we maintained a coarse resolution.
A combination of high resolution or a bottom boundary formu-
lation as in Ddscher and Beckmann (2000) and hydraulic control
parametrization might result in even more realistic representa-
tions of oceanic fields.

Another aim of our studies was to investigate the effects of an
NAO-like forcing. Several lagged correlations were found that
yield the following schematics. The forcing affects the position
of the subpolar and of the subtropical gyre. Variations in the
barotropic streamfunction of the subtropical gyre lag variations
in the barotropic streamfunction of the subpolar gyre by 6 yr.
When the zero line of the wind stress curl is shifted more to the
south, the North Atlantic Current becomes stronger and warmer
and saltier waters enter the Nordic Seas. We have shown that
a strong cyclonic subpolar gyre not only advects subpolar near
surface water, but also entrains subtropical water that is being
carried along the pathway of the North Atlantic Current. This
process takes about 6 yr between 50°N and 70°N. The offset
that occurs between the sea ice coverage at the sea ice edge at
75°N—being in phase with Arctic surface air temperatures—
and the barotropic streamfunction in the subtropical gyre is
3 yr. Overall there is a 9 yr lag between the forcing or the
gyre in the Labrador Sea region, respectively, and the sea ice
coverage.

Orvik and Skagseth (2003) analysed mooring data from the
Svinoy section at around 64°N, and found correlations with the
zonal mean wind stress curl at 55°N—close to the centre of
our wind stress anomaly—with a time lag of 15 months. They
attribute this time lag to forced baroclinic Rossby waves inter-
acting with bathymetry causing a barotropic adjustment with
fast topographic waves. Propagation of this speed is also found
in singular events in our data (e.g. Fig. 12 around year 4435).
As has been demonstrated by Doscher et al. (1994), these waves
are poorly represented in a coarse resolution rigid-lid model on
the Arakawa B-grid. Thus, adjustment in our model is mainly
achieved by means of slower advective/diffusive processes.

Tellus 62A (2010), 4
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Fig. 13. Correlation between surface air
temperature at (75°N; 5°W) and 10 yr
leading surface air temperatures in the North
Atlantic, calculated from NCEP reanalysis

0.8

data from 1948 to 2005. Highest negative
correlation coefficients occur over Greenland

100°W

and in the south of Iceland.

Hatdn et al. (2005) investigated the influence of the subpolar
gyre on the thermohaline circulation in a high resolution ocean
circulation model. They found an instantaneous weak salt export
into the Rockall Trough, Faroe Current and Irminger Current in
case of a strong subpolar gyre. While our studies confirm these
findings in the Irminger Sea, we generally find the reaction
in the Rockall Trough and Faroe Current at a delayed time,
which is sometimes also observable in their Fig. 2B (e.g. in
1975). The propagation of this anomaly in our study is obvious
in Fig. 12.

Our findings suggest that measurements of the subpolar gyre
or the surrounding surface air temperature, respectively, could
act as a predictor for sea ice coverage and Arctic temperatures.
Fig. 13 shows an attempt to prove in how far one can trust these
predictabilities by having a look at the NCEP reanalysis data
(Kalnay et al., 1996). Here we took the surface air tempera-
ture in the Greenland Sea (75°N, 5°W) and searched for lagged
correlations with the surface air temperature in other regions.
Highest negative correlations actually occurred over Greenland
and in the region south of Iceland where we applied the wind
stress forcing in the model, though with a time shift of 10 instead
of 9 yr. This slight difference can be explained by the different
time spans considered. While the NCEP data involves just 58 yr,
each of our model runs consists of 1000 yr. However, this kind of
test was mainly made to see whether our tendency is mimicked
in real world data.

The results should still be handled with care and further stud-
ies be made because of different reasons. For example, we use
a simple atmospheric model and do not take the realistic NAO
but just an NAO-like forcing, as mentioned above. On the other
hand, due to the coarse resolution the topography in the Nordic
Seas more or less consists of just one big basin, e.g. there is no
Faroe Bank Channel. Further studies with the more advanced at-
mospheric compartment of the PlanetSimulator (Fraedrich et al.,
2005) replacing the energy-moisture balance model of the pris-
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tine UVic ESCM will include more realistic forcing patterns and
atmospheric feedbacks.
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