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I. Damping time scales
for simple systems

following Griffies and Hallberg, MWR 2000

Suppose T = γ(t)eikxn, where xn = n∆. Then
(1) for the Laplacian case, Tt = C Txx,
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(2) for the biharmonic case, Tt = B Txxxx,
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II. Scaling argument for grid dependence
for simple systems

following Maltrud et al., JGR 1998

Balance advective and diffusive terms. Then

(1) for the Laplacian case, U ∂T
∂x = C ∂2T

∂x2 , and C scales with ∆ ∼ dx,

(2) for the biharmonic case, U ∂T
∂x = B∂4T

∂x4 , and B scales with ∆3.

In 2D, grid cell area A ∼ ∆2, so C ∝ A1/2 and B ∝ A3/2.







Simulations

POP-CICE coupled model
0.4◦ grid, modified Large-Yeager atmospheric forcing

10-year “spin-up” runs
biharmonic (includes area scaling)
GM
GM with area scaling (“modified GM”)
anisotropic GM
anisotropic GM with area scaling (“modified anisotropic GM”)

1-year “spin-down” runs
from beginning of year 10, biharmonic run
5 runs above, plus Laplacian with and without area scaling



Mean kinetic energy

averaged over the ocean volume
north of 80◦N

10-year “spin-up” (1981–1990)
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Global

1-year “spin-down” (1990)



Potential Temperature

Weddell Sea, 36.4 W

contour interval 0.2◦

component at the lower two current meters at the S2 site
in 1977, 1985 and 1987 was 4.9 cm s!1, 5.1 cm s!1 and
3.9 cm s!1, respectively. The difference of 1 cm s!1

between these records are within the standard error,
"±1.3 cm s!1, see Table 2 and section 2. We are therefore
unable to detect interannual variability in the current on the
basis of the S2 data series. The three years of measurements
at the S2 site may not, however, be strictly comparable. The
1987 position was located "2 km west of the 1977 and
1985 position, see Table 1. Because of the strong topo-
graphical steering on the sill even small differences in
position may cause differences in the current, masking true
interannual variations.
[32] The B1, B2 moorings from 1968 were discussed by

Foldvik et al. [1985b] who noted the total breakdown at both
moorings of the generally dominant diurnal tidal constitu-
ents in July 1968. The moorings were replaced by B3 in
1977. The record from B3 showed no collapse of the diurnal
tide. On the basis of the temperature records, Foldvik et al.
[1985b] speculated that the shelf waters in 1968 were almost
homogenized and thus not able to sustain the baroclinic
diurnal tide; see also the discussion by Middelton et al.
[1987]. There was no significant difference in the average
water speed at the B-moorings between 1968 and 1977.
[33] In Figure 7 we have presented one of the longest

records available: the series from FR1, south of the Filchner
Sill. This record demonstrates that northward flowing ISW
occupies the deepest layer (below 232 mab) at all times. The
upper instrument (353 mab) shows the influence of intrud-
ing MWDW in winter with a corresponding minimum in the
northward velocity component. The seasonal differences in

Figure 6. Potential temperature distribution at the F-section
obtained during the recovery of the moorings (ANT XVI/2).
The positions of the current meters (circles) and the
MicroCATs (squares) are indicated. The one-year average
of the !1!C isotherm obtained from the current-meters is
shown by the thick, dashed curve. The average potential
temperatures (!C) from the MicroCATs are indicated in
parentheses. The horizontal distances Li used for transport
calculations are indicated. Tick-marks on the top axis mark
the location of the CTD casts.

Figure 7. Time series of filtered (721 hour running average) meridional velocity component (upper
panel) and potential temperature (lower panel) at mooring FR1 south of the Filchner Sill.
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Current Speed

normal to 54 W (ISW transect)

contour interval 1 cm/s

shaded ⇒ eastward



a

b c

d e

Labrador and Irminger Seas
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Mid-depth recirculation observed in
the interior Labrador and Irminger
seas by direct velocity measurements
Kara L. Lavender*, Russ E. Davis* & W. Brechner Owens†
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The Labrador Sea is one of the sites where convection exports
surface water to the deep ocean in winter as part of the thermo-
haline circulation. Labrador Sea water is characteristically cold
and fresh, and it can be traced at intermediate depths (500–
2,000 m) across the North Atlantic Ocean, to the south and to the
east of the Labrador Sea1–3. Widespread observations of the ocean
currents that lead to this distribution of Labrador Sea water have,
however, been difficult and therefore scarce. We have used more
than 200 subsurface floats to measure directly basin-wide hor-
izontal velocities at various depths in the Labrador and Irminger
seas. We observe unanticipated recirculations of the mid-depth
(!700 m) cyclonic boundary currents in both basins, leading to
an anticyclonic flow in the interior of the Labrador basin. About
40% of the floats from the region of deep convection left the basin
within one year and were rapidly transported in the anticyclonic
flow to the Irminger basin, and also eastwards into the subpolar
gyre. Surprisingly, the float tracks did not clearly depict the deep
western boundary current, which is the expected main pathway of
Labrador Sea water in the thermohaline circulation. Rather, the
flow along the boundary near Flemish Cap is dominated by eddies
that transport water offshore. Our detailed observations of the
velocity structure with a high data coverage suggest that we may

have to revise our picture of the formation and spreading of
Labrador Sea water, and future studies with similar instrumenta-
tion will allow new insights on the intermediate depth ocean
circulation.

In the North Atlantic, surface waters of the meridional over-
turning circulation transport heat to high latitudes, where deep
convection forms intermediate and deep waters in localized regions.
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Figure 1 Trajectories of floats in the Labrador and Irminger seas at nominal depths of
400, 700 and 1,500 m. Each float is represented by one colour, and each arrow
represents one subsurface drift cycle. Gaps between arrows represent the time the float
was at the surface. Data shown are from November 1994 to the end of April 1999,
representing over 200 years of data. Contours mark the 500-m, 1,000-m, 2,000-m,
3,000-m and 4,000-m isobaths.
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Figure 2 Objectively mapped mean circulation at 700 m depth. a, Velocity shown as
displacement vectors. Blue arrows indicate distance travelled over 30 days for speeds
! 5 cm s−1; red arrows indicate distance travelled over 8 days for speeds " 5 cm s−1.
Contours mark isobaths as in Fig. 1. b, Geostrophic pressure measured in centimetres of
water (black contours). ‘L’s mark selected low-pressure centres, and grey contours mark
the 500-m and 1,000-m isobaths. To construct these maps, velocity data from all drift
depths were corrected to 700 m using geostrophic shears from the Levitus
climatology20,21, and were averaged in bins roughly 100 km square. These data were then
objectively mapped using a gaussian covariance function with a decorrelation length scale
of 185 km and noise derived from the variance of the velocity field.

© 2000 Macmillan Magazines Ltd

Lavender, et al., Nature, 2000
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Eurasian Basin, Arctic
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Fig. 14. Schematic map of the transports and pathways discussed in the text. Straight black arrows indicate the direction
of the depth-averaged #ow. At the mooring sites, the arrows (thick black) are labelled with the total transports. Grey
arrows indicate the exchanges of the deep waters. Grey squiggly arrows indicate a possible alternative path for the deep
waters across the Lomonosov Ridge. Black squiggly arrows indicate possible pathways of the Atlantic layer.

The velocities peak at 40 cm s!", being usually greatest in the upper layers (&100m and 300m)
and generally weaker (&10 cms!") at the lower meters. The geostrophic velocity shear calculated
from the density "eld of the Amundsen Basin eddy of Section 3.1 shows a velocity anomaly at the
depth of the eddy of only 4 cm s!", indicating that either the station spacing underestimates the
sharpness of the front, or the motion has a signi"cant ageostrophic or barotropic component
(cf., Manley and Hunkins, 1985). For the events observed at the moorings, the length scale of the
features (quasi the diameter) can be estimated from the duration of the event, viz., (2 weeks
!1.5 cm s!"") 18 km, which is consistent with the eddy having a radius similar to the "rst
baroclinic Rossby radius, 7 km. (The second baroclinic Rossby radius is &3 km.) The rotation
sense, determined as by Foldvik et al. (1988), is generally anticyclonic, a predominance found both
in other observations (Manley and Hunkins, 1985) and in modelling studies (e.g., Jungclaus, 1999).
At LM2 and LM3, about "ve clear eddy events occur during the year-long deployment. At LM1,

1780 R.A. Woodgate et al. / Deep-Sea Research I 48 (2001) 1757}1792
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Eurasian Basin, Arctic
Maximum potential temperature

in the water column
1990
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Potential Temperature

north of Fram Strait, 1990

(Oden 1991 section)



Global Considerations

(spin-down runs)



Global Considerations

(spin-down runs)

Mass Transport (Sv) max MOC
GM 16.36
modified GM 15.53
anisotropic GM 14.94
modified anisotropic GM 14.72
biharmonic 14.39
max differences



Global Considerations

(spin-down runs)

Mass Transport (Sv) max MOC Drake
GM 16.36 162.0 ± 8.0
modified GM 15.53 160.7 ± 7.5
anisotropic GM 14.94 160.6 ± 7.7
modified anisotropic GM 14.72 159.6 ± 7.2
biharmonic 14.39 158.0 ± 6.8

∆ ∼ 2.5%



Global Considerations

(spin-down runs)

Mass Transport (Sv) max MOC Drake Fram
GM 16.36 162.0 ± 8.0 1.04 ± 2.31
modified GM 15.53 160.7 ± 7.5 0.91 ± 2.34
anisotropic GM 14.94 160.6 ± 7.7 0.70 ± 2.37
modified anisotropic GM 14.72 159.6 ± 7.2 0.73 ± 2.36
biharmonic 14.39 158.0 ± 6.8 0.71 ± 2.36

∆ ∼ 2.5% ∆ ∼ 40%



Summary

1. Small eddies are not resolved on this 0.4◦ grid—we need to parameterize their
effects yet still admit those that can be resolved. Scaling diffusivity by grid cell area
is beneficial for relieving excessive high-latitude damping by constant-diffusivity GM.

2. Tuning GM parameters via Drake Passage transport (55–60 S) may miss
important higher-latitude effects.

3. Anisotropic GM forms
look quite promising,
allowing eddy variability
similar to biharmonic
diffusion without excessive
diapycnal mixing.

Thanks
Mat Maltrud
Matthew Hecht
JoAnn Lysne


