
Chapter5 

Overflow and formation of the 

Deep Western Boundary Current 

The subpolar North Atlantic is a key region of the global thermohaline circulation. During the 

last decade, increasing interest in numerical studies of the subarctic Atlantic arose from two 

directions. First, the subpolar seas are essential parts of global climate models. Even though 

regions of intense overflow, like the Denmark Strait, or small scale processes like deep con

vection are poorly or not at all resolved by OGCMs used in climate studies, their integral effect 

is or has to be taken into account by more or less crude subgrid scale parameterisations. The 

need to quantify the role of the different watermass transformation processes on the large

scale circulation have thus led to the development of regional models with high resolution, 

focussing on the effect of individual processes and the sensitivity to different numerical rep

resentations. A main problem here is the lack of appropriate lateral boundary conditions 

and hence a decoupling from the large scale circulation. Basin-scale integrations with high

resolution models may be regarded as a link between these two types of models. It is clear 

that different representations of crucial processes such as the overflows from the nordic seas 

have strong impacts on the large-scale circulation (e.g. GERDES and KOBERLE, 1995; ROBERTS 

et al., 1996). In this chapter we will examine, how the DYNAMO models perform on spatial 

scales reaching from the gridcell size to the width of the basin. 

We will begin with a brief summary of historic and more recent observations to provide a 

perspective of the circulation patterns. We will then review some details of the numerics to 

yield a better understanding of the models' abilities to reproduce the observed circulation. 

A short review of previous modelling studies will be helpful too. DYNAMO results will then 

be presented from the basin scale horizontal circulation to the very small scales of overflow 
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across straits and sills, exploring the different behaviour of the models and the impact on the 

large scale thermohaline circulation. Finally, an outlook will be given on recent promising 

developments and future projects. 

5.1 Observations 

The most prominent features of the surface circulation of the subarctic Atlantic are the highly 

variable Gulf Stream Extension/North Atlantic Current system, carrying warm and saline wa

ter from the subtropics to the north, finally feeding the Irminger and Norwegian Currents; 

and the cold East Greenland and Labrador Currents heading south. The deep return flow 

is dominated by overflows across the Iceland-Scotland Ridge and the Denmark Strait, water 

mass transformation due to entrainment of warm and saline surface and intermediate waters 

as well as relatively cold and less saline deep waters, and open ocean convection in the source 

region of the Deep Western Boundary Current. 

From individual observations, a number of controversial schematics of the subpolar cir

culation have been proposed (e.g. WORTHINGTON, 1976; MCCARTNEY and TALLEY, 1984; 

KRAUSS, 1986; SCHMITZ and MCCARTNEY, 1993; DICKSON and BROWN, 1994). A main prob

lem of the present observational picture is the sparsity of direct transport measurements, 

rendering a quantitative assessment of the effect of the different water mass transformations 

difficult. 

For the Iceland-Faeroe-Scotland Ridge system, overflows of 2.7 Sv (ISOW) have been ob

served, roughly 1 Sv crossing the Iceland-Faeroe Ridge, and 1. 7 Sv finding their way through 

the Faeroe-Shetland and Faeroe Bank Channels (DICKSON and BROWN, 1994). ISOW partly 

consists of subpolar mode water (SPMW), and descending into the deep Iceland Basin in a cy

clonic circulation it is subject to entrainment of Labrador Sea water (LSW), lateral mixing with 

Icelandic and Reykjanes slope waters, and diapycnal mixing with Lower Deep Water (LDW) 

containing a significant portion of Antarctic Bottom Water (AABW)(VAN AKEN and DE BOER, 

1995). A couple of independent studies throughout the last 35 years reveal stable transport 

estimates between 3.1 and 3.5 Sv to the west south oflceland (DICKSON and BROWN, 1994; 

SAUNDERS, 1996). Reliable transports of Icelandic overflow water across the Charly Gibbs 

Fracture Zone amount to 2.4 ± 0.9 Sv (DICKSON and BROWN, 1994). 

Commonly accepted is a flow of deep water with a 0 2: 27.80 of 2.9 Sv out the Denmark 

Strait, rapidly increasing to approximately 5.1 Sv close to the sill due to entrainment (DICKSON 

and BROWN, 1994). The total transport in this density range entering the Labrador Sea south 
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of Cape Farewell has been estimated as 13.3 Sv (CLARKE, 1984; DICKSON, and BROWN, 1994). 

It is not yet clear, to what extent the increase in transport is due to the entrainment of ambient 

water in the northern Irrninger Sea, e.g., intermediate waters originating from convection in 

the Labrador and, possibly, Irminger Seas. From a succession of sections along the Greenland 

continental slope, it is clear though that the density of the DSOW core decreases downstream, 

from a0 =27.95-28.0 at the sill (SWIFT, 1984; SWIFT et al. 1989), to a 0 =27.90-27.95 at Cape 

Farewell (CLARKE, 1984; BERSCH, 1995). Whether there is a further increase in the transport 

of the DWBC downstream of Cape Farewell is open, due to alack of long-term transport mea

surements in the Labrador Sea. A particular question concerns the the role of the deep winter 

convection in the Labrador Sea which, in some winters, homogenises the water column down 

to more than 2000 m (LAZIER, 1980; DICKSON et al., 1996). 

Both Iceland-Scotland Ridge and Denmark Strait overflows are reported to have a dom

inant variability timescale on the order of a few days, with an amplitude comparable to the 

mean flow, but without a significant seasonal signal (DICKSON and BROWN, 1994; SAUNDERS, 

1996). 

5.2 Physical processes and their representation by the models 

The observations mentioned above, and a couple of laboratory experiments reveal the fol

lowing characteristics of the overflow processes: 

• currents are bottom intensified, apparently topographically controlled 

• horizontal scales are of a few tens of km 

• vertical scales are of order 100 m 

• downstream deceleration and deepening 

• bottom friction partly causes flow to be directed across depth contours 

• high frequency oscillations arise from baroclinic instability, when flow has passed the 

sill 

• apparently no link with atmospheric events 

• overflow watermasses are modified by entrainment, lateral and diapycnal mixing 
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Even with a third degree horizontal resolution ( ~ 16 km at 65° N), none of the models can 

properly resolve the details of the overflow, e.g. the bottom flow in the Faeroe Bank Channel. 

The vertical resolution of LEVEL decreases from 35 mat the surface to 125 m at around 580 m 

depth, 200 m at 900 m, and is held constant at 250 m below 1000 m. SIGMA uses 20 levels in 

each gridcolurnn, and the vertical resolution in the overflow regions is at least twice as good 

as in LEVEL. Nevertheless, both of them hardly manage to resolve the vertical scale. ISOPYC

NIC adjusts its vertical resolution automatically, and should have no problem to resolve the 

vertical scale of the processes involved when the isopycnal layers are appropriatly defined. 

Due to its formulation on the B-grid with the inherent lateral no-slip boundary condi

tions, LEVEL is a-priori expected to perform poorly in narrow straits. To circumvent this, the 

Faeroe-Bank Channel has been artificially widened to consist of at least two adjacent tracer 

gridcells to allow for an advective flux across. No additional finetuning of the bathymetry 

was neccessary for ISOPYCNIC. Due to the formulation in terrain-following coordinates, the 

problem of single gridcell columns is overcome by SIGMA. Considering advection, it is thus 

expected to perform best, as long as additional smoothing required to control the pressure 

gradient error does not strongly affect the shape and the cross sectional area. 

Both LEVEL and SIGMA employ cartesian mixing, biharmonic in the horizontal and har

monic in the vertical. Vertical mixing in both models takes into account the local stability of 

the watercolumn according to CUMMINS et al. (1990). In contrast, ISOPYCNIC uses harmonic 

isopycnal diffusion, and truely diapycnal mixing with the same dependence on stability as 

in the two other models. Outside the mixed layer, this explicit mixing is the only diapycnal 

process in ISOPYCNIC. According to the CUMMINS et al. (1990) scheme, for a given density 

interval 8a the mixing is proportional to the square root of the layer thickness, and thus is 

smallest in case of thin layers of overflow watermasses. Consequently, water mass transfor

mation will not be fully effective, e.g. ISOW and DSOW will hardly be subject to mixing with 

overlying LSW. On the other hand, it is well known that diapycnal mixing in level models 

tends to warm and salinify the overflow (ROBERTS et al., 1996). A main reason for this, how

ever, lies in the staircase topography, in conjunction with the convective adjustment scheme 

used to remove static instabilities: Dense water flowing across a sill cannot, in this discretisa

tion, be advected down a slope without being artificially mixed with the underlying (lighter) 

water lying at the slope. 
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5.3 Former model studies 

Overflow and deep-water formation, and their role in the circulation of the North Atlantic 

have been studied with both isopycnic and level models in similar configurations as in the 

DYNAMO project. 

The model domain of the CME configuration extends only as far north as 65°N, and most 

of the experiments have been conducted with closed boundaries and adjacent buffer zones, 

attempting to mimic the effect of the outflow of dense waters from the Nordic Seas by restor

ing predicted temperatures and salinities near the boundary to observed data. Nevertheless, 

the sensitivity of the thermohaline circulation against changes in both surface fluxes and 

lateral boundary conditions (DOSCHER et al., 1994; DOSCHER and REDLER, 1997),as well as 

against the formulation of small-scale mixing (BONING et al., 1996) has been investigated in 

detail. A significant increase in meridional overturning and heat transport could be derived 

by using actual section data (SMETHIE and SWIFT, 1989) instead of too smooth climatology. 

In all coarse resolution and eddy-resolving configurations, a new quasi-dynamic equilibrium 

was reached within 10-15 years. 

With their coarse resolution (1 degree) model of the Arctic, subpolar and subtropical At

lantic GERDES and KOBERLE (1995) investigated the sensitivity of the circulation to surface 

flux anomalies applied in the vicinity of the Denmark Strait. By restoring surface values to 

the cold (0°C) and saline (34.95 psu) extrema of DSOW, the meridional overturning was more 

than doubled within 10 years of integration, gyres intensified, and the pathway of the Gulf 

Stream was represented in a more realistic manner. 

Within a model intercomparison study (ROBERTS et al., 1996, MARSH et al. 1996) coarse 

resolution versions of a Bryan-Cox-type and an isopycnic model have been used to illus

trate in detail the differences in dense overflow, where they arise from and how they affect 

the general circulation. The steplike representation of the bathymetry and diapycnal mixing 

have been identified as the critical points of the level model. While in the isopycnic model 

deep, dense flows retain their water mass characteristics, in the level model vigorous diapyc

nic mixing is responsible for a rapid loss of water mass properties as the overflow water travels 

downstream, leading to unrealistic formation rate of subpolar mode waters in the Irminger 

Basin. 

The sigma-coordinate approach has recently been used in regional models of the over

flow, e.g. GAWARKIEWICZ and CHAPMAN (1995), JIANG and GARWOOD (1996, pers. comm.). 

The fine resolution DYNAMO model is the first-time eddy-resolving basin-scale application of 
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sigma-coordinate models. 

5.4 Model results 

5.4.1 Large scale circulation patterns 

Details of the large scale near surface circulation are being been presented in the overview 

chapter. Here we will focus on the current system in the subpolar North Atlantic, starting 

with the surface and deep circulation patterns. 

Near surface circulation 

The time mean models' near surface circulations are depicted in (Figs. 5.1). Starting in the 

Newfoundland Basin, we will follow the pathways of the North Atlantic Current (NAC), the 

Irminger and Norwegian Currents as branches thereof, all carrying warm water from the sub

tropics to the north, and of the agents of cold surface return flow, the East and West Greenland 

Currents and the Labrador Current. 

LEVEL model, 5 year mean 

(a) LEVEL 
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ISOPYCNIC model, 5 year mean 

(b) lSOPYCNIC 

SIGMA model, 5 year mean 0.877_Etp2 

70N 
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40N 

60W sow 40W 30W 20W 

(c) SIGMA 

Figure 5.1: Near surface (92 m depth) velocity field. Every third vector drawn. Minimum speed 2 cm/s. 

Vectors are to scale, maximum vector drawn on top of figure. 
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The strongest difference between the model solutions is found in the formation region 

of the NAC, in the Newfoundland Basin. The observational picture (ROSSEY, 1996) has the 

bulk of the NAC flowing north along the continental slope off the Grand Banks, turning east 

in the "Northwest Corner" between 50 and 52°N. At least intermittendly, eastward flow has 

also been observed near 44°N, apparently separating south of Flemish Cap. All models show 

eastward flow at these latitudes, but strongly differ in the intensity of the two branches. In 

LEVEL (Fig. 5.l(a)), the Flemish Cap branch appears as the major current, whereas the North

west Corner is much less energetic. In ISOPYCNIC the distinction between the two branches 

is blurred, but the bulk of the eastward flow appears near 50°N. SIGMA seems to have the 

strongest northern branch; the Flemish Cap branch is also present, but in contrast to the 

others, partly recirculates near the western boundary. 

The models also differ in the behaviour of the NAC near the Mid-Atlantic Ridge (MAR). 

Both LEVEL and ISOPYCNIC exhibit a northward deflection of the NAC near 30°W; this fea

ture is particularly strong (and unrealistic) in LEVEL, related to the prominence of the south

ern NAC branch over the Newfoundland Basin. SIGMA behaves very differently here, with a 

southward deflection of the NAC over the MAR, which may be regarded as an expression of 

stronger topographic control in SIGMA than in the other models. 

Despite the differences in the NAC paths over the western basin, the three models show 

an interesting, common structure of the flow field towards the northeast. Across a section be

tween Ireland and Greenland, there are three distinct bands of northeastward flow: through 

Rockall Trough, between Rockall Plateau and the MAR, and along the western side of the 

MAR, i.e., in the Irminger Sea. The difference between the models lies in the relative intensity 

of these branches (Fig. 5.2). SIGMA has the bulk of its flow towards the Norwegian Sea been 

carried through Rockall Trough; the weaker flow west of Rockall turns west south of Iceland 

and merges with the, similarly weak branch in the lrrninger Sea to become part of the recir

culation in the subpolar gyre. ISOPYCNIC has its main northeastward continuation via the 

middle route; at the northern end of the Iceland Basin part of it recirculates west as in SIGMA, 

part of it east to cross the Iceland-Faeroe-Ridge over the Faeroe-Bank-Channel area. There is 

also flow through the Rockall Trough, but apparently part of a local recirculation around the 

Bank, and disconnected from the NAC farther upstream. LEVEL has both eastern branches 

present, joining north of Rockall Plateau; in addition, it shows a rather strong Irrninger Cur

rent, separating from the main NAC at about 52°N. 

In all three models, the near surface return flow is in qualitative agreement. The Irminger 

Current joins the East Greenland Current along the continental slope of East Greenland, en-
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Figure 5.2: Normal velocity across a section from Cape Farewell (44°W, 60°N) to Ireland (8°W, 55°N) 

in the upper 1000 m of the watercolumn. Greenland is on the left, Ireland to the right, and 

Rockall Plateau is found at 16°W. Contour interval is 5 emfs. Negative values are shaded 

and denote south-westward flow. 
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tering the Labrador Sea at Cape Farewell. Spreading north, the West Greenland Current forms 

a cyclonic gyre with the Labrador Current.Whereas in both ISOPYCNIC and LEVEL the surface 

circulation is cyclonic all over the Labrador Basin, and thus fulfilling a prerequisite for open 

ocean convection, the flow is partly anticyclonic in SIGMA. This feature appears to be related 

to the strong shedding and northward movement of cyclonic eddies from the NAC at North

west Corner, a behaviour not shown by the other two models in which the subarctic front in 

this area appears rather stable. 

The vertically-integrated volume transport of the boundary current around Cape Farewell 

may be used as a convenient measure to assess the strength of the subpolar gyre. The total 

transport between Cape Farewell (at about 60°N) and 58°N is 33 Sv in LEVEL, 34 Sv in SIGMA, 

and 27 Sv in ISOPYCNIC. The observational estimate obtained by (CLARKE, 1984) is 34 Sv. A 

remarkable aspect of this transport is its insensitivity to the wind forcing: in the sensitivity 

experiments (LEVEL) with daily wind stresses, and with no wind forcing at all (for the fourth 

year of that experiment) the resulting subpolar gyre transports differed by only 1 Sv. 

Deep circulation 

Because the essential difference of the models involved in this study is their respective vertical 

discretisation, it may be expected that the deep circulation patterns will reveal even stronger 

discrepancies than in the near surface. 

The mean deep flow at 1625 m depth, regarded as a typical level for upper North At

lantic Deep Water (see 4.4), is depicted in fig. 5.3 together with the density field. At this 

depth, ISOPYCNIC shows strongest flows downstream Denmark Strait, heading south along 

the East Greenland continental slope and entering the Labrador Sea south of Cape Farewell. 

The density decreases along this path, indicating further sinking of the dense overflow in 

this region. In the Labrador Basin, a cyclonic circulation forms the deeper levels of the West 

Greenland/Labrador Current system. In the central Labrador Sea, where wintertime deep 

convection reaches 2,000 m depth, densities 2: 27.82 are found. Water of the same density 

penetrates north into the Irminger Basin, but seems to origin from intermediate watermasses 

underneath the NAC at Northwest Corner. At this depth, the DWBC in ISOPYCNIC is clearly 

identified as a continuous, narrow band, heading south. Remarkably, no connection with the 

Iceland-Scotland overflow is found, which propagates south along the eastern flank of the 

Mid Atlantic Ridge, and as the density decreases with downstream distance, further sinking 

may be assumed. 

Whereas in general the path of the deep outflow from the Denmark Strait to the New-
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foundland Basin is the same as in ISOPYCNIC, the density structure is quite different in LEVEL. 

The intercomparison experiment has been conducted without a mixed layer model, and deep 

convection in the Labrador Sea, partly reaching the bottom, effectively increased the density 

in the Labrador and Irminger Basins. Furthermore, only a small fraction leaves the Labrador 

Sea as a well defined western boundary current. Most of the flow follows the 2000 m isobath 

towards the Mid Atlantic Ridge, and then propagates south along its western flank, merging 

with the narrow western band south of 35°N. This behaviour has been observed in the CME 

models too, and it is not yet clear how this is related to the poor vertical resolution of 250 m 

underneath 1000 m depth and the accordingly bad representation of topography. In contrast 

to ISOPYCNIC there is a continuous flow from the Iceland-Scotland overflow region, and the 

southward transport along the eastern flank of the Mid Atlantic Ridge is less pronounced. 

SIGMA in its representation of the circulation at this depth reveals a picture inbetween 

the two other models. As in LEVEL there is a flow from the Iceland-Scotland overflow region 

along the Reykjanes Ridge into the Irminger Basin, and as in ISOPYCNIC the DWBC is clearly 

visible as a continuous, narrow band. As in ISOPYCNIC, a tranport towards the south occurs 

on the eastern flank of the Mid Atlantic Ridge. In contrast this originates not from the Iceland

Scotland Ridge system, but from the western basin, having passed Gibbs Fracture Zone. As 

in the surface circulation, anticyclonic systems are found in the centre of the Labrador Basin, 

decreasing its density to the lowest values of the models. 

The flow on a isopycnal surface representing the upper limit of NADW (a0 =27.8) is 

depicted in fig. 5.4 on colour shaded depth of the isopycnal surface. The shoaling in the 

Labrador Basin reflects the wide horizontal extent and the intensity of convection of LEVEL, 

and the depression towards the rim represents the cyclonic circulation of the boundary cur

rent. South of the Labrador Sea, the isopycnal descends to about 1,500 m depth, thus the cir

culation pattern in the Newfoundland Basin and further south resembles that on the geopo

tential level described above. Strong overflow is found both across the Denmark Strait and the 

Iceland-Faeroe-Scotland Ridge system, and as in the level view, most of the eastern overflow 

water is advected in a narrow band into the Irrninger Basin. 

In contrast to LEVEL, the dense outflow from the Denmark Strait in ISOPYCNIC is about 200 

to 400 m deeper, reflecting the retainment of water mass properties due to a lack of diapyc

nal mixing. South of the Greenland-Scotland Ridge system, the isopycnal is found at depths 

comparable to the level depicted in fig. 5.3 with the exception of a depression in the New

foundland Basin in the NAC regime. 

This depression is also found in SIGMA, but not in the LEVEL results and may account 
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LEVEL model, 5 year mean 
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SIGMA model, 5 year mean 
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Figure 5.3: Currents and density at 1,625 m depth. Every second vector drawn. Minimum speed 

1 emfs. Vectors are to scale, maximum vector drawn on top of figure. Density colour

shaded as indicated in the colourbar; in intervals of 0.02 sigma-units from 27.8 to 27.92, 

minimum density is 27.7 

for or express the differences in the surface circulation of the models. Overflow across the 

Faeroe-Shetland Channel is found to be strongest in SIGMA, and the pathway of the DWBC 

south of Denmark Strait is similar to that revealed by ISOPYCNIC. Nevertheless, the isopycnal 

deepens in the centre of the Labrador Basin, representing anticyclonic flow. 

As the overflow acts as bottom intensified shear flow, a brief glance on the circulation in 

the bottom layer is given in fig. 5.5 to provide additional insight. As might have been expected, 

SIGMA performs excellent in the overflow regions, whereas a strong cyclonic boundary cur

rent with typical velocities of 15 to 20 cm/ s is the dominant feature of the basin scale bottom 

circulation. Bottom velocities in the overflow regions reached by LEVEL are up to 33 cm/ s, 

roughly two third of those revealed by the two other models, and in the deep basins, veloci-
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LEVEL model, 5 year mean 0.41 ~E~2 
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SIGMA model, 5 year mean 0.463_E:W2 
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Figure 5.4: Currents on and depth of isopycnal a0 =27.8. Every third vector drawn. Minimum speed 

1 cm/s. Vectors are to scale, maximum vector drawn on top of figure. Depth colour-shaded 

in nonlinear intervals as indicated in the colourbar. 

ties amount to a few cm/ s only. The bottom circulation of ISOPYCNIC reaches the same speed 

in the overflow regions as SIGMA, and the overall structure on the basin scale is dominated 

by two narrow bands of dense flow west and east of the Mid Atlantic Ridge, with only minor 

transport of ISOW across the Mid Atlantic Ridge. 
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SIGMA model, 5 year mean 
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Figure 5.5: Bottom circulation and density. Only depths exceeding 500 m have been taken into ac

count. Every second vector drawn. Minimum speed 0.5 emfs. Vectors are to scale, max

imum vector drawn on top of figure. Density colour-shaded using nonlinear intervals as 

indicated in the colourbar. 
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LEVEL model, 5 year mean 
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SIGMA model , 5 year mean 
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Figure 5.6: Normal velocity across a section parallel to the Iceland-Faeroe-Scotland Ridge, extend

ing from (12.5°W, 64.5°N) to (2.5°W, 60°N) . Iceland is to the left, and the Faeroe-Shetland 

Channel at around 5°W. Contour interval is 2.5 emfs. Dashed lines denote south-eastward 

flow from the GIN Sea towards the Iceland Basin. 

5.4.2 Overflow processes 

To provide the link between the surface circulation and the deep flow patterns discussed 

above, we will now concentrate on two cross sections of the Iceland-Faeroe-Scotland Ridge 

and the Denmark Strait. In addition to the structure of the velocity fields, integrated trans

ports will be presented and discussed. It should be mentioned here, that both cross sections 

are far from the northern relaxation zone. Finally, a section across the East Greenland Cur

rent downstream Denmark Strait will be utilised to illustrate the performance of the models 

in entrainment and representation of watermass characteristics. 

Iceland-Scotland-Ridge 

Climatological mean normal velocity across a section parallel to the Iceland-Faeroe-Scotland 

Ridge is depicted in fig. 5.6. 



102 CHAPTER 5 OVERFLOW AND FORMATION OF THE DEEP WESTERN BOUNDARY CURRENT 

Please notice the similarity of the underlying bathymetries of the respective models. Ice

land is to the left, and the Faeroe-Shetland Channel is found on the right. LEVEL and IsoPYc

NIC reveal almost the same figure with weak overflow northwest of the Faeroes, and a strong 

first mode baroclinic structure in the Faeroe-Shetland Channel. Consequently, the transport 

in density classes adopted from the layers ofISOPYCNIC is similar (Fig. 5.7, only density classes 

o-0 2: 27.5 depicted). Binned transports here are averaged from timeseries with a 3 day sam

pling rate and thus include the high frequent eddy signal. Whereas ISOPYCNIC yields contin

uous southward transport in all density classes assumed to contribute to NADW (o-0 2: 27.78, 

LEVEL has a stronger transport to the south in the densest bin than ISOPYCNIC, but a slight 

net flow to the north in the two lighter density classes. This may be attributed to the artifi

cial widening of the Faeroe-Bank Channel. The net south-eastward transport of dense water 

((o-0 2: 27.78) amounts to 1.2 Sv for LEVEL, half of the observations, and 2.3 Sv for ISOPYCNIC, 

in good quantitative agreement with the transports reported by DICKSON and BROWN (1994). 

With 7.3 Sv to the south-east SIGMA outperforms the other models in the overflow rate by a 

factor of more than three. It differs also in the structure of the flow, which is mostly barotropic, 

and fails to bring the very dense water across the ridge, as the other models do. The choice 

of the upper limit is rather artificial; redefining the lighter limit by one density class results in 

transports half a Sverdrup less for SIGMA, and about 0.1 Sv less for both LEVEL and !SOPYCNIC. 

Nevertheless, the response in SIGMA is far larger than observed. 

Denmark Strait 

Five year mean temperature on a section across the Denmark Strait is presented in fig. 5.8 

with contours of meridional velocity. All three models show the outflow confined to the Ice

landic side. Whereas the vertical structure of the velocity field in this region is first mode 

baroclinic in !SOPYCNIC, both SIGMA and LEVEL suggest a barotropic flow. The temperature 

field in LEVEL is less stratified than in the other models, and the net transport of dense water 

to the south amounts to 1.9 Sv, whereas 2.5 Svare derived by ISOPYCNIC and 3.2 Sv by SIGMA 

(Fig. 5.9). 
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Figure 5. 7: Cross sectional transports in density classes according to the vertical discretisation of Iso

PYCNIC, integrated over the Iceland-Faeroe-Scotland Ridge section. Only density classes 

2':27.5 are depicted. Negative values denote a transport from the GIN Sea towards the Ice

land Basin. 
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Figure 5.8: Contours of meridional velocity on shades of potential temperature along a section across 

the Denmark Strait at 66°N. Greenland is on the left, Iceland on the right. Contour interval 

is 2.5 emfs. Dashed lines denote southward flow from the GIN Sea towards the Irminger 

Basin. Temperature is shaded in colours with an interval of 1 °K, as indicated in the colour

bar. Due to vertical interpolation onto levels, parts of the dense overflow signal is not visi

ble for !SOPYCNIC and SIGMA. 

Again, net transports agree best with observations in ISOPYCNIC, with LEVEL on the weak 

and SIGMA on the strong side. Whereas the densest water is present at the sill in ISOPYCNIC, 

this does not hold for the other two models. For SIGMA, this may be explained by the strong 

smoothing of the bathymetry, which might have eroded the very dense water already in the 

initial state. 
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Figure 5.9: Cross sectional transports in density classes according to the vertical discretisation of Iso

PYCN IC, integrated over the Denmark Strait section. Only density classes ~27.5 are de

picted. Negative values denote a transport from the GIN Sea towards the Irminger Basin. 
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East Greenland Current 

To illustrate the performance of the models in downstream enhancement of the overflow 

transport due to entrainment or lateral intrusions from Irminger Sea water, and how the 

watermass characteristics are maintained, binned transports have been calculated 450 km 

downstream Denmark Strait at 62°N across the East Greenland Current, from the Greenland 

coast to 35°W, the centre of the lrminger Basin (Fig. 5.10). 

The net southward transport is increased in all three models by a factor of four compared 

to Denmark Strait. Whereas in ISOPYCNIC the densest bins are only slightly weakened, there 

is a complete loss of the very dense overflow signal in the other two models. This may be 

explained by the different representation of diapycnal mixing in the models: Whereas in Iso

PYCNIC it is truely diapycnal, but weak due to the dependency on 1 /N, it is vertical in the other 

models, and artificially enhanced by the diapycnal component of horizontal diffusion in case 

of sloping isopycnals. 

To summarise the results from the cross sections: SIGMA outperforms the other models in 

the overflow rate with a net transport of 10.6 Sv, consistent with the overturning streamfunc

tion versus density, but too strong compoared to observations (e.g. DICKSON and BROWN, 

1994). Furthermore, the vertical coherence of the flow field and the lack of the very dense 

partitions are not satisfactory. 

Even though ISOPYCNIC ends up with overflow rates close to observed transports, and the 

structure of the velocity field is quite realistic, the retainment of watermass characteristics 

downstream Denmark Strait may be regarded as unrealistic. For instance, densest water at 

Cape Farewell is reported to be in the range of a 0 from 27.9 (BERSCH, 1995) to 27.95 (CLARKE, 

1984), whereas in ISOPYCNIC 28.05 is found. 

With a net overflow of density a0 2'.: 27.78 of about 3 Sv, LEVEL misses the observed trans

ports by a factor of two, and suffers from the same rapid loss of the very dense overflow-signal 

as SIGMA. Nevertheless, the vertical structure of the flow field at the sills seems not too unre

alistic. 

Common to all models, and in good agreement with observations is the fact, that the 

densest water of the respective overflows comes across the Iceland-Faeroe-Scotland Ridge 

system. 
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Figure 5.10: Transports in density classes according to the vertical discretisation of IsoPYCNIC, inte

grated across the East Greenland Current at at 62°N, from the Greenland coast to 35°W. 

Only density classes ~27.5 are depicted. Negative values denote southward transport. 
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5.5 Outlook 

Due to the long list of deficiencies of the models in properly representing the small-scale 

overflow, it was not a-priori expected that the models could reproduce this process in area

sonable way. More recent developments will be listed here to give a perspective to future 

projects. 

The main problems of LEVEL are related to the stepwise representation ofbathymetry and 

may only partly be overcome by finer vertical resolution. Artificial diapycnal mixing of the 

overflow plume is inherent to the staircase topography, and can potentially be avoided by the 

application of a bottom boundary layer submodel, combining a level boundary layer with a 

single sigma layer (BECKMANN and DOSCHER, 1997). 

In contrast, ISOPYCNIC in the configuration used within this study lacks effective diapyc

nal mixing, possibly due to the dependency of diapycnal diffusity on 1/N. A reformulation of 

the vertical system using density referred to 2000 m and taking into account thermobaricity 

may help to overcome some problems in identifying distinct watermasses like lower NADW 

andAABW (SHAN SUN, pers. comm.). 

SIGMA in general suffers from the strong smoothing of the bathymetry and a coarse verti

cal resolution near the bottom (see table 2.2) to control the pressure gradient error; resulting 

in wide shelves and a poor representation of the densest bottom waters. Because the project 

was a first time application of a sigma-coordinate model to an eddy resolving simulation of 

the circulation in the North Atlantic, the model configuration has been constrained by very 

severe conditions with regard to the calculation of the pressure gradient calculation. There 

are since then indications that it is possible to improve the representation of the deep wa

ter masses. Sensitivity studies performed with the coarse resolution SIGMA DYNAMO model 

show that a large increase in vertical resolution (from 20 to 35 levels) did not change the accu

racy of the pressure gradient calculation. However, no sensitivity studies to the topographic 

smoothing could be performed during the project with high resolution, but test experiments 

at coarser resolution indicate that it is quite possible that less stringent conditions could be 

applied with success. Obviously, more investigation of the application of the sigma coordi

nate is required to conclude. 
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Chapter6 

Equatorial Dynamics 

A comparison of the model solutions for the equatorial region is of interest for several rea

sons. One is that current variability near the equator is governed by different dynamics than 

at higher latitudes, reflected, for example, in a strong, baroclinic response to the seasonal 

changes in the wind stress; an analysis of the model behaviour in this regime should thus pro

vide a valuable complement to the results for the higher latitudes. Second, there are some im

portant open questions concerning the role of the equatorial regime in the interhemispheric 

transport of mass and heat associated with the thermohaline overturning circulation: in par

ticular, what are the pathways of the northward transport of upper-layer South Atlantic water 

between the equator and the southern Antilles? and is the southward flow of deep water af

fected by an interaction of the DWBC with zonal flows along the equator? With respect to 

the latter issue, previous model studies suggested an interesting, seasonally-varying current 

signal in the deeper layers, both at the western boundary and along the equator, that had 

hitherto not been seen in the sparse observational data base. An evaluation of the DYNAMO 

model suite should help to clarify to which extent this type of behaviour represents an artifact 

of a particular type of model, or can be considered as a robust model feature, with implica

tions for the extensive observational studies being planned under, e.g. the CLIVAR/EuroClivar 

programs. 

6.1 Upper layer circulation near the western boundary 

The strong, seasonally-varying current system in the equatorial Atlantic can be understood 

as the effect of two major factors: the thermohaline overturning cell, leading to an interhemi

spheric exchange of 0(15 Sv) confined to the western boundary; and the system of wind-

111 
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Figure 6.1: Mean surface currents in the equatorial Atlantic in summer. 

driven, zonal currents along the equator. The most pronounced seasonal change concerns 

the variation of the North Equatorial Counter Current (NECC) which is established during 

northern summer and is reversed in winter. A recent review of the observational picture is 

given by STRAMMA and SCHOTT (1996) . 

6.1.1 Summer 

The salient features of the surface current system in summer are reproduced in all model 

solutions (Fig. 6.1): the south equatorial branch of the South Equatorial Current (SSEC), con

centrated between 2 and 4°S, feeds the cross-equatorial North Brazil Current (NBC) at the 

western boundary which retroflects into the NECC. A remarkable feature of all DYNAMO mod

els is that, in contrast to earlier models studies based on the GFDL model (e.g. PHILANDER 

and PACANOWSKI 1985; SCHOTT and BONING 1981) which showed negligible flow along the 

boundary north of the NECC, the retroflection is only partial and does not interrupt the con

tinuation of the shallow boundary current towards the Caribbean Sea during this season. 

The strong vertical shear of the currents is illustrated by Fig. 6.2, showing the mean veloc-
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Figure 6.2: Mean currents at 155 m depth in summer. 

ity vectors for a depth of 155 m . The most prominent feature here is the Equatorial Undercur

rent (EUC) along the equator. In all models this current is mainly fed by the North Brazil Un

dercurrent (NBUC), an uninterrupted northward boundary current with a subsurface max

imum, originating between 12 and 14°S. While already noted in earlier model studies, the 

existence of this undercurrent was only recently confirmed by STRAMMA et al. (1995) using 

direct velocity data and geostrophic velocities from sections at 5.5°S and 10°S. Earlier CME 

simulations showed a similar, equatorward boundary current with a subsurface maximum 

for the northern hemisphere (SCHOTT and BONING 1991); some evidence for this Guiana Un

dercurrent (GUC) was produced by measurements of WILSON et al. (1994). There is no clear 

GUC signature at the 155m-level in the present solutions. It is interesting to note that in this 

regard the LEVEL model is very similar to the lSOPYCNIC models, and different from the CME 

which was based on the same numerical (GFDL-) code and nearly the same grid spacing and 

friction coefficients. This behaviour strongly suggests that the simulation of the equatorial 

current regime is much less affected by the numerical code than by the external forcing con

ditions: in particular, the local wind stress and, for the boundary currents, the strength of the 

thermohaline overturning cell which is stronger in the DYNAMO solutions than in the earlier 
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CME simulations. 

The vertical structure of the zonal equatorial currents during this season is further eluci

dated by the meridional cross-section along 30°W (Fig. 6.3). The two major features are the 

strong, eastward flowing EUC and NECC. The core speed of the EUC at this longitude is 70 

emfs for ISOPYCNIC, and only 35 emfs for SIGMA and LEVEL. There are also differences in the 

vertical shear of the EUC: while the core, as defined by the 10 cmf s-contour, is confined to 

the depth range of 40-180 m in ISOPYCNIC, it is thicker in both LEVEL (40-200 m) and SIGMA 

( 40-350 m), suggesting differences in the vertical exchange of momentum in the models. All 

models, however, qualitatively agree in other important aspects: they show eastward flow 

for the intermediate water level underneath the EUC core, and westward flow at the surface. 

There is no indication, in this season, of a westward Equatorial Intermediate Current (EUIC) 

as found by SCHOTT et al. (1995) for the Antarctic Intermediate Water level. 

The core of the NECC is located between 4 and 5°N in all models, with maximum speeds 

at the surface of about 30 emfs. While all models show some tendency for a second NECC

branch near 8°N, visible especially in the current structure below 100 m, a pronounced sur

face core at that latitude is only produced by SIGMA. All models also show a weaker counter

current (SECC) in the southern hemisphere, near 7°S. While in IsOPYCNIC the SECC appears 

at the surface, it has a subsurface (about 50 m) core both in LEVEL and SIGMA. In earlier ob

servations, typical velocities for the SECC, found between 6 and 9°S, were less than 10 cmf s 

(MOLINARI 1982), though some recent shipboard ADCP measurements indicated velocities 

exceeding 10 emfs in a subsurface core (STRAMMA and SCHOTT 1996); from the few existing 

measurements these authors concluded that the origin of the SECC should be near 30°W In 

the model solutions the SECC originates from the southernmost portion of the SSEC, which 

is deflected southward and westward at the offshore edge of the boundary current (NBC). 

6.1.2 Winter 

The surface and 155 m-flow fields for northern winter are shown in Figs. 6.4 and 6.5. While 

in this season the eastward NECC collapses and is replaced by westward flow in the inte

rior, there is still a remnant of the summer retroflection pattern in the boundary current, but 

somewhat shifted to the north. The deflected water, however, only penetrates to about 45°W, 

before turning north and merging with the NEC. There is a remarkable similarity in this pat

tern between all models. The similarity extends below the surface (155 m), where the deep 

part of the NBC still shows a retroflection, between 3 and 5°N, but the water now feeds into 

the EUC. During this season there is some indication now of an equatorward undercurrent 
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Figure 6.3: Latitude-depth section along 30°W showing the summer-mean zonal velocity field, with 

contour interval 5 emfs, superimposed on the temperature pattern. 
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Figure 6.4: Mean winter surface currents in the equatorial Atlantic. 

(GUC) from the north, joining the retroflected NBC water. In deviation from the CME situa

tion where this current appeared as a strong boundary flow emanating from the Caribbean, 

in the DYNAMO solutions it is much weaker and originates in the NEC at about 12°N. An inter

esting, largely unresolved question concerns the pathways of South Atlantic waters that are 

transferred to the northern hemisphere as part of the basin-scale thermohaline overturning. 

While during summer the North Brazil Current (NBC) is interrupted to a large degree by the 

retroflection into the NECC, resulting in a weak transport between 6°N and the Caribbean, 

earlier speculation was that there may exist a continuation of the NBC towards the Antillean 

passages during winter (PHILANDER and PACANOWSKI 1986). Previous CME analyses showed 

a more complex situation though, with very little direct, uninterrupted transport along the 

boundary. A possible reason for this behaviour, however, was the relatively weak overturning 

of that model, with only about 6-8 Sv in the tropics. The more realistic overturning rates of 

the DYNAMO models, especially for SIGMA and !SOPYCNIC, offer the possibility of a fresh look 

at this issue. 

The surface velocity fields shown in Fig. 6.4 stand in marked contrast to previous model 

results: there is a strong NBC signature at the surface, providing a direct, uninterrupted path-
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Figure 6.5: Mean winter currents at 155 m dept in the equatorial Atlantic. 

way across the equator, into the Caribbean. Again it is interesting to note the close similarity 

of LEVEL with the other DYNAMO models, while it stands in sharp contrast to previous GFDL

model solutions (i.e. in the CME) . We may interpret this behaviour by regarding the bound

ary current as a superposition of a stationary thermohaline overturning part, manifested in a 

n orthward, upper-layer flow along the boundary, and a seasonally-varying part driven by the 

equatorial wind system. Due to the stronger thermohaline cell in the DYNAMO models, the 

seasonal cycle of the NBC/NECC-system can only modulate, but not interrupt the boundary 

flow towards the Caribbean. 

6.2 Equatorial undercurrents 

Figure 6.6 compares the structure of the EUC along the equator. Earlier model studies (e.g. 

PHILANDER and PACANOWSKI 1986; WACOGNE 1989) had demonstrated the critical impor

tance of high vertical resolution and a non-constant vertical friction for a realistic simulation 

of the vertical structure and zonal penetration of the current. Since the dynamics of the near

surface equatorial current system had not been given high priority in the Dynamo project, no 
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Figure 6.6: Longitude-depth section along the equator showing the mean zonal velocity field, with 

contour interval 10 emfs, superimposed on temperature. 
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particular attempt was made to tune the model design for this purpose. Figure 6.6 shows that 

the eastward penetration of the EUC is much weaker in LEVEL and SIGMA compared to Iso

PYCNIC, probably because their vertical friction parameters are too strong for this dynamical 

regime. However, since it would be a rather simple and straightforward matter to optimise the 

vertical grid resolution and relevant friction parameters in the models if one chose to focus 

on the EUC dynamics, a more detailed, quantitative comparison of the present realisations is 

not in order here. 

While high-resolution models usually had little problems with a simulation of the ma

jor aspects of the zonal currents like the EUC and NECC, there are several, more subtle as

pects of the observed latitude-depth structure of the equatorial current band which previous 

model solutions have either failed to reproduce, or shown in a significantly different way. A 

typical problem of many models was the simulation of the northern and southern undercur

rents (NEUC and SEUC), observed at about 3-4°latitude on either side of the equator, below 

100 m-depth (STRAMMA and SCHOTT 1996); there is still considerable disagreement between 

different observations concerning core speeds and volume transports. Another weakness 

of previous model simulations concerns the reproduction of the westward countercurrent 

(EUIC), recently been observed at intermediate levels below the EUG.-Figure 6.7 shows the 

meridional-vertical structure of the zonal currents for the 30°W-section in winter. In all mod

els the flow below the EUC is westward in this season. The counter-current is strongest in 

LEVEL and ISOPYCNIC, with maximum speeds of 5-10 emfs centred at about 300 m, between 

2.5° N and 2.5° S. Poleward of this latitude belt, there are bands of eastward flow, with a subsur

face core (150-200 m depth) south of the equator, and connected to the wintertime remnant 

of the NECC north of equator. 

While the current structure is rather similar in the models, there are considerable differ

ences in the subsurface temperature field: only LEVEL shows a prominent equatorial ther

mostad between 200 and 400 m, while the isotherms are nearly flat in ISOPYCNIC and SIGMA. 

The models hence suggest that the structure of the subsurface current field is rather indepen

dent of the structure of the thermocline, not supporting earlier hypothesis of a dynamical link 

between the northern and southern undercurrents and the northern and southern limits of 

the thermostad. Another remarkable feature of the DYNAMO solutions is the seasonality of 

the subsurface currents, as revealed by a comparison with the summer situation depicted in 

Fig. 6.3. 



124 

0 

-100 

-200 

-300 

-400 

-soo_
10 

0 

-100 

-200 

-300 

-400 

-soo_
10 

0 

-100 

-200 

-300 

-400 

Latitude [ deg N] 

(a) LEVEL 

Latitude [ deg N] 

(b) ISOPYCNIC 

0 

0 

Latitude [ deg N J 

CHAPTER 6 EQUATORIAL DYNAMICS 

5 10 

10 

· , .J •····· h •f;;1%,ld>:::::~fi~;~l':ffil!l~&1:WMIMl4N 
10 11 12 13 14 1 5 16 1 7 18 1 9 20 21 

(c) SIGMA 

Figure 6.7: Latitude-depth section along 30°W, showing the winter-mean zonal velocity; compare 

with the summer pattern in fig. 6.3. 
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6.3 Deep current field 

An important, as yet unsettled issue concerns the interaction of the Deep Western Boundary 

Current (DWBC) with the equatorial regime. The distribution of tracers advected south by 

the DWBC indicate a branching of the deep southward spreading at the equator: a significant 

part of the deep water properties does not cross the equator, but is drawn into an eastward 

wedge along the equator (e.g. KA.WASE and SARMIENTO 1986; WEISS et al. 1985). Due to the 

sparsity of direct current measurements in the deep equatorial Atlantic it is still an open ques

tion whether this behaviour is caused by a branching of the mean western boundary current 

at the equator. An analysis of CME results suggested that an eastward salinity wedge could 

be produced without a significant branching of the mean DWBC: weak eddy diffusivity in the 

equatorial regime permits an eastward tracer tongue to be maintained even by a mean east

ward current ofless than 1 cm/s (BONING and SCHOTT 1993). The CME analysis also showed 

a system of basin-wide zonal currents at the deep water levels, alternating in east-west direc

tion and with annual period, indicative of a Rossbywave response to the seasonal wind stress 

fluctuations. Since a validation of this behaviour is still hampered by the lack of a sufficient 

data base, a comparison of the three DYNAMO models is of considerable interest, in particu

lar with regard to two questions: to which extent is the behaviour robust, that is, shown by 

different numerical models? and what is the sensitivity of the model pattern to differences in 

the wind forcing, i.e. monthly mean vs. daily wind stresses? 

The annual mean flow field at 2000 m (Fig. 6.8) shows a similar behaviour for all three 

models: the DWBC crosses the equator without significant branching or recirculation. As 

for the upper-layers, there are differences, however, in the hydrographic structure. The rel

atively weak eastward salinity tongue present in the initial condition becomes much more 

pronounced in SIGMA and is also present, with some modifications in LEVEL; it is wiped out, 

however, in ISOPYCNIC. A possible reason is the different horizontal mixing scheme used in 

that model: the Laplacian diffusion is much more effective in mixing features on length scales 

of a few hundred kilometres relevant here, than the biharmonic diffusion used in the other 

two models. 

Seasonal mean current fields for winter and summer are shown in Fig. 6.9 and 6.10. The 

remarkable feature here is that all models show the same type of eastward and westward 

bands of flow that were noted in the CME analysis of BONING and SCHOTT (1993). While 

there is a striking similarity even in details of these bands between LEVEL and ISOPYCNIC, 

SIGMA deviates from the other two by exhibiting more small-scale noise at these depths. 
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Figure 6.8: Annual mean flow field and salinity at 2000 m. 
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The latitude-depth structure of these bands is further elucidated in Fig. 6.11 and 6.12, for 

a meridional section along 30°W In all cases, the seasonal currents show a maximum am

plitude at about 1500 m, with an annual range of about 10 emfs for the central band at the 

equator, and about 3 emfs for the first off-equatorial bands at 2-3°N and S. The amplitudes 

are somewhat stronger in SIGMA; moreover, this model exhibits a signature of small-scale, 

apparently steady currents near the bottom, especially along the topographic slope near the 

equator. It seems possible that this bottom-trapped current structure is responsible for the 

narrow, eastward tracer tongue seen in Fig. 6.8. 

In summary, concerning the seasonality of the deep flow field in the equatorial Atlantic, 

we see a remarkable consistency between the results of the three numerical models. It sug

gests that numerical factors have little influence on this type of behaviour, lending support to 

the CME model result of a deep response to the seasonal wind forcing in the form of baroclinic 

Rossbywaves appearing as zonally-elongated bands with alternating eastward and westward 

flows. 
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Figure 6.9: Mean currents at 2000 m, in summer. 
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Figure 6.10: Mean currents at 2000 m, in winter. 
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Figure 6.11: Section along 30°W, showing the deep zonal velocity field for summer. 
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Figure 6.12: Section along 30°W, showing the deep zonal velocity field for winter. 
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6.3.1 Bottom water flow 

A striking difference between the basin-scale overturning patterns of the three models con

cerned the presence or absence of an Antarctic Bottom Water cell. At the deepest levels, we 

thus have to expect qualitative discrepancies between LEVEL and SIGMA on one, and ISOPYC

NIC on the other hand. This is also illustrated in Fig. 6.13, showing the annual-mean flow 

field at 4,000 m-depth. While ISOPYCNIC is characterised by a weak southward flow down to 

the bottom, both LEVEL and SIGMA show a northward transport at this level. This total deep 

transport across the equator reflects the differencies in the overturning streamfunctions of 

the three models. Below 3,500 m LEVEL and SIGMA show a northward flow of 2.2 and 3.4 Sv, 

respectively, while the ISOPYCNIC transport amounts to -9 .3 Sv. In the LEVEL and SIGMA cases 

the main northward advection of AABW south of the equator occurs in the western basin. At 

the equator the northward transport in the western basin below 3500 m accounts for 2.0, 

-8.6, and 0.4 Sv for LEVEL, ISOPYCNIC and SIGMA, respectively. While in LEVEL and SIGMA we 

find both a northward continuation west of the MAR and a crossing of the MAR to the east, in 

ISOPYCNIC the latter is fed from the southward flow in the western basin. Despite the fact that 

the model bathymetries differs significantly a penetrating flow through the Romanche Frac

ture Zone is evident. In all three models there is a northward transport across the equator 

between 25°W and 15°W (1.5, 6.2 and 3.2 Sv for LEVEL, ISOPYCNIC and SIGMA, respectively). 

In LEVEL most of the throughflow continues north along the eastern slope of the MAR. In 

SIGMA theAABWpartlyturns eastward, while in ISOPYCNIC the flow is southward in the east

ern basin and concentrated along the MAR. (In chapter 5 it is shown that the water crossing 

30°N southward east of the MAR originates in the Iceland-Scotland overflow region.) 
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Figure 6.13: Annual mean currents for the Antarctic Bottom Water level, 4,000 m . 
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