
Chapter 11 

Conclusions 

The principal objective of DYNAMO has been to obtain an improved understanding and sim

ulation of the dynamics of the North Atlantic circulation, including its variability on synoptic 

and seasonal time scales, and to determine the dependence of simulated circulation charac

teristics on various aspects of the model formulation. The methods to be used were simu

lations with high resolution numerical circulation models. Overall, we believe that DYNAMO 

has been very successful in achieving its main goals. 

A core activity of DYNAMO has been the development of three realistic eddy-resolving 

ocean models for the North Atlantic circulation, with the objective to find the sensitivity of 

model results to different representations of the vertical coordinate and to the representation 

of critical physical processes. Three models have been implemented, one at each of the par

ticipating groups, which except for the representation of the vertical coordinate are as close as 

possible in all other aspects. The models results have been systematically evaluated through 

the first ever intercomparison of realistic eddy-resolving circulation, and in addition through 

various sensitivity studies and through the assimilation of satellite altimeter data into one of 

the models. 

An important conclusion of the project is that all three models have succeeded in simu

lating the North Atlantic circulation with a considerable degree of realism. That was expected 

for the lSOPYCNIC and LEVEL models, because of previous experience with other models of 

this type. However, for the SIGMA model which had never before run in high resolution on 

the basin scale, it was by no means a priori obvious whether or not the simulation would suc

ceed. The differences in performance between the three models are in many aspects smaller 

than could have been anticipated from comparisons of coarse-resolution models, in partic

ular when one looks at large scales. This reassuring result which has been described in detail 
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in this report, indicates that the higher resolution has actually caused some degree of conver

gence between the models. 

Of fundamental importance is the finding that the large-scale thermohaline circulation is 

strongly controlled by rather local processes, namely by the amount and water mass proper

ties of the overflow across the Greenland-Scotland region, and by the details of mixing within 

a few hundred kilometers south of the sills. Much of the large-scale differences between the 

three models with respect to deep circulation, water mass composition and heat transport 

are related to different representation of the processes in this relatively small region. Espe

cially, the dynamics of the Deep Western Boundary Currents is directly linked to processes in 

this region. Hence, it appears that the thermohaline circulation is pushed rather than pulled, 

at least on time scales up to a decade. 

An1Jther area where a local process has large-scale implications is the sensitivity to small

scale details of the bathymetry. E.g., the pathways of the boundary currents such as the 

Florida Current and the Antilles Current, but also the North Atlantic Current off Flemish Cap, 

are strongly influenced by details of topography and/ or geometry. The mechanisms are not 

well understood, and probably related to insufficient resolution. 

Near the surface, the agreement between the three models is particularly close with re

spect ':o sea surface temperature and heat flux fields. Although the atmospheric forcing 

(ECM'NF-analysis from 1986-91) has been applied in a self-consistent way, systematic de

viations from the forcing fields occur nevertheless in some regions, in particular over much 

of the ,;ubtropical gyre. Obviously, in this region the atmospheric forcing is inconsistent with 

upper ocean dynamics. The simulated mixed-layer (ML) depth distribution in all models is 

also rather close, and fairly realistic over wide regions. Large differences between models in 

some ,:egions (such as e.g. the Labrador Sea) are mainly caused by differences in the circu

lation, not by different ML algorithms. For climate applications, convection is the crucial 

factor determining the winter ML-depth and the water mass transformation. A sensitivity 

study -with a different ML algorithm has shown that the details of the annual cycle which are 

most relevant for coupling with biological/ chemical models requires a more accurate mixed 

layer algorithm which include effects of wind mixing. 

All three models include the relevant processes for subduction and ventilation of the main 

thermocline, and perform rather well in this respect, in particular lSOPYCNIC. It appears the 

the frontal zone associated with the Azores Current has a crucial role in acting as a partial bar

rier to the southward ventilation of Eastern North Atlantic Water, which forms near the Eu

ropean continental margins. As an additional bonus, all three models - although not specif-
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ically designed for the European slopes - have performed surprisingly well in simulating im

portant aspects of the seasonal cycle of near-surface circulation and temperature fields in this 

region, and in revealing the northward spreading of saline Mediterranean Water. 

All models share the problem that the resolution which ranges from 37 km (equator) to 

13 km (70°N) is insufficient to fully resolve the mesoscale eddy field. This causes common 

problems occuring in all models, albeit to varying degrees, such as e.g. the lack of proper sep

aration of the Gulf Stream. The eddy energy is generally too low, its distribution is somewhat 

different from the observed patterns and very much correlated with the mean kinetic energy, 

except in regions where strong topographic slopes stabilize the circulation. Other common 

deficits of all models, such as the lack of a sea ice component, are probably less crucial for 

our purposes. 

More informative than areas of agreement, however, are those areas where models de

velop problems, disagree with each other or fail to reproduce observed patterns. It is here 

where the main benefit of the intercomparison occurs, and where one can hope to learn what 

causes the problems, and how they ultimately may be resolved. As a cautionary remark, is 

must be mentioned that the analysis of all models is far from being complete, and that final 

judgement will have to wait for much more thorough analysis. Nevertheless, a first indica

tion for the different ability of the three models to simulate the North Atlantic circulation has 

been obtained. In the following, the particular strengths and weaknesses of the three models 

are summarized, and we will attempt to arrive at a first assessment regarding their relative 

performance. 

i) LEVEL 

Level models have been around since the early days of ocean modelling. They are de

signed such that coordinate surfaces coincide with geopotential levels, thus account

ing for the overriding magnitude of the gravity force in the equations of motion. The 

geopotential level formulation has been a convenient and versatile concept for general 

purpose models, and due to a wide variety of available options, such as different mix

ing schemes or advection algorithms, it has been used equally well to simulate e.g. the 

wind-driven or thermohaline circulation, storm surges and the circulation in shelf seas, 

small-scale convection, to name but a few. 

The performance of LEVEL in the Dynamo experiments by and large conforms to such 

expectations. As has been discussed above, the model performs fairly well in many as

pects. Overall, its mass field in the deep ocean interior appears to be somewhat closer 
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to the observed distribution than in the other two models. As the integration is far from 

a steady state, this may however reflect a weaker deep circulation. 

The most glaring deficiency which the present experiment shares with many previous 

implementations of the MOM code is in the simulation of vertical overturning and the 

related meridional transport of heat, both of which are well below the observed trans

ports. As discussed in chapter 4, this is likely due to excessive and unphysical diapycnal 

mixing in this model. Strong diapycnal mixing which affects the integrity of water mass 

properties can be induced by the numerical algorithms in several ways, and tends to 

occur primarily in regions of strong topographic or isopycnal slopes. In particular, this 

applies to the regions of water mass formation, especially with respect to the overflows 

which seem to be less well represented than in the other models, and to a lesser extent 

also to the Gulf Stream region where LEVEL has a strong upwelling limiting its merid

ional transports. This behaviour would most likely be improved through higher reso

lution, in particular vertical resolution in certain regions, and possibly also by different 

algorithms for convection above slopes. As revealed by a sensitivity study, part of the 

discrepancy in the heat transport may also be due to the formulation of the southern 

boundary condition which is different (though in principle more realistic) in LEVEL. 

Another more regional specific problem of LEVEL is the behaviour of the North Atlantic 

Current which turns north at the wrong longitude, thereby inducing consequences for 

heat budget, eddy energy and also the deep boundary current. A similar behaviour of 

level models has been found in other simulations, its dynamical origin is however not 

clear. 

Important parameter dependencies have been investigated through several sensitivity 

studies, all of which were performed with the LEVEL model. These include the role of 

wind forcing, through an experiment with daily winds and another one without any 

wind, and the parametrization of mixing in the surface layer. It was found that differ

ences in wind or in parametrization can cause model differences of similar magnitude 

than in the intercomparison experiments. The sensitivity of overturning and particu

larly heat transport to the southern boundary condition has also been demonstrated. 

For the future development of LEVEL models, it appears that the reduction of unphysi

cal diapycnal mixing should be the highest priority. As much of the unphysical mixing 

occurs in the overflow region, the parametrization of mixing here seems to be particu

larly crucial. First experiments with a modified formulation for the convective mixing 



309 

above a slope have been encouraging (Beckmann and Doscher, 1996, pers. comm.). 

Another possibility is of course an increase in resolution. With respect to CPU-time 

referred to the same processor, LEVEL is approximately 2.5 times faster than ISOPYCNIC 

and 2 times faster than SIGMA. Increasing the vertical resolution by such a factor would 

very likely improve the simulation of the LEVEL model, while keeping its CPU-time in 

line with that of the other two models. 

ii) ISOPYCNIC 

The concept that water mass transports in the ocean occur approximately along isopy

cnal surfaces is traditional in oceanography, and has ample support from the analysis 

of observed distributions of water mass properties. Isopycnic models are designed to 

facilitate the representation of such transports because, unlike in the other two models, 

there occurs no spurious diapycnal mixing due the numerical representation of advec

tion. 

It is hence not surprising that ISOPYCNIC excels in regions where diapycnal mixing is 

very small, especially in the main thermocline of the subtropical gyre. Diapycnal mix

ing can be added in a controlled form, and while there is evidence that in the present 

experiment the mixing rate in some regions may have been too small, this does not 

constitute a principal deficiency of isopycnal models. The pathway of the North At

lantic Current is represented more realistically than in the other two models. Whether 

the model's ''.Azores Current" which is more or less absent in the other two models can 

be considered as a superior performance is less clear, as it lacks important characteris

tics of the observed Azores Current, at least in the western basin. In the eastern basin 

the water mass structure representative of the Azores Current is fairly well maintained 

by the model. 

ISOPYCNIC has also done comparatively well in simulating the formation and outflow 

of deep water masses, a fact which indicates that the other models may have suffered 

from excessive diapycnal mixing in the formation regions. It appears to be less sensitive 

to small-scale topographic variations as the layer structure inhibits the development 

of strong vertical motions, and allows the smooth passage of the bottom flow over the 

topography. 

Inevitably, the isopycnal concept also has some inherent drawbacks. The most obvi

ous one is the fact that the use of a single potential density both for layer definition 

and for baroclinic pressure gradient is dynamically inconsistent. This is a fundamen-
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tal problem which cannot be cured by the usual rescue of numerical modelers, i.e. by 

an increase in resolution. The problem is apparent in the model's inability to simulate 

the circulation and water mass distribution associated with the AABW, and in a sys

tematic deviation from the thermal wind relation. It appears that the problem might 

be reduced to some extent through choice of a different reference pressure (2,000 dbar 

instead of the surface) although such choice may create other problems in the upper 

ocean. This deficiency of isopycnal models has been recognized, and there have been 

suggestions (MCDOUGALL and DEWAR, 1996, pers. comm.) how to cope with it which 

look promising but came too late for the Dynamo integration. 

Another problem of lsOPYCNIC lies in the mixed layer formulation, more precisely its 

inability to permit shear in the mixed layer, even if that is very deep. This could con

tribute to the much too low eddy energy, a fact which a priori had not been expected 

as the instability process itself is nearly adiabatic and hence should suit the isopycnal 

concept rather well. The choice of harmonic lateral diffusion, rather than biharmonic 

as in the other models, is, however, probably the main cause of the low eddy energy. For 

this reason, the model in its present form is less well suited for applications which cru

cially depend on a good representation of eddies such as e.g. assimilation of mesoscale 

altimetry, or coupling with biological models to the extent that these require accurate 

vertical velocities on the mesoscale. Other specific problems of IsoPYCNIC, such as e.g. 

the unrealistic behaviour around the Mediterranean Water inflow, are more regional 

and could probably be fixed with more tuning or sensitivity studies. Also, the diapycnal 

transports induced by nonlinearities in the equation of state (cabbeling and thermo

baricity) which are absent in the present implementation can in principle be included 

(although probably with cumbersome algebra). 

iii) SIGMA 

A model where a coordinate surface coincides with the sea floor topography is most 

suitable where topographic influence is the dominant factor, as borne out by meteo

rological experience with terrain-following coordinates. In particular, in regions where 

the circulation has a large barotropic component SIGMA can be expected to excel. Over

all, the performance of the present implementation is quite satisfactory, given that it 

constitutes the first of its kind in high resolution on the basin scale. 

Generally speaking, the circulation in SIGMA is somewhat more vigorous than in the 

other models, especially in the deep ocean. Not surprisingly, this applies also to the 
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overflow regions. The deep circulation in the subpolar gyre appears to be more topo

graphically controlled and more coherent than in the other models, as evidenced by the 

density sections. A number of closed recirculation gyres are visible in the barotropic 

stream function. These appear less plausible when occuring on large scales, such as e.g. 

in the eastern basin in the subtropical gyre which has little substantiation from observa

tions or other model results. On the other hand, it is possible that small-scale barotropic 

recirculation gyres (which would be difficult to observe) actually exist in parts of the 

ocean (cf. ROSSBY, 1996). 

There is mixing across density surfaces due to the numerical algorithm, in particular 

in regions of strong differences between topographic and isopycnal slopes, due to the 

formulation of the lateral diffusion along geopotential surfaces. Whether or not the 

use of topography-following coordinates reduces vertical velocities, and hence implicit 

mixing, is less clear; however, this problem may have been suppressed by the limitations 

imposed on the magnitude of topographic slopes which effectively eliminates smaller 

scales from the topography. 

The problems with the circulation in the Labrador Sea seem to be connected to too 

much topographic control of the North Atlantic Current, possibly in connection with 

smoother topography than in the other models. Although the consequences for the 

local circulation are quite dramatic, it appears not unlikely that this problem may be 

resolved. 

SIGMA is the first application of the SPEM-code to a basin-wide circulation at eddy res

olution. There has been no time to perform much fine-tuning, and it appears rather 

likely that there is considerable room for further improvements, both in parametriza

tions as well as numerical formulations which should enable the model to use the full 

topography everywhere. 

It is obvious that all three models have substantial deficits, and no single model excels 

in all relevant aspects. The question of which model is "best" is therefore largely irrelevant. 

What is important, however, is to realize that even in these models of fairly high resolution 

the representation of certain physical processes, including small-scale processes such as the 

overflows, is crucial to obtain the correct large-scale behaviour. We hope that our study has 

helped to put the finger on some critical model aspects which future developments can con

centrate on. 

We have also investigated a number of schemes for the practical assimilation of altime-



312 CHAPTER 11 Co:--.:cLUSIO~S 

ter data into ocean models, and performed for the period of one-year (1992/93) an assimi

lation of TOPEX/ERS-1 data in the LEVEL model. Overall, the scheme performed well, and 

has resulted in a simulation for this year which we believe to be more accurate than previ

ous simulations. E.g., the simulation succeeded in adjusting the route of the Gulf Stream to 

a somewhat more realistic position. Energy levels were also increased towards observed val

ues, and wave propagation was enhanced. The effects of assimilation were confined to the 

top 1000 m, with deeper structures almost unaffected. 

It could not be expected however that this assimilation experiment would resolve all prob

lems present in the prognostic model integration. Our results suggest that further improve

ments will have to address mainly two issues: 

Firstly, only the temporal anomaly of the SSH has been assimilated, in order to remove 

the geoid error associated with the mean altimetric SSH. Hence a wrong mean circulation can 

only be corrected indirectly due to nonlinear effects, i.e. through the associated differences 

in the eddy statistics. While this does indeed occur to some degree, it would obviously be 

much more effective to assimilate a given mean SSH field. It can be expected that in the 

future a better determination of mean SSH will become possible, through improvements in 

the geoid determination, but also through dynamic topographies with higher resolution and 

better accuracy than present estimates. 

Secondly, our assimilation scheme is designed to leave water mass structure unaltered as 

far as possible. Hence it is not surprising that a poor representation of water masses in some 

areas was left unmodified. Little effect on surface temperature and salinity was visible, sug

gesting that the main ocean response to assimilation lies in its kinetic energy. While this result 

may still depend on details of the assimilation technique, we tentatively conclude that for fu

ture operational modeling efforts, the assimilation of altimetric data must be complemented 

by the assimilation of in-situ observations in order to simulate temperature and salinity well. 
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