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Abstract 

A simple box mOlle 1 of a high-Iatitmle two-Iayer occun, tirst dewlopcd hy 

Martinson et al., 19X 1, is applied to four An:tk regions cunnected logether: the 

Greenland Sea, the Norwegian Sea, the An:tic Ocean, and the Greenland Oyre. The 

latter, in fact, is a small convective region embedded in the northwest cm nel of the 

Norwegian Sea region. The model for each reginn cnnsists of a thermOllynamiL icc 

layer that envers two layers of salt y water which can, undcr spccitic conditions, 

become statically unstable and hence create a state of active overturning. The sy'itclll is 

forced by monthly mean atmospheric temperatures in the four regions, as weil a'i hy 

continental runllffs ami by inflows from adjacent oceans. 

The model predicts the ice thickness, and the temperature and salil1lty uf the 

water in the upper layer for the four regions. Also determined arc the watel 

tempe rature and salinity for the lower layer in the ArctÎl.: Ocean box. Thc convective 

state of any given region, Le., whether it is in an active overturning mode or not, is 

also obtained continuously. 

The dlfferent output variables of the model, which are the rcsponsc to 

climatological forcing conditions, compare favourably with observed data. In this 

control mn, the Arctic Ocean region is characterized by continuous ice cover, the 

Greenland Sea and Greenland Oyre have ice cover only during winter, and the 

Norwegian Sea region ne ver fonns an ice cover. Another feature of the moùel is the 

winter time occurrence of convective overturning in the upper 200 m in the Green/and 

Gyre region. 

The model is also used for different anomal y experiments: a positive air 

tempe rature anomaly which represents a global warming of the earth, a negative salt 

anomaly in the Norwegian Sea which simulates the Great Salinity Anomaly of the 

1960s and 1970s, and an increase in the ice flux through Fram Strait which 

panmeterizes anomalous ice production in the Arctic. 
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Résumé 

Un modèle en boîte simple à deux couches pour les latitudes nordiques, 

developpé en premier lieu par Martinson et al., 19X l, est appliqué à quatre régions 

arctiques connectées ensemble: la mer du Groenland, la mer de Norvège, l'océan 

Arctique, et le courant giratoire du Groenland. Ce dernier est en fait une petite region 

de convection située au nord-ouest de la région de la mer de Norvège. Le modèle 

consiste pour chaljue région en une couche de glace thermodynamique recouvrant 

deux couches d'eau salée ljui peuvent, sous des conditions spécifiques, devenir instable 

et créer un état de renversement actif de l'eau. Le système est controlé par les 

températures atmosphériljues mensuelles moyennes dans les quatre régions, ainsi que 

par le débit d'eau des umtinents et par le flot venant des océans adjacents. 

Le modèle prédit l'épaisseur de la glace, la température et la salinité de l'eau dans 

la couche supérieure, et ce dans les quatre régions. La température et la salinité de 

l'eau pour la couche inférieure dans l'océan Arctique sont aussi déterminées. L'état de 

convection d'une région, i.e., si la région est ou n'est pas d,ms un état de renversement 

actif, est aussi obtenu continuellement 

Les variables de sortie du modèle, qui sont contrôlées par des conditions 

climatiques moyennes, se comparent favorablement avec les observations. Dans cette 

simulation de contrôle, l'océan Arctique est caractérisé par une couche de glace 

continuelle, lu mer et le courant giratoire du Groenland ont une couche de glace en 

hiver seulement. et il n'y a jamais de glace dans la mer de Norvège. Un autre élément 

du modèle est la présence en hiver d'une région de renversement actif de l'eau dans le 

premier 200 m en profondeur dans la région du courant giratoire du GlOenland. 

Le modèle est aussi utilisé pour différentes experiences: une anomalie positive 

de la temperature de l'air qui représente un réchauffement global de la terre, une 

anomalie saline négative dans la mer de Norvège pour simuler la Grande Anomalie 

Saline des décennies 1960 et 1970, et une augmentation du flux de glace traversant le 

détroit de Fram pour simuler une production anormale de glace dans l'Arctique. 
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1. Introduction 

The Greenland and Norwegian Seas constitute a region of considerable climatic 

interest bec3use of their location between the Arctic Ocean, a region of year-round 

sea-ice cover with relatively cold and fresh water, and the North Atlantic Ocean, a 

region of relatively wann and salty water. The Arctic and Atlantic Oceans have very 

dlfferent water propenies, and if either of the two oceans undergoes a change in its 

characteristics, this variation will be transmitted to the other ocean through the 

Greenland and Norwegian Seas. One of the best known perturbations of this kind in 

recent years was the northem North Atlantic "Great Salinity Anomaly" or GSA 

(Dickson et al., 1988). This anomaly manifested itself in the late 1960's and the 

beginning of the 1970's with the occurrence of fresher-than-nonnal water in the upper 

layer of the sea north of Iceland. It has been suggested that this salinity anomaly was 

related to variations in other climate components through a negative feedback loop 

(Mysak et al., 1990), which implies the existence of an interdecadal Arctic climatic 

oscillation. Being pan of a cycle, the Great Salinity Anomaly becomes only one 

episode in a continuous series of negative salinity anomalies, recuning every 15 to 20 

years or sa. 

In Aclgaard and Cannack (1989), we can find a very nice discussion of the 

processes occurring in the Greenland, Iceland, and Norwegian Seas (also referred as 

the GIN Sea). They describe the convective gyres of the Greenland and Iceland Seas 

as the major windows the surface has on the deep ocean in the GIN Sea region, and 

they are aIso the main paths used to transmit the properties at the surface to the 

subsurface. The paths of convection in these two gyre retnns are maintained in part 

by a local precipitation excess and also by a lateraI influx of freshwater from the East 
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Greenland Current. The authors aIso declare that the present-day Greenland and 

Iceland Seas are rather delicately poised with respect to their ability to sustain 

convection. 

In this thesis a simple dynamical model of the upper layers of the Arctic Ocean 

and GIN Sea is developed and used to study, arnong other things, convection in latte!r 

region. The goveming equations for this model are derived for seasonal and 

interannual rime scales. The model consist.s of fom boxes, with one of them 

representing the Greenland Oyre region. The mad.el in each box is a variant of the 

Weddell Sea polynya model due to Martinson et al. (1981). Using physical 

considerations and observed data, we attempt to create a zone of shallow conve~:tion 

in the upper 200 m in the Greenland Oyre region. We shaH also find that this zone of 

shallow convection willloe related to other elements and events in the Arctic Climate 

system, such as the Great Salinity Anomaly. This snlall zone of c;onvection J1(~ar the 

surface will help us look at the parameters thnt influence! the deHcate balance described 

in Aagaard and Carmack (1989), at least in th.e depths range covered by this model. 

The muId-box model, as defined in this thesis, has ils limitations and, as with any 

model, can he seen as a simplification of reality. But mis simplification has ils appeal 

because the results of a simple box model c;an he interpreted more easily, and sorne 

processes can he identified more readUy than in more c;omplex (e.g., genc:ral 

circulation) models. 

This model can also he used easily for sorne experimeIlits, for exmnple the 

propagation of the OSA from one l'egion to another (section 4f.2). Mysak ard Power 
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Fig. 1.1. Negative (or roversing) feedback loop linking northem Canadian river runoff, Arctic sea-ice 
extcnl, Greenland-Iceland Sea ice extent, and salinity, convection and cyclogenesis around Iceland. 
(from Mysak and Power, 1992). 
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(1992) have attempted to incorporate the OSA into an interdecadal climate cycle, as 

describc:d by a negative feedbac:k loop (Fig. 1.1). For a further discussion of this 

feedback loop, the reader is refe:rred to Mysak and Power (1992). The model in this 

thesis can he seen as an attempt to crudely simulate a part of this loop, mainly those 

components involving the ice-ocean system. Thus in this thesis, the atmosphere is 

'spec ified' in a rather simple and crude way, and so this loop cannot be modelled in its 

entirety by the ice-ocean box model presented here. The model in this thesis c:an be 

seen as n first step toward simulating the complete feedback loop of Mysak and Power 

using a simple dynamicaI model. A model simulating the: complete feedback loop 

could then be used to look at possible interdecadaI climate cycles. 

The structure of this thesis is as follows: In section 2, a complete description of 

the model will be given. In section 3, the results of the numericaI simulation using a 

set of control parameters will be given and analyzed. In section 4, the model response 

to several types of imposed anomalies will be examined. Finally in section 5, the 

results will be summarized and discussed. 
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r---------------

2. Description of the Model 

2.1 Geographie regions included in the model 

The multi -box model develuped in this thesis represents the upper-ocean part of 

four different but cllnne':ted geographic locations: The ArctÎc Ocean, the (west) 

Greenlaml and Norwegian Seas, and the Greenland Gyre. The approximate 

geographic position ()f the boxes tor each region is shown in figure 2.1 . 

...... / ".>'<~. 

:;/'::: ":..-... .. =.-.:::;lX'\. 

Fig. 2.1. Positions of the four boxes used in the model. where region 1 is the west Greenland Sea. 2 
is the Norwegian Sea. 3 is the Arctic Ocean. and 4 is the Greenland Oyre. 
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Trying to represent the high-Iatitude ocean areu in Fig. 2.1 with a limited Ilumber 

of reginns in a simple box model is nnt an easy task. One must walk llll a thin li m.' 

between a model with too many boxes in which simple intcrpretations nf the rcgions 

under study ure lost in the equatiolls. und a model with not enllugh boxc~ thut dllcsn't 

reully represent the physics of the area. 

The Arctic Ocean can he reprellented with one box that should reprcsent 

relatively weil the average values of upper-ocean temperature. salinity. and iœ 

thickness in that large area. The area south of Fram Strait is i.I more cOlnplcx rcgion. 

While looking at the interactions between the North Atlantic and the ArctÎC Ocean. we 

can recognize a couple of important features that can be incIlrporated in a simple 

multi-box model: in the upper 100-200 m there is a southward current. the East 

Greenland Current, which bring relatively fresh and cold water from the Arctic 

through the west skie of Fram Strait; on the eastern skie of the Strait there is a 

relatively warm and salt y water coming from the North Atlantic and entering the 

Arctic. To represent these two features, Box #1 and Box #2 were defined (Fig. 2.1). 

The upper-ocean salinity field south of Fram Strait is partially shown in Fig. 2.2-

That figure shows the difference in the surface salinity field between Box # 1 and Box 

#2. On the western side of the region, Box #1 (because of the East Greenland 

CUITent) corresponds to a region of relatively low salinities, generaly between 34.0 

and 34.8 (at least for the areas with sorne data). Box #2, on the east skIe of the area. 

feels the effect of the North Atlantic by having relatively higher salinities (in the 34.X 

to 35.2 range). Box #1 is named 'Greenland Sea region' to recognize the faet that this 

region includes part of the Greenland Sea. (as defined in Fig. 1 of Aagaard and 

Carrnack, 1989), the East Greenland Current. and is situated on the east coast of 
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Greenland. Box #2 is named 'Norwegian Sea region' because it includes the 

Norwegian Sea and is situated on the west coast of Norway. 

To gain sorne insight into some of the smaller-scale phenomena which cannot he 

represented by these large boxes, a smaller one was centered at 75°N, 0°. This 

smaller box is approximately located where the Greenland Oyre is centered (Fig. 1 of 

Cannack and Aagaard. 1973), and thus is named 'Oreenland Oyre region'. The area of 

this fourth box is 1/10 the area of the Greenland Sea region, and 1/20 the area of the 

Norwegian Sea region. 

Separating the surface waters passing through the Fram Sttait region (a 

southward current of cold and fresh water on the west side, and a northward current 

of warm and saline water on the east side) into two boxes can he justifed by looking at 

the observations in Fig. 2.3. In that figure, the temperature and salinity field at the 

surface is seen as being very different if we look at the east or west part of the Sttait. 
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Fig. 2.2. Salinity in the upper 20 meters (From Clarke et al .• 19YO). The 'X' marh the ap(JroxJllléllc 

location of the Oreenlanù Oyre region !l. the moùel. 
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2.2 Overview of the model 

In each of the four regions a simple two-Iayer model is used to represent the 

upper ocean in the Arctic and upper 2000 m in the GIN Sea. This model is based on 

the Weddell Polynya model developed by Martinson et al. (1981). In that model. the 

ice-ocean system, at a given rime, can be in one of four different states (see fig 2.4). 

The system can have no ice (States 1 and 2), or have an ice cover (States 3 and 4). In 

States 2 and 4 the system is statica11y stable, with the density of the upper (mixed) 

layer being less th an the density of the lower layer. In States 1 and 3 the system is in 

an actively overturning mode with the density uniform everywhere in the box. As will 

be shown later, the boxes for the different regions will be connected to represent 

various horizontal inflows and outflows. 

State 1 State 2 State 3 State 4 

F F F ~ 

" " " 11''' 
tk(f.T) u , 

Tu 'lu' Pu 

• 
H T,S,p T,S,p kt(T ·T ) 

L U 

k (S ·s ) 
8 L U 

TL' SL' PL 

Fig. 2.4. The four different states in which each region can find irself (adapted from Manmson et al., 
1981). 

In the two ice-free states, the system is heated or cooled by the heat flux Qw , 

which becomes Qi in the two states with ice. We adopt the convention that when 
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Qw >0, there is a heat transfer from the atmosphere to the ocean, and similarly from 

the atmosphere to the ice when Qi >O. In Martinson et al. (1981) the values used for 

Qw and Qi were based on observed data. In this thesis Qw and Qi are parameterized in 

terms of observed temperature data; the relations between the temperatures and heat 

fluxes are given by the following two equations: 

Qw = Kwa(TaunoSPhere - TwateJ ' 

Qi = Kia (TaunoSPhere -'lice) , 

(2.1) 

(2.2) 

where Kwa and Kia are heat exchange coefficients, T aunosphere is the air temperature 

obtained from observations, Twaler is the temperature of sea water, which will be given 

by the model itself, and Tice is the model-predicted temperature at the surface of the 

ice. This relatively simple heat flux formulation has been used in a sirnilar way in 

numerous models (for example R~ed, 1984; Willmott and Mysak, 1989; Wood and 

Mysak, 1989; and Darby and Willmott, 1993) for different time scales ranging from a 

few days to over a century, with or without a seasonal cycle. In the future, this heat 

flux formulation will need further testing and verification to see if it is precise enough 

to be used in the simulation of a seasonal cycle. Following Welander and Bauer 

(1977), Ticc is obtained by èqûàting the ice-to-air heat flux to the heat flux upward 

through the ice: 

(2.3) 

where Ki is the conductivity of the ice, ~ is the thickness of the ice and TF is the 

temperature of the water just under the ice cover, which is equal to the freezing 

temperalure of the water; it is also the temperature at the bottom of the ice. The 
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steady-state equation (2.3) applies because there is no melting or freezing al the ice 

surface. From eq. (2.3) we obtain the temperature at the surface of the ice, namely, 

(2.4) 

The quantity F in figure 2.4 is the fresh water input into the system, which 

includes continental runoff from sources surrounding the region under study, 

freshwater input due to excess precipitation over evaporation, ice transport into minus 

the ice transport out of the region. This term will be described in greater detaillater. 

The different p'S in figure 2.4 are the densities averaged over each box, each of 

which can be calculated in terms of the box temperature T and salinity S, by the linear 

equation of state: 

(2.5) 

where T 0 denotes the mean temperature, So denotes the means salinity and Po is the 

mean density of sea water. The constants a. and ~ are the coefficient of thermal 

expansion and the coefficient of haline contraction. In the temperature range (-2°C to 

+3°C) and the salinity range (32-35%0) the following values of the coefficients rnay he 

used: a=5.5xlQ-S K-l and P=8x10-4 (Stigebrandt, 1981). The use of a linear equation 

of state (as was done in the original model of Maninson et al., 1981) can be justified 

by the fact that the model uses ooly one or two layers, and the density calculated from 

eq. 2.5 is compared with the density at an interface between two layers of water which 

is never deeper than 200 m. 
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The quantity H is the total depth of the box while h is the depth of the upper 

(mixed) layer in States 2 and 4. These two values will generally be diffc:'rent for each 

region. 8 is the thickness of the ice. Between the two layers in States 2 and 4, 

transfers ofheat and salt are allowed according to the fluxes kt(TL-Tu) and ks(SL-SU)' 

where kt and ks are exchange coefficients. ''fe als\) have an exchange of heat between 

the water and ice which is given by k(T L-Tu), where k is the water-ice exchange 

coefficient As the ice cover fonns or melts, the salinity of the layer below aIso 

changes in a manner which will he described in section 2.3. 

At a given rime, the system in one region must he in one of the four states. The 

system will change its state according to the following rules (criteria): 

State 2 ~ State 1 

From (2.5), the difference in the density between the lower and upper layer is 

found to he 

(2.6) 

The system will go from State 2 to State 1 when the density of the upper layer (Pu) is 

greater than the density of the lower layer (PL)' According to (2.6) this will happen 

when 

(2.7) 

When this condition holds, the system enters State 1 in which the two layers are mixed 

into one deep unifonn layer of depth H with temperature T and salinity S given boi' the 

depth-weighted averages: 

T= [hTu +(H-h)Td 
H ' (2.8) 
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State 2 -+ State 4 

S = [hSu +(H - h)sd 
H 

(2.9) 

The system will enter State 4 if ie,,· can grow at the surface. This will occur 

when d8/dt >0, Le., the right-hand side of the ice thickness equation (se~ eq. 2.16c for 

example) is positive. 

State 4 -+ State 2 

The system will enter State 2 from State 4 if the ice thickness (8) decreases to 

zero. 

State 4 -+ State 3 

The system will enter State 3 from State 4 if the density of the upper layer is 

greater than the density of the lower layer. This is exactly the same situation as the 

change from State 2 to State 1, with the condition (2.7) applying to the temperatures 

and salinities. The new temperature and salinity will be given once again by equations 

(2.8) and (2.9). 

State 1 -+ State 2 

The criteria for determining the change from State 1 to State 2 are found in two 

steps: 

1) The density of the unifonn layer in State 1 is calculated as a function of time. 

If itls decreasing, it indicates that convective overtuming has stopped and that the 

system is moving toward establishing a stable stratification with a light upper layer. 
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2) Next, if the density is decreasing, the critical temperatures and salinities of the 

lower and upper layers of the two-layer system are calculated for which the system 

would switch from a one-layer to a two-layer stable system. The temperatures and 

salinities of these two hypotheticallayêrs are found by using equations (2.8) and (2.9). 

ln these two equations, T and S are known ( the temperature and saIinity of the 

convective layer), H and h are constants, and the lower layer temperature TL and 

salinity SL are fixed in the model for all regions except the Arctic. From (2.8) and 

(2.9), the values of temperature and salinity for the hypothetical upper layer, Tu and 

SU, are calculated. Using these values for TL' Tu, SL and Su the densities of the two 

hypothetical layers are calculated. If the density of the upper layer is less than the 

density of the lower layer, the system is found to have stabilized, and it can go from 

State 1 to State 2. 

The fact that the system must return to fixed values for the temperature and 

salinity of the lower layer when switching from a one-layer system to a two-layer 

system could he seen has a serious limitation in the mode!. But this could he justified 

by the fact that this convection only occurs in one region (the Greenland Gyre, which 

will go from State 4 to State 3 and back to State 4 once every win ter; see results in 

section 3.1) and this convection will only occur in the upper 200 m. Therefore the 

model is not trying to simulate deep-water formation through convection. As will be 

exp Iain later, the Gyre consists of two layers: 0 to 40 m and 40 to 200m. The region 

helow 200 m will he the lower layer of the Norwegian Sea, which is always in a two

layer state (see section 3.1). TL and SL for the Gyre (for the areas between 40 and 

200 m) will he flXed at the same values than TL and SL for the Norwegian Sea (for 

the area helow 200 m in that region). So when the Gyre is in a one-layer state (only 

one layer between 0 and 200 m) and returns to a two-Iayer state, the lower layer 
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conditions TL and SL (for the Gyre) must retum to exactly the srune conditions which 

are found below 200 m. So using flXed values when switching from one layer to two 

layers in the Gyre region, which is the only case of convecticm in this simple box 

model, is like moving the mixed layer depth, at the location of the Oyre, from a depth 

of 200 m to a depth of 40 m. 

State 1 --+ State 3 

As in the change from State 2 to State 4, the criterion for the change of state is 

obtained from the equation for the variation of ice thickness. If da/dt > 0, then ice 

fonnation takes place, and the system will go to State 3 from State 1. 

State 3 --+ State 4 

The criteria for change from State 3 to State 4 is similar to that for the change 

from State 1 to State 2: if the density of the whole convective! layer is decreasing, the 

densities of the upper and lower hypothetical layers are calclJlated. If Pu < PL then 

the system goes from State 3 to State 4, Le., from a one-layer to a two-layer system. 

State 3 -+ State 1 

The system will enter State 1 from State 3 if the ice thickness decreases to zero. 

State 3 --+ State 2 

The system will enter State 2 from State 3 if the ice thickness decreases to zero 

and if the condition to go from State 3 to State 4 (stabilization of the system) is true at 

the same moment. 

A few changes of states were not discussed in this list of criteria, namely 2-+3, 

1-+4, and 4-+ 1. These changes happen with a combination of physical changes in the 
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system; for example formation of ice and convective overtuming both occur for the 

change between State 2 and State 3. These changes are treated sequentially by the 

model during its numerical integration. On the f1l'st time step, one of the two changes 

occurs and is treated following the set of criteria just shown. During the next time 

step, the second physical change can occur. To approximate a change like that in two 

steps works fine if the time steps used in the numerical integration of the equations of 

the model are relatively small, as they will be in this thesis. 

The box model depicted in figure 2.4, with all the mies for state changes just 

elaborated, is applied to each of the four geographic regions shown in figure 2.1. 

These four regions are connected together and to the rest of the world oceans through 

a number of links which represent water or ice transports at the surface only (never 

below 200 m as will be seen later). This was done to keep the model simple. 

However, this prevent fresh water anomalies to exit the system through deep water. 

Fig. 2.5 shows how the model simulates the interactions between the four regions in a 

simple and crude way. Sorne regions around these four regions are not simulated to 

keep the model simple and to concentrate only on a few regions. One of these 1eft out 

region is the Barents Sea, where water from the Greenland/Norwegian Sea enters, is 

further cooled down by heat loss to the cold atmosphere, and then partly enters the 

Arctic Ocean. This process simulated in a simple way by using a specific water 

current, temperature, and salinity for the water entering the Aretic Ocean. This shouid 

simulate the cooling of the water in the Barents Sea without actually simuiating it in 

the model. The numerical values of relevant quantities for these links are given in 

Table 2.1; these numbers will be used in the model equations which are described in 

section 2.3. 

The values listed in Table 2.1 will he explained below; in this discussion the 

Patler by Aagaard and Carmack (1989) will be referred by "A&C", Carmack (1990) by 

"C" and Coachman and Aagaard (1974) by "C&A". 
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Fig. 2.5. The links between '.he four regions in the model and the rest of the world oceans. The 
numerical values of the w;tl';r transports W are given in Table 2.1. Ali the arrows indicate water or 
ice transports, excepl between the Norwegian Sea and Greenland Oyre where the double arrows 
indicale diffusion belween the two regions. 

For the Bering Strait inflow, A&C indicate a long tenn mean flow of 0.8 Sv 

(Wbering) with a long tenn mean salinity of 32.5 (Sl>ering). This flow has an 

approximate temperature (Tbering) of -1.0 oC (Fig. 4.11 in C). 

For the East Greenland Current, estimates of ilS strength (Warctic) vary between 

2 and 30 Sv in C, and belween 2 and 4.1 Sv in C&A. We chose a value of 5.0 Sv. 
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Table 2.1 Values of parameters used in the model for the links between the four 
regions and the rest of the world oceans. W is a water transport (in units of Sv, 
where 1 Sv=l()6 ml s-l). The location in space ofthese various W are reltresented 
schematically in Fig. 2.S. 

Name Symbol Value Reference 

Bering Strait inRow WberinR 0.8 Sv Aagaard and Cannack (1989) 

Tberifllt -1.0 OC Cannack (1990) 

Sherinll 32.5 Aa2aard and Cannack (1989) 

East Grœnland Current Warctic 5.0 Sv Estimate based on data from 

Cannack (1990) and Coachman and 

Aagaard (1974). 

West Spitsbergen Current Wwsc 5.0 Sv Estimate based on data from 

Cannack (1990) and Coachrnan and 

Aagaard (1974). 

Barents Sea inRow Wbs 0.5 Sv Estimates based on data from 

Tbs -l.OoC Coachman and Aagaard (1974) and 

Sb!! 34.96 Midttun (1985) 

Norwegian Coastal Wncc 0.7 Sv Estimates based on data from 

Current Tncc 2.0 oC Aagaard and Cannack (1989) 

Sncc 34.4 and Cannack (1990) 

North Atlantic InRow Tatl 4.0 oC Cannack. (1990) 

Atlantic Water Watl1 3.7 Sv Aagaard and Cannack (1989) 

Satl1 35.4 Aagaard and Cannack (1989) 

Modificd Atlantic Wat12 2.4 Sv Aagaard and Cannack (1989) 

Waler Satl2 35.2 Aagaard and Cannack (1989) 

Advection from the Wg 2.0 Sv Estimated guess 

Greenland Sea to the 

Norweeian Sea 
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For the West Spi~bergen Current, estimates of its strength (Wwsc) vary between 

2 and 8 Sv in C, and between 3 and 4.2 Sv in C&A. The value chosen in this the sis is 

5.0 Sv. 

For the Barents Sea inflow into the Arctic, C&A Table 1 shows one estimate of 

a current of 1 Sv, but in the text, they speak only of a northward surficial flow 

between the Barents Sea and the Arctic. A current of 0.5 Sv for this inflow (Wœ) is 

chosen here. The discussions in C&A don't mention any salinity or temperature 

measurements of this inflow into the Arctic. Based the conclusions in Midttun (1985), 

a salinity (Sbs) of 34.96 and a temperature (Tœ) of -1.0 oC are used in the model in 

this the sis. 

For the Norwegian Coastal Current entering the Arctic and Norwegian Sea, its 

strength (W ncc) and Salinity (Sncc) are taken to be the same as the current that is 

leaving the Norwegian Sea (see Fig 2.5). For this situation, the values given by A&C 

are W ncc=O.7 Sv and Sncc=~4.4. The temperature (T ncc) of this current is taken as 

being less than the temperature entering the Arctic through Fram Strait (Fig. 2.3) and 

is fixed at 2.0 oC. Section 3.2 of this thesis will show that the effects of the 

Norwegian Coastal CUITent on the Arctic Ocean region in the model are quite small 

compared to other processes. Even though the values for this water flux in the Arctic 

are far from being precise, they are included in the model for reasons of completeness 

with respect to the currents entering the four regions simulated. 

The North Atlantic inflow is defined as having a temperature (Tati) of 4.0 oC 

(based on C where the Atlantic water is defined as being greater than 3°C). This 

Atlantic water is separated in two parts in A&C: The Atlantic water inflow with a 
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strength (WatJI) of 3.7 Sv and salinity (WatJI) of 35.4, and a modified Atlantic water 

with a sttength (Watl2) of 2.4 Sv and a salinity (Satl2) of 35.2. 

Finally the advection between the Greenland Sea and Norwegian Sea is 

estimated at 2.0 Sv (see water balance below). 

Sorne of the water currents which have been discussed above were aIso 

estimated by taking into account a simple water balance of the water masses entering 

and leaving the Arctic Ocean, Greenland Sea, and Norwegian Sea regions of the 

model. This water balance can be described as follow: 

Greenland Sea Inflow Outflow 

eEast Greenland CUITent 5.0 Sv Warctic 

eAdvection from the Greenland Sea box 2.0 Sv W'i, 

to the Norwegian Sea box 

eWater export through Oenmark Strait 3.0 Sv (FromC&A) 

Total 5.0 Sv 5.0 Sv 

Norwegian Sea Inflow Outflow 

eWest Spitsbergen CUITent 5.0 Sv Wwsc 

eAdvection from the Greenland Sea box 2.0 Sv W'i, 

to the Norwegian Sea box 

eNorth Atlantic Water 3.7 Sv Watll 

2.4 Sv Watl2 

eExport to Barents Sea 2.4 Sv (FromA&C) 

eNorwegian Coastal CUITent 0.7 Sv 0.7 Sv Wncc 

Total 8.8 Sv 8.1 Sv 
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Arctic Ocean Inflow Outflow 

-East Greenland Current 5.0 Sv Warctic 

-Water import through Bering Strait 0.8 Sv WbcrinR: 

-West Spitsbergen Current 5.0 Sv Wwsc 

-Water from the Barents Sea 0.5 Sv Wbs 

-Norwegian Coastal Current 0.7 Sv Wncc 

-Water export to the Canadian Arctic 1.7 Sv (FromA&C) 

Archipelago 

Total 7.0 Sv 6.7 Sv 

While we have not shawn a total water balance for all the three regions together, 

the totals for each region show that no huge imbalances exist in the model. Sorne of 

the current were chosen (the West Spitsbergen and East Greenland Currents for 

example) however, to keep the imbalances in the above totaIs to a minimum. 

The tr.lIlSport of ice out of the Arctic Ocean through Fram Strait (larctic)' the 

transport entering Greenland Sea (las) and the transport out of the Greenland Sea 

through Denmark Strait (Idenmark) are calculated quantities because they will vary 

with the ice thickness in the Arctic Ocean region. Hence they do not appear in Table 

2.1. The quantity of ice leaving the Arctic Ocean regioi'l in one year is defined as being 

equal to 1112 of the ice volume in that region. That factor, which will vary with time 

because ~(t) in the Arctic, was chosen because it gives, when converted to 

Sverdrups. an ice transport through Fram Strait factor similar to that listed in Aagaard 

and Cannack (1989), namely 0.10 Sv. Thus for our model, with an area of A3=9.55x 

1012 ml for the Arctic Ocean (Table 2.2), and using an average ice thickness of 4 

22 



meters, we obtain an ice export of (l/12)x(4)x(9.55x1012) m3/yr or 0.10 Sv (where 

l Sv=1CJ6m3s-1). 

The quantity of ice entering the Greenland Sea (las) is defined to be equal to 

0.35 of the quantity of ice leaving the Arctic (larctic)' The reduction is due to ice 

melt. In a box model, the conditions simulated are of a point which should be 

representative of the region the box covers. In the Greenland Sea region an amount 

larctic of ice passes through Fram Strait, but this ice melts while floating southward. If 

an ice import corresponding to 100% of the value of Iarctic was used in the ice 

thickness equation for the region, this would imply that the ice conditions in the 

Greenland Sea region we are lrying to simulate are the ones close to Fram Strait. By 

taking only a fraction of IarcLic as the ice flux in the ice equations, we are assured that 

the ice thickness simulated would be for a point farther south from Fram Strait, a point 

we hope would be more representative of the average conditions over the whole 

region. Aagaard and Carmack (1989) estimate that 50% of the ice through Fram 

Strait melts before it reaches 73°N. We increase this percentage to 65% to take into 

account the fact that the Greenland Sea region used in the model extends southward to 

65°N, and that we try to simulate the conditions near a point at 70oN, 15°W. Thus the 

net amounl of ice imported into the Greenland Sea is O.35xIarcLic' The melted ice 

(O.65xlarctic) is treated in the model as water entering the Greenland Sea region. 

The quantity of ice leaving the Greenland Sea region through Denmark Strait 

(Idenmark) is estimated at 0.20 of the quantity of ice flowing through Fram Strait. 

This number cornes from Aagaard and Carmack (1989). 

The parameters employed in the model (e.g., layer thicknesses) are listed in 

Table 2.2, and the physical constants used are given in Table 2.3. 
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Table 2.2 Parameters used in the model. 

Name Symbol Value Reference 

Area 
Greenland Sea Al 0.853xlO12m2 Aagaard and Cannack ( 1989) 
Norwegian Sea A2 1.707x1012m2 Aagaard and Cannack ( 1989) 
Arctic Ocean A3 9.550xlO12m2 Aagaard and Cannack ( 1989) 
Greenland Oyre A4 1.832xlOllm2 Carmack and Aagaard (1973) 

Upper layer depth Estimates based on data from 
Greenland Sea hl 200m Bjork (1989), Clarke et al. 
Norwegian Sea h2 200m (1990), Holland et al. (1991), 
Arctic Ocean h3 40m and Coachman and Aagaard 
Oreenland Oyre h4 40m (1974) 

Total Depth 
Greenland Sea Hl 2000m Estimates based on data from 
Norwegian Sea H2 2000m Clarke et al. (1990), Bjork 
Arctic Ocean H3 200m (1989), and Coachman and 
Greenland Oyre H4 200m Aagaard (1974) 

Runoft' 
Greenland Sea Runoffl 75 km3yr-t Aagaard and Carmack ( 1989) 
Norwegian Sea Runoff2 345 km3yr-l Aagaard and Cannack ( 1989) 
Arctic Ocean Runoff3 3300 km3yr-1 Aagaard and Cannack ( 1989) 
Temperature Tnmoff 2.0 oC Carmack (1990) 

Precipitation minus 
Evaporation 
Greenland Sea PEI 263 km3yr-1 Estimates based on data from 
Norwegian Sea PE2 527 km3yr-1 Aagaard and Cannack (1989) 
Arctic Ocean PE3 900 km3yr-l 
Greenland Gyre PE4 57 km3yr-l 
LowerLayer 
Temperature 

Greenland Sea TLl -0.5 oC Estimates based on data from 
Norwegian Sea TL2 -0.5 oC Clarke et al. (1990) and in 
Greenland Gyre TL2 -0.5 oC Coachman and Aagaard (1974) 

LowerLayer 
Sali nit y 
Greenland Sea SLl 34.91 Estimates based on data from 
Norwegian Sea SL2 34.91 Clarke et al. (1990) and in 
Greenland Gyre SL2 34.91 Coachman and Aagaard (1974) 
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A number of references were considered in choosing the upper layer (hi) and 

total (Hi) depths appropriale for the four regions. The upper layer depth used in the 

model for one region will correspond to the mixed layer depth observed in that region. 

For the Arctic Ocean, we chose h3=40 m and H3=200 m. In the model of Holland et 

al. (1991) the mixed layer depth is taken as being 30 m. In Bjt;rk (1989) the mixed 

layer in the Arctic is said to he between 25 m and 50 m; so we chose 40 m for h3 in the 

model presented here. Under this mixed layer, Bjt;rk (1989) defines a transition layer 

of depth up to 200 m (in the region north of Greenland). This last depth will he our 

total depth (H3)' 

For the Greenland Sea region, Fig. 4 (profùe #5 and #6) in Coachman and 

Aagaard (1974) shows that the conditions of the temperature and salinity change 

quickly hetween 150 and 200 m, and are relatively stable deeper than that; thus the 

choice of a mixed layer in that region of hl =200 m. Hl was chosen as 2000 m in order 

to have a box deep enough so that the temperature and salinity are approximately 

constant. 

For the Norwegian Sea region, Fig 4. in Clarke et al. (1989) shows mixed layer 

depths in the 100 to 500 m range. Taking into account this range, the values for the 

mixed layer and total depth (h2 and H2) were chosen to equal 200 m and 2000 Dl, 

respectively. These values were also chosen so as to be similar to the values in the 

Greenland Sea region of the model. Fig. 3.6 and 3.7 below aIso show that the salinity 

and temperature are quite constant below 1000 m. 

The fourth region, the Greenland Oyre, was created to look at convective and 

diffusive phenomena in the upper part of the Norwegian Sea region. To do that, in the 
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region where the gyre is centered, the two layers of this fourth region replace the 

upper layer of the Norwegian Sea, thus the total depth ~ will be equal to 200 m. The 

upper layer of this small region must be Jess than 200 m, and so we arbitraI)' specify il 

to be h4 =40 m. 

Fig. 3.6 and 3.7 below show the temperature and salinity in the Norwegian Sea 

(Station 105 to 120). From these two figures we can see that the temperature and 

salinity do not vary a lot wh en going deeper than 500 m. The temperature varies 

between 0.0 oC and -1.0 oC. Thus the lower layer in the Norwegian Sea region has a 

temperature ofTL2= -0.5 oC. The salinity goes from 34.9 to 34.911, with a maximum 

near 34.912. The lower layer salinity (SL2) is thus taken as being 34.91. 

In Coachman and Aagaard (1974), in the section on the water masses of the East 

Greenland Current (which corresponds to the Greenland Sea region in this model), the 

water under 150 m (Atlantic intermediate water and deep water) is said to be between 

34.87 and 35.0. Fig. 22 in the same reference shows that the temperature below 

400 m is between 1 oC and -1°C, with a salinity under 35.0. Keeping aU the ranges of 

values in nùnd, the lower layer in the Greenland Sea region of the model is defined to 

have a temperature Tu= -0.5 oC and a salinity SL2=34.91. These values are the same 

as those used for the Norwegian Sea region of the model. 

As Îndicated in Table 2.2. the lower layer salinity and temperature in the 

Greenland Oyre region are taken to be the same than in the lower Norwegian Sea 

region (T L2 and SL2)' This is done because the lower layer of the Oyre region is 

defined as being water from the lower layer of the Norwegian Sea region which is 

brought up from below 200 m to the region between 40 and 200 m by the cyclonic 

circulation of the Oyre. 
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Table 2.3 Physical constants used in the model. 

Name Symbol Value 

Ice SaUnity Siee 5.0 

Coefficient of thermal ex~nsion (X 5.82xl0-5 K-l 

Coefficient of haline contraction Ji 8xlO-4 

Water Density P 1027.84 kg m-3 

Ice Density Pi 900 kg m-3 

Thermal Conductivity of Ice lei 2.0334 W m- l K-l 

Specific Heat of Sea Water Cp 4.l8x103 J kg- l K-l 

Latent Heat of ice L 2.5xl()5 J kg-1 

Table 2.4 Heat and salt excnange coefficients used in the model. 

Heat exchange coefficient Symbol Value 

SeaHAir Kwa 25.0 W m-2 K-l 

ICeHAir Kia 10.0 W m-2 K-l 

IceHSea k 20.0 W m-2 K-l 

Mixed layerH Lower Layer 

Greenland Sea ktl 7.0xl0-7 m s-1 

Norwegian Sea ka 7.0xl0-7 m s-I 

Arctic Ocean kt3 7.0xl0-7 m s-1 

Greenland Gyre kt4 3.5xl0-6 m s-1 

Salinity exchanRe coefficient Symbol Value 

Mixed layer+-+Lower Layer 

Greenland Sea ksi 1.0xl0-7 m s-1 

Norwegian Sea ks2 1.0xl0-7 m s-I 

Arctic Ocean ks3 1.0xl0-7 m s-I 

Greenland Gyre ks4 5.25xl0-7 m s-1 
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Table 2.4 lists the values for the heat and salt exchange coefficients used in the 

model. The exchange coefficients for sea-air and ice-air interactions (Kwa and Kia) 

appear in equations (2.1) and (2.2) respectively. The values are taken to be the same 

for the four regions, and correspond to those used in the simple ice-ocean model for 

the Greenland Sea developed by Wood and Mysak (1989). The ice-sea exchange 

coefficient k is also taken to be the same for the four regions. The value used cornes 

from the ratio q=KiJk=O.5 (Wood and Mysak, 1989). The exchange coefficients 

between the lower layer and upper layer are more difficult to specify. These 

coefficients parameterize the effects of upwelling, turbulent exchange and double 

diffusion. The heat exchange coefficient for the fust three regions was chosen equal to 

the one used for the Weddell Sea in Martinson et al. (1981). 

R~ed (1984) used a considerably higher (6.3xlO·5 m s-l) value of kt than used 

here (7.0xlO-7 m s-l) for his model of the Marginal Ice Zone. Wood and Mysak 

(1989) argued that this was necessary because Rf6ed was studying the behavior of heat 

exchange processes close to the ice edge. For a gyre-scale model the smaller value 

applies. 

In an ice-free region, the values of kt and ks should in principle vary inversely 

with the mixed layer depth because, as the interface between the two layers cornes 

closer to the surface, it would be nearer the wind-mixing action in the upper ocean. 

This turbulence mixing across the intenace would be increased, which could be 

parameterized by an increase in the exchange coefficients. This is certainly true for the 

Norwegian Sea and the Greenland Gyre which have a big difference in mixed layer 

depth (200 m versus to 40 m). Thus we hypothesize (Darby, personal communication, 

1992) that 
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(2.10) 

and similarly for ks4' 

The values of kt3 and kS3 for the Arctic Ocean were chosen equal to the values 

used for the Greenland and Norwegian Seas, even though the mixed layer of the 

Arctic is closer to the surface. This was done because the Arctic Ocean is ice-covered 

for most of the year and therefore the interface will not likely feel the action of the 

aunospheric winds. The model in this thesis does not inc1ude any ice dynamics in the , 
Arctic Ocean and, thus, the possible effect of the ict r,over on the mixed layer depth in 

the Arctic by the action of the keels of ice rldges is not considered. 

The salinity exchange coefficient in one region is fixed at 0.15 times the value of 

the heat exchange coefficient in the same region. This was done in Martinson et al. 

(1981) who inferred this value from laboratory experiments published by Turner 

(1973). 

The sensibility of the model under changes of kt and ks in the four regions will he 

discussed at the end of section 3.1 

The heat flux forcing of the four regions requires knowledge of the semi-daily 

aunospheric surface temperatures in each of the regions (see (2.1) and (2.2». From 

monthly mean temperatures, a linear regression is used 10 obtain these values. For the 

Arctic region, the temperatures come from data provided by J.Walsh and D.Chapman 

via Dave HoUand (personal communication, 1992). For the other three regions, the 

monthly mean temperature data are from Shea (1986). For the Arctic Ocean region, 

the data were taken from a point al 85°N, 120oW; for the Greenland Sea region, from 
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a point at 700 N, 15°W; for the Norwegian Sea region, from 700 N, 0°; and at 75°N, 0° 

for the Oreenland Oyre. 

The only horizontal exchange between the Oreenland Oyre and the Norwegian 

Sea is through diffusion of water between the two upper layers (fig 2.5). The diffusion 

coefficient will vary according to the volume of the gyre region. For the Oreenland 

Oyre region (region 4), the equations for the variations of upper-layer temperature Md 

salt will include terms of the form 

(2.11) 

where 

and 

N.B. Note that for convenience we have dropped the subscript 'u' on T and S to 

denote 'upper layer'. Ti and Si will refer to the upper layer temperature and salinity in 

region 'i', unless convection occurs. In the latter case, Ti and Si refer to the 

temperature and salinity of the convecting layer of depth Hi' 

Similarly, for the Norwegian Sea region (region 2), the effect of diffusion from 

the gyre will give rise to terms of the form 

(2.12) 

with the same Dt and Ds as in (2.11). The coefficients Dt and Ds are now discussed 

below. 

1 

The factor h 4 in Dt and Ds is the actual thickness of the upper layer in the box, 

depending in which state the Greenland Oyre is at the moment (fig 2.4). If the Oyre is 
1 

in State 2 or 4 (no convective overturning), h 4 = h4 (see Table 2.2). But if the Oyre 
1 

is in a state of convective overturning (State 1 or 3), h 4 = l4 . 
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The factor € in the denominator of Dt and Ds is a coefficient which allows for a 

smooth U'ansition in temperature and salinity from the Norwegian Sea to the 

Greenland Oyre. An east-west section of the upper layer of the Norwegian Sea, 

showing the Oreenland Oyre region in the middle, is sketched below (figure 2.6). 

1 1 1 1 

1 1 1 1 

1 1 1 1 
Norwegian 

1 1 Gyre 1 1 
Norweglan 

Sea Sea 
1 1 1 1 

1 1 1 1 
T2~ 1 1 

T4 S4 
1 1 

T2 5.2 

Fig. 2.6. A sketch of an cast-west section of the upper layer of the Norwegian Sea and Oreenland 

Gyre. 

The U'ansition regions of width 2LO are where the temperature and salinity vary 

continuously from T. 2 and S2 in the Norwegian Sea to T 4 and S4 in the Greenland 

Oyre (M. Darby, persona! communication, 1992). La is related to L4 (the width of 

the gyre) by the equation Lo=EL4' and in this case we choose €=O.1. 

At and As are considered as 'mixing' parameters which can be used to lllne the 

model. These parameters conU'ol the amonnt of diffusion between the Greenland Gyre 

and Norwegian Sea regions, and are not easily measured in practice. Darby and 

Willmott (19~3) used values of At and As ranging from 250 to 1000 m2s-1 depending 

on the numerical experiment. In this thesis we shall use the value of 300 m2s-1 for At 

and As. 
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2.3 The governing equations 

The goveming differential equations. which describe the conservation of energy 

and salt. and the rate of ice growth. are now given for each reginn. The equations 

have as dependent variables the tempe rature and sali nit y of the upper (mixed) layer. 

and ice thickness for the four regions, and the temperature and salinity of the lowcr 

layer for the Arctic region. In the other three regions the lower layer temperaturc ami 

salinity are kept constant. Further, in each of the four regions. four groups of 

differential equations are given, one for each state the system can be in. For the 

parameters that describe the current climate, a region will generally occupy one of two 

or three states over a seasonal cycle. However, the governing equations in each 

region a1low for aIl four states to occur in the mode\. This permits us to do anomaly 

experiments which describe patterns of behaviour not found in the present dimatc 

(e.g., a complete meltdown of ice in the Aretic region). In terms of the paramctcrs 

and constants defined in section 2.2, the equations for each region are as foUows. We 

recall that the values or criteria which determine when a particular region will go from 

one state into another were also given 111 section 2.2. 

State 1 

dÔ I = 0 • 
dt 

Greenland Sea 
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(2.) 3b) 
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State 2 

dbl .. 0 , 
dt 

State 3 

State 4 

Alh l dSI _ (SI - S.,JAI(dÔ1 - _1 (PEI + lOs - IdclUIIaIk )) + Alkst(Su - SI) 
dt dt AI 

+(Runoffl)( -SI) + W.JâIC(S; - SI) 
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(2.14a) 

(2.14b) 

(2.14c) 

(2.15a) 

(2.15c) 

(2.16a) 

(2.16b) 

(2.16c) 



In all the equations, T is the temperature, S is the salinity and Ô is the icc 

thickness. Here the region under study is the Greenland Sca (regilln 1 in ligure 2.1). 

sn the subscript "1" is used for these three variables. For Swtes 1 and 3. the 

temperature and salinity are those of the overturning layer; for States 2 und 4. they arc 

for the upper layer. TF1 is the freezing temperature of sea water in reginn t. The 

freezing temperature TF in any of the four regions is found using the pnlynllmial 

relation (Unesco Technical paper in marine science #44. UneSl:ll 19X3): 

TF = -0.0575· S+ l. 710523 X Hr' . SI 'i - 2.1549')6 X lO-4 . S1. (2.17) 

where the temperature is in degrees Celsius and the sali nit y in psu. 

rht:. equutions follow a similar structure for the four states. For the tcmperatllre 

equations, there is a term for the flux of water from the Arctic Ocean and une for the 

runoff entering the region. For States 1 and 2 (no ice cover). there is a term for the 

flux of heat from the atmosphere (the term with Qw 1), while for the states with iœ 

(States 3 and 4), this term is replaced bya term for the flux of heat throllgh the icc 

layer (the terrn with k). In the two states with two layers of water (States 2 and 4). 

there is an additional term to account for the flux of heat from the lower water layer 

(the terrn with kt 1)' 

For the salinity equations there is a terrn for the flux of water from the Arctic 

Ocean and one for the runoff entering the region. The Precipitation minus 

Evaporation term (PEI) is also treated as a flux term, and is only lound in States 1 and 

2 because net precipitation is treated as snow in States 3 and 4, and so does not 

directly affect the salinity in the box. In States 2 and 4, the salinity flux from the lower 

layer is representec'l by the term with the coefficient ksi' In States 3 and 4, there is an 

additional term: 
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This nonlineur term adds to (subtracts from) the salt content of the layer when ice is 

forming (melting) due tn thermodynamic effect'i. 

The ice thickness equations in States 3 and 4 consist of terms for ice advection 

into the region from the Arctic (las)' for ice leaving the region through Denmark Strait 

(ldcnmark), for net predpitation (PEI) falling as snow on the ice layer, and terms which 

cause the ice thickness to change due to the heat flux from the air (-Qi 1) and from the 

water below (the tcrm proportional ta k). 

For the flux of water from the Arctic Ocean (region 3), the direct measurements 

nfT3 and S3 from this region are not uSl!d in the equations here: instead. T') and S') 

are used. These primed variables take into account the fact that the mixed-layer depth 

in the Arctic Ocean is much less than the mixed-layer depth in the Greenland Sea 

region. In their usual states. States 2 and 4 for the Greenland Sea, and State 4 for the 

Arctic Ocean, the mixed layers are 200 meters for the fonner region and 40 meters for 

the latter. In this case, a weighted average of the temperature and salinity at the top 

and bnttOln layers for the upper 200 meters of the Arctic Ocean are used for T' 3 and 

S'] in the equations for the Greenland Sea. 
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Norwegian Sea 

State 1 

A !Hl ct;2 = A2 ~; + (Runoft! )(Tnuu,n - T2) + (Walll + Wu,IJ(T.'1 - TJ 

+WlI~ - T2 ) + Wncc(Tn~c - T2) + D,(T4 - T2) 

A2H2 d~2 = (RWIOff 2 + PE2)(-S2) + Walll(Salll -S2) + WaI12 (S.tI2 - S2) 

+Wg(Sl - S2) + Wncc(Sncc - S2) + D.(S4 -S2) 

~Ô2 =0 , 
dt 

State 2 

A2h2 d~2 = A2 ~: + A2k,z (Tu - T2)+ (Runoff2 )(T,unnff - T2) + wg ('r. - Tl) 

+(WillI + Wad2 XTatl - T2)+ Wncç(Tncc - T2 )+ D,l~ - T2 ) 

A 2h2 Ù!2 =A2k.z(SI.2 -S2)+(Runoff2 + PE2)(-S2)+ Wad,(Satl,-S2)+ W.UZ (SatI2 -52) • 

~la2 =0 
dt 

State 3 

+Wg(S, - S2)+ Wn,c(Sncc -S2)+ D,(S4 -S2) 

A,2H2 dT2 = A2 ~(TI-2 - T2)+ (Runoff 2)(Tnmotr - T2) + W/Ii - T2) 
dt pCp 

+(Walll + Wa1l2)(~11 - T2) + Wace(Tnee - T2 ) + D,(T4 - T2 ) 
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(2,1 Xa) 

(2.1 Xb) 

(2,1 Xc) 

(2.llJa) 

(2.llJb) 

(2.llJc) 

(2.20a) 



A2H! (~~~ =(S~ -S .. )A1( J(~! - ~2 (PE!) ) + (Ru/lIJlI!)(-S 2) + W.,II(Sllll-S2)+ W.oJ~(SaoJ~ -S:) , (2.20b) 

+W~(SI - S~) + W"..{S'I<C - S2) + O.(S4 - S2) 

(2.20c) 

State 4 

A2h~ ~~? = A~kt2(TI2 - T2 ) + A2 p~p (TF2 - T2) + (Runoff J(Trunoff - Tl) + Wg(TI - T2), (2.21a) 

+(w,lIl1 + W'llI2)(Tatl - TJ+ Will. (Till. -T2) + Dt(T4 - T2 ) 

A,h, dS 2 =(S, _S"e)A,(dÔ2 __ 1 (PE,))+A,k,,(SL' -S,)+(Runoff,)(-S,) . . dl' . dl A
2 

• ..... •• , (2.21b) 

+Wg(SI -S2)+ Watl1(S",n -S2)+ Watl2 (S.t12 -S2)+ Wncc(Cincc -S2)+ D,(S4 -SJ 

dB:! =_1 [-Qt,+k(T" .... -T~)]+_1 (PE~) 
dt p,L - - - A

2 
-

(2.21c) 

The equations for the Norwegian Sea are similar in fonn ta those for the 

Greenland Sea. The differences, however, include tenns representing the inflow of 

w(lter from the Atlantic Ocean (the tenns with Walll and WaIl2), from the Norwegian 

Cllastal Current (W ncc)' from the Greenland Sea region (W g), and from the Greenland 

Gyre through diffusion (DI and Ds)' 
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Arctic Ocean 

State 1 

A,H) dT
, 

= Al Qwl + (Runnft l)(Tnlll"lI - Tl) + W .... nll~(T~r"' •. - TI) 
~ ~r . 

+Wn« (Tn« - TJ + W"" (T, - Tl) + Wh,(Th, - T,) 

A3H j d~~l '" (Runoff \ + PEJ(-Sl) + W~" (s~ - SI) + Whenng (SIYIII1~ - S J 
+Wn,jSn« -SlJ+ Wh.(S,,, -SI) 

dB" =0 • 
dt 

dT" = () , 
dl 

dS u =0 ' 
dt 

State 2 

A3hJ ~I '" AJ ~; + A3k,J (Tu - T3) + (Runoff l)(Trulluff - T3) + Wbrnllg (T .. "",r. - Tl) 

+Wn«(Tncc - Tl) 

A3hl d!l == A)ksl (su - S))+ (RUlloff 1+ PEl )( -S)) + Wb.rul~ (S""nll~ - SI) 

+Wncc(Sncc -S)) 

dB3 =0 
dt 
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(2.22\') 

(2.22d) 

(2.22c) 

(2.23,,) 

(2.23h) 

(2.23c) 

(2.23d) 

(2.23e) 



State 3 

A ,H, dT, = A \ ~-(1J, - T,) + (Ru/1olf l)(TN/Joff - T3) + WborUlZ (Tbtnng - Tl) 
dl pC" 

+W"" (T,,,, - T,) + WW'I< (T2 - Tl) + Wb.(Th, - Tl) 

A ,H, dS, = (S, - S".)A ,( dÔ l 
- _1 (PE, - I.rcllc)) + (Runolf3)(-5,) + W",\C(S2 - SI) 

dl dt AI . • 

dT!" = CI 
ùt 

dSI.l = () 
ùl 

State 4 

+ W''''''"f (Shrnll!' - SI) + W"cc(Sncc - 5])+ Who (5ho - 53) 

A,h, l~, =(s,- SIl'l' )A{ d~l - ~3 (PE1 - 1 .. 0110))+ A1kd(Su -Sl)+(Runoffj)(-Sl) 

+ WhrrUl~ (S""nn~ - S,) + Wncc(Sn<c - S3) 
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(2.24a) 

(2.24b) 

(2.24c) 

(2.24d) 

(2.24e) 

(2.25a) 

(2.25b) 

(2.25c) 

(2.25d) 

(2.25e) 



Two new variables appear in the equations llf the Arctic Ocean region. Tu .ml! 

SL3' the temperature and salinity of the lower layer. These variables are necessary 

because as the West Spitsbergen Current flows north through Fram Strait. it cools ami 

therefore sinks down and affects only the lower layer of the model Arctic Ocean. This 

inflow is taken into account through the terms with W wSC' TIle Barents Sea intlow 

(Whs) is also specified as entering the ArctÏl: Ocean through the lower layer of the 

region. The other water inflows into the ArctÏl: Ocean are from the Bering Strait (the 

term with Whcring) and from the Norwegian Coastal CUITent (Wm:c)' Note that wc 

have neglected any outflow from the western Arctic into the Canadian Arctic 

Archipelago. 

State 1 

da .. =0 , 
dt 

State 2 

da .. =0 
dt 

Greenland Gyre 

(2.26a) 

(2.26b) 

(2.2()c) 

(2.27a) 

(2.27b) 

(2.27c) 
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State 3 

(2.28a) 

(2.28c) 

Stale 4 

(2.29a) 

(2.29c) 

The equations for the Greenland Gyre were developed using the same principles 

as for the other regions. But there are a few differences. The gyre is the only region 

without any runoff (because of ils location in the middle of another water basin) and 

without any advection from the other regions. Its only Iink with the four other basins 

is through diffusion with the Norwegian Sea. Another difference is the inclusion of 

sorne open water in the region even when the gyre is in States 3 or 4. This feature 

makes the system more realistic. An examination of sea-ice cover in the gyre region 

(Mysak and Wang 1991) shows that around 75°N, 0° (where the gyre is centered), the 

ice cover reaches a maximum of between 1/10 and 5/10 in winter. Thus to consider a 

region with complete ice caver at the instant ice is formed in the gyre is not very 

realistic. Ta simulate the region of open water when ice is formed, the quantity C4 is 
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introduced: the concentration, in tenths, of sea ice in a unit area in the gyre region. 

This quantity is taken to be 0.3 in the Greenland Oyre. During ice-cover periods, the 

quantities C4 and (l-C4) thus appear in the various heat flux and freshwater flux terms. 

The presence of two different sets of exchange coefficients should also he noted 

in the equations: kt2 ,ks2 and kt4 ,ks4' This occurs because the gyre is a relativdy 

small region embedded in the Norwegian region, a bigger and deeper reginn. When 

the gyre is in a two-Iayer state (States 2 or 4), its lower layer (Iying hetween 40 and 

200 meters) uses fixed parameters, and the top layer (of thickness of 40 mctcrs) 

exchanges temperature and sali nit y with that lower layer using the coefficients kt4 and 

ks4' This lower layer can be seen as a dome of deep water occupying the depth range 

between 40 and 200 meters in the gyre region. This deep water is brought up in this 

region because of the upward movement of the water due to the cyclonic circulation of 

the gyre. Wh en the gyre is in a one-layer state (States 1 or 3), the top 200 meters is 

now a layer exchanging temperature and salinity with a still deeper layer, the layer 

starting at a depth of 200 meters. This layer is exactly the same lower layer used for 

the Norwegian Sea region, and the exchange coefficients used are thus the same, Le., 

kt2 and ks2 . 
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3. First Experiment: The control run 

3.1 Results in the four regions. 

The differential e4uations presented in the prevlous section were integrated 

numerically using a Runge-Kutta numerical scheme of the fourth order, adapted from a 

fortran subroutine given in Press et al. (19X~'). The computer program for this integration 

was collet! using the fortran computer language on a workstation (IBM RISC 6000). 

Using a1l the physical parameters prescribed in the previous section, the system was run 

for a perilld of 130 years using a time step of 12 hours. The dimatological air 

temperatures used are given in Table 3.1 (from the references given on page 29) and the 

initial conditions in Table 3.2. Figures 3.1 to 3.4 show the time evolution of aIl the 

different variables of the system in the four regions for the last five years of the 130-year 

integration. The 130-year period was chosen ta allow the model enough rime to reach an 

equilibrim stale. From various experiments with different initial conditions, it was found 

that the equilibrium state is not sensitive to the initial state. The initial conditions in Table 

3.2 represent realistic values (as !lhown later in this section). The sensitivity of the model 

to some of the parameters is discussed al the end of section 3.1. 

ln the Greenland Sea (figure 3.1), the temperature of the upper layer of water falls 

slowly fmm a late summer maximum of 0.17 oC to a late spring minimum of -0.63 oC 

during the year. The salinity varies between 34.243 and 34.320 and the region has up to 

0.46 meters of ice during the winter. Note that during the ice growth season (late fall, 

early win ter), the salinity rapidly increases. The ice melts completely during the summer. 
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Table 3.1 Monthly mean air temperatures used in the mudel (in degrecs Celsius). 

Greenland Sea Norwegian Sea A rctic Ocean Oreenland Oyre 

January -12.50 -2.50 -31.560 -IO.O() 

February -8.25 -1.50 -34.600 -7.S0 

March -8.25 -1.25 -26.220 -7.50 

April -7.50 -1.25 -23.nXO -7.50 

May -2.50 3.00 -10.3<)0 2.50 

June 2.00 5.00 -0.990 2.50 

July 4.00 7.50 -0.X50 5.00 

August 4.00 7.50 -1.393 500 

September 1.25 7.00 -9.469 1.75 

October -2.50 5.00 -22.960 -5.00 

November -7.50 1.00 -29.220 -5.00 

December -12.50 0.00 -33.760 -7.50 

Table 3.2 Initial conditions used in the control rune 

Oreenland Sea Norwegian Sea Arctic Ocean Greenland Oyre 

T)=-1.0°C T2 =2.0°C T1 = -1.5 oC T4 = -1.0 oC 

S) = 34.0 S2 = 35.0 S1 = 33.0 S4 = 34.<) 

Ôl = 0.5 m 52 = 0.0 m 63 =4.0 m 54 = 0.1 m 

TL1 = 0.0 oC 

SL3 = 34.5 
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In the Norwegian Sea (figure 3.2), the upper layer is wanner and saltier than in 

the Greenland Sea. The temperature oscillates between 1.7 oC and 3.2 oC but the 

salinity is quite stable, varying only between 34.8960 and 34.8988. This is because the 

ice never appears during the course of a year in this region. 

In the Arctic Ocean (figure 3.3), the system has a cold and fresh upper layer 

lying over a relatively warm and salty lower layer. The upper layer is on average at 

-1.507 oC and has an average salinity of 33.34; the lower layer is on average at 

0.135 oC, with a average salinity of 34.6605. The ice thickness in the Arctic Ocean 

region oscillates during the year with an amplitude of about 0.38 m and a mean of 

about 4.03 m. 

Finally, for the Greenland Gyre (Figure 3.4), the temperature cycle over a year 

exhibits a larger amplitude than in the other regions, with temperatures ranging from 

-3.4 oC (for a very brief period at the end of the winter) to 1.8 oC, but above -1.2 oC 

for most of the year. The large amplitude is due to a shallower mixed laye~' in that 

region (40 meters as opposed to 200 meters in the Greenland and Norwegian Seas) 

which is very sensitive to atmospheric temperatures. At the end of the winter, the 

region experiences, for a brief period, very low temperatures at the surface. Since the 

lower layer temperature and salinity are fixerl, when the system switches from one 

layer to two layers, the region must return to these flXed lower layer conditions. The 

rapid decrease in the temperature of the water occurs because a conservation of 

temperature and salinity through the whole box is used while switching from one layer 

to two. This conservation assures that the average temperature and salinity over the 

two layers are equal to the temperature and salinity of the single layer to start with. At 

the end of the winter the upper layer is below -0.5 oC (the fixed lower temperature). 

When the system switches from one to two layers, with the lower layer going to a 
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fixed value of -0.5 oC, the model must compensate for the wanner condition al th\! 

lower layer, and th us the region experiences an anificiallow tempemture at the surface 

(to conserve the temperature in the whole column of water). Hence the temperature 

drops to -3.4 oC for a sh\1rt period. This artificial cooling should not have any 

significant effects on the other results in the model because il occurs only in the 

shallow upper laye'r of the gyre region, lasts only for a pan of the spring period, and 

the effect of the temperature of the gyre on the tempe rature of the upper layer in the 

Norwegian Sea is small (see Table 3.5). Nevenheless, this non-physical behaviour 

should he eliminated from the model in the future. This could he done by allowing the 

temperature and salinity of the lower layer in the Greenland/Norwegian Sea and 

Orecmland Oyre to vary through time. 

Figure 3.5 shows the different states each region achieves during a year. The 

Gretmland Sea goes from State 2 (no ice with two layers) to State 4 (ice with two 

layers) during winter, and then back in State 2 in the spring. The Norwegian Sea stays 

all the time in State 2 while the Arctic is always in State 4. The Greenland Gyre 

region has a more complex behaviour. During the summer, the region is in Stale 2. 

Whc=n dle air temperature gets cold enough, ice forms and the system enters State 4. 

With the formation of this ice, salt is rejected into the upper layer of the water column. 

This flux of salt, linked to colder atmospheric temperatures increases the density of the 

upper layer until it reaches the density of the lower layer. When this happen the two 

layers are mixed together in one thick layer, with still an ice cover on it (State 3). 

Statle 3 will continue until spring when, due to wanner atmospheric temperatures and 

hem:e ice melt, the system goes to State 4 (two-Iayer system with ice). The system 

stabilizes itself because of the freshwater created during this period of ice melt The 

region stays in State 4 until the ice completely melts, which makes the region go to 

Statc~ 2 (two-Iayer state with no ice). 
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The results plotted in figures 3. t to 3,4 genemlly agrcc \Vith observations. Wl' 

first compare our results with ice thickness observatinns. Boul kc and Garrett (1 ')X7) 

show seasonal ice thickness values observed in the regions Illodelled in this thc~is. l'Ill' 

ice thickness in the cenuJI part of the Arctil: Oœan region is gcnerally observcd tll hl' 

in the 3 to 5 m range during the whole year. A wllsidcrablc part lit' Ihe NIII we!!ian 

Sea is ice free during the whole year. The Greenland Sea reginn i'i ncarly l'omplcll'ly 

ice free tiuring the summer, and has an ice thickness betwccl1 () ami 2 III dUl1l1g the 

winter. For the GreenJand Gyre region, the observations show no icc durillg the 

summer. In winter the region sits close tn the ice edge, and theret"ore s"metil11L'~ ha'i 

partial ice cover. 

Upon comparing the above observations with the calculated iœ thickncs~es wc 

condude that the model simulates relatively weil the ice coyer thickness in the Arl'Iic 

Ocean and Norwegian Sea regions (see Fig. 3.2 and 3.3), but does Icss weil for the 

Greenland Sea (Fig. 3.1) ami the Greenlaml Gyre (Fig. 3.4). The IlllJllcl icc is nol 

thick enough during winter in the Greenland Sea, and in the Greenland Gyre, the kc 

cover is too persistent. The former discrepancy may indkate a lack of scnsitivity of 

the model tn ice advection from the Arctic Ocean. 

From Coachman and Aagaard (1974) we note that observations of thc ~urfucc 

layer in the Arctic Ocean show temperatures of the order of -1 to -2 oc. Betwccn 1 ()() 

and 200 meters the water tempe ratures become warmer (getting doser to 0 0('). 

These two estimates agree with the results from the model (Fig. 3.3). Figure 3'() 

shows the results from temperature observations published in Clarke et al. (19<)() for 

the February-June IIJX2 period. The figure shows a southeast-l1(lrthwest section of the 

Greenland Sea and Norwegian Sea region, with the station numbers at the top of the 
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figure. The Norwegian Sea in this model is represented by the stations between 105 

and 120. The Greenland Gyre in this model is situated near the stations 57 and 59. 

For the Norwegian Sea, the observations show upper-layer temperatures in the 1 ta 

5 oC range. A temperature prome for the Greenland Sea in Coachman and Aagaard 

(1974) shows temperatures in the upper 200 m (their Fig 4., prome #5) ranging from 

1 oC to -1.5 oC. The model simulates weIl this difference between the two regions 

(see Figs. 3.1 and 3.2). For the Greenland Gyre, the temperature observed at the 

surface in Fig. 3.6 is -1.2 oC, which is calder than the surrounding temperatures. This 

colder temperature for the Greenland Gyre region has been simulated in the model 

during winter lime (Fig. 3.4). 

From Coachman and Aagaard (1974) we note that the salinity in the upper 

waters of the Eurasian Basin (part of the region in the Arctic Ocean between the North 

Pole and Fram Strait) is observed to lie in the 33 to 34 range. At greater depths, the 

salinity increases up to 34.5. This is simulated by the model, although the lower layer 

is a litde too saline (Fig. 3.3). The sea surface salinity field in the Norwegian Sea can 

be seen in Fig. 3.7 and in figure 2.2 for the Greenland, Norwegian Sea and Greenland 

Gyre as defined in this mode!. For the Greenland Gyre, the surface salinity is close to 

34.9. The Norwegian Sea region shows salinity usually higher (in the 35.0 ta 35.2 

range for most of the region). For the Greenland Sea, the decrease in the salinity field 

west of the 00 line between 75°N and 800 N (Fig. 2.2) seems to indicate values of 

salinity lower than 34.4 for the area near the east coast of Greenland. This also can he 

seen in figure 5 of Coachman and Aagaard (1974) who show salinities for that region 

Ïai the 31 to 34 range. This east-west variation in the salinity field is simulated fairly 

well by the model, although the modelled-predicted salinity for the Greenland Sea is 

somewhat higher than the average of the observed values, and the salinity predicted 

for the Norwegian Sea is less than the average of the observed values. 
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This model, as in any model, is sensitive to changes in sorne of its parameters. 

For ex ample, an increase in the lower temperature in the Norwegian Sea and 

Greenland Gyre from -0.5 oC to 0.0 oC will make the convection at the surface of the 

gyre occur until the end of the winter, which means a period of convection in winter 

1 V:! mnnth longer than befme. 

As written at the end of section 2.2, the parameters At and As are used 10 tune 

the mode!. A variation of these parameters will change the sensitivity of the Gyre 

regioll tu the conditions in the Norwegian Sea. If these parameters are changed inside 

the range of values used in Darby and Willmott (1993), the upper layer convection in 

the Gyre can he stopped completely because the Oyre is moving toward a more stable 

condition as found in the Norwegian Sea. 

The sensitivity of the mode 1 to the exchange coefficients kt and ks is relatively 

small. The coefficient'i kt and ks can he increase or decrease by a factor 100 befme 

small changes start to occur in the states of the four regions. Naturally the basic 

pmperties in the four regions (water temperature, salinity, and ice thickness) will vary 

as kt ami ks are changed, but the se variations are not enough to actually change the 

state a regilln IS in normally. This result could signify that different kt and ks could be 

used in the model to actually get better resuIts (to tune the results toward sorne 

observations) without changing the overall picture of the four regions (Le., the states 

of the four regions). 
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3.2 Scale Analysis of the ditTerent terms in the governing equations. 

Another way tu analyse the results of the control run is to determine the 

magnitudes of the different temlS of the differential el}uation for each state for cach 

region in the model. From this analysis we can determine. on a regional busis. which 

processes are mnst important in the simulation. For each differential el}ualillll in the 

model. the different terms were plotted as a function of time. and the resulting graphs 

are shown in the appendix. These graphs ure in units of 10-10 oC s-I for the vanations 

in temperature, in units of 10-10 s-I for the variations in salinity. and in units lIf 

10,10 m s,l for the variations in ice thickness. In Tables 3.3 to 3.tJ thcse glaphs arc 

summarized in terms of the average. maximum and minimum for each term. Thcsc 

tables and graphs give a good indication of the relative magnitude of em:h tcrm in one 

type of differential el}uation (e.g .• temperature. salinity or ice thickness). 

For the Greenland Sea in State 2 (no ice cover, two-Iayer system, sec table 3.3). 

the atmospheric heut flux is the most important process for causing the variations in 

temperature; the water coming in from the Arctic Ocean is the second most important 

term, but is an order of magnitude smaller. For the salinity cl}uation, the principal 

terms are the water advection from the Arctic and the Precipitation minus 

Evaporation. Il is interesting to note the relatively low impact of the runoff on the 

variations of tempe rature and salinity. This will be generally true for all the cl}uations 

in each region; i.e., runoff will he at least an order of magnitude smaller than the most 

important term. The small effeet of runoff is due to the fact that in a box model 

runoffs from localized sources are smeared out over a relatively large region. 

56 



For the same region, but now in State 4 (ice-cover, two-Iayer system, see table 

3.4), the upward heat flux through the ice-water interface is the most important term 

in the temperature equation, while in the salinity equation the variation in the ice 

thickness is the most important term. This variation in salinity is eaused by salt 

rejection when the ice is forming, and by freshwater input when the same ice is 

melting. For both equations the advection of water from the Aretie Ocean is the 

second most important term. For the ice thickness, the heat fluxes are of primary 

importance, and the ice advection terms are of seeondary importance. 

ln conclusion, in the Greenland Sea the most important effects are: the 

atmospheric forcing, the ice-water heat flux. and the advection of water fram the 

Arctic Ocean via the East Greenland CUITent. 

Table 3.3 Numerical estimate of the terms for the Greenland Sea (State 2). 

Temperature Terms (from Fig. A-l) Average Maximum Minimum 

Atmnspheric flux 498.76 1257.60 -1403.25 

Flux from the lower layer -13.88 4.52 -23.11 

Arctic Ocean water -28.70 127.49 -106.73 

Runnff 0.29 0.37 0.26 

SaIinity Terms (from Fig. A-2) Average Maximum Minimum 

Flux from the lower layer 3.43 3.50 3.38 

Runoff -4.77 -4.77 -4.77 

Precipitation minus Evaporation -16.75 -16.74 -16.75 

Arctic Ocean water 36.40 47.83 31.17 
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Table 3.4 Numerical estimate of the terms for the Greenland Sen (State 4). 

Temperature Terms (from Fig. A-3) Average Maximum Minimum 

Flux from the lower layer -3.35 4.56 -14.6H 

Aux across the ice-water interface -344.02 -2lJO.53 -4IlJ.II 

ArctÏc Ocean water 64.17 127.lJ t -33.02 

Runoff 0.33 0.37 O.2Y 

Salinity Terms (from Fig. A-4) Average Maximum Minimum 

Variations in the ice thickness -41.30 87.40 -378.91 

Runoff -4.7R -4.77 -4.7X 

Aux from the lower layer 3.20 3.50 3.09 

Arctic Ocean water 31.48 47.71 24.31 

Ice Thickness Terms (from Fig. A-5) Average Maximum Minimum 

Atmospheric flux 1031.76 2054.28 -1481.95 

Aux across the ice-water interface -1313.79 -1109.53 -lfiOn.57 

Precivitation minus Evaporation 97.79 97.79 97.79 

Ice imported from Fram Strait 422.97 434.76 399.70 

Ice exported through Denmark Strait -241.70 -228.40 -248.44 
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The Norwegian Sea is always in State 2 (no ice. two-Iayer system. see table 3.5). 

ln this region, as in the case of the Greenland Sea region. the aunospheric flux has the 

largest effect on the temperature variations. with the advection of relatively wann 

water from the nmthem North Atlantic being of secondary importance. In the salinity 

equations. the saline water from the northem North Atlantic is the most important 

forcing term in the ~ystem. 

Table 3.5 Numerical estimate of the terms fur the Nurwegian Sea (State 2). 

Temperature Terms (from FiJ,!. A-fi) Average Maximum Minimum 

Atmospheric flux 5.01 1517.42 -1473.79 

Flux from the lower laver -102.73 -76.52 -129.17 

Runnff -0.14 0.10 -0.38 

Advection West-East -159.99 -132.28 -192.18 

North Atlantic Wuter 278.31 412.41 143.00 

NorweJ,!ian Coastal CUITent 31.94 47.33 16.41 

Diffusion from the Gvre -51.9R -7.09 -124.33 

Salinity Terms (from Fig. A-7) Average Maximum Minimum 

Flux from the lower laver -0.07 -0.08 0.06 

Runoff -11.17 -11.17 -11.18 

Precipitation minus Evaporation -17.06 -17.06 -17.06 

North Atlantic Water 75.76 76.00 75.49 

Advection West-East -36.08 -33.80 -38.47 

NorweJ,!ian Coastal CUITent -10.20 -10.17 -10.23 

Diffusion from the Gyre -1.31 -0.51 -2.02 
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In the Arctic Ocean, the system is always in State 4 (ice cover, two-Iayer system. 

see table 3.6). The temperature in the upper layer varies mainly because of heut fluxes 

from above or below: a cooling due to the upward heat flux thmugh the iœ-wmer 

interface or a wanning due to the heat flux from the lower layer of water. Por the 

salinity of the upper layer, the biggest effect is due to the variations of iœ thickncss 

which occurs because of salt rejection or ice melt. The rUl10ff is the sccond must 

important term; it is only in the Arctic that this effect has ally notiœablc consc4ucnœs. 

The effects of runoff are certainly important lncally, but in a regillll like the Arctic 

Ocean its effects are smoothed out over the who le basin. For the variations in the iœ 

thickness. the two mnst important effects are :rom atmospheric heat flux, and the he .. t 

flux across the ice-water interface. 

The Greenland Oyre can be found in three states over the course of a seasunal 

cycle: State 2 (no ice. two-layer system), State 3 (ice coyer, one-layer system), and 

State 4 (ice, two-layer system). In State 2 (see Table 3.7) the most important proccss 

affecting the temperature of the upper layer of water is the atmospheric forcing due tn 

the air temperatures. But the heat flux from the lower layer of water and the diffusion 

of heat from the Norwegian Sea are also not negligible. In the right haml side of the 

salinity equation, the two dominant terms are the Precipitation minus Evaporation and 

the diffusion from the Norwegian Sea. 

For State 3 (see table 3.8) the temperature changes are mainly due to the large 

atmospheric heat flux through the leads (which occurs because uf the big temperature 

differences between the air and the water in winter) and the diffusion of heat from the 

Norwegian Sea. Salinity changes are caused by three processes with the same order of 
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Table 3.6 Numerical estimate of the terms for the Arctic Ocean (State 4). 

Temperature Terms (from Fig. A-8) Average Maximum Minimum 

Flux from the lower layer 286.96 288.65 285.20 

Flux across the ice-water interface -371.46 -362.63 -379.19 

Runoff 9.60 9.61 9.59 

Bering Strait water 10.63 10.70 10.56 

Norwegian Coastal CUITent 64.27 64.33 64.21 

Salinity Terms (from Fig. A-9) Average Maximum Minimum 

Variations in the ice thickness 53.91 308.29 -258.54 

Runoff -91.23 -90.84 -91.59 

Flux from the lower layer 34.92 38.62 31.49 

Bering Strait water -17.32 -14.36 -20.06 

Norwegian Coastal CUITent 19.66 22.25 17.26 

Ice Thickness Terms (from Fig. A-lO) Average Maximum Minimum 

Atmospheric flux 359.81 721.11 -82.10 

Flux across the ice-water interface -283.72 -276.97 -289.62 

Precipitation minus Evaporation 29.86 29.86 29.86 

Ice expnrted through Fram Strait -106.05 -100.79 -110.95 
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Table 3.7 Numerical estimate of the terms for the Greenland Gyre (State 2). 

Temperature Terms (from Fig. A-II) Average Maximum Minimum 

Atmospheric flux 728.41 6951.04 -71.)07.50 

Flux from the lower layer -1350.44 -1.)8.03 -20,.JO. Il) 

Diffusion from the Norwegian Sea 578.11 1173.44 330.21 

Salinity Terms (from Fig. A-12) Average Maximum Minimum 

Flux from the lower layer 36.47 39.22 45.12 

Diffusion from the Norwegian Sea 86.93 94.16 RO.RI 

Precipitation minus Evaporation -84.66 -84.61 -84.7\ 

Table 3.8 Numerical estimate of the terms for the Greenland (lyre (Stale ]). 

Temperature Terms (from Fig. A-13) Average Maximum Minimum 

Flux across the ice-water interface -56.45 -47.70 -71.76 

Atmospheric flux through the leads -1155.32 662.33 -1847.6l) 

Aux from the lower layer 21.19 25.56 13.54 

Diffusion from the NorweJ!ian Sea 1029.50 1158.48 911.88 

Salinity Terms (from FiJ!. A-14) Avemge Maximum Minimum 

Variations in the ice thickness -6.85 6.42 -61.24 

Flux from the lower layer 0.17 0.22 0.15 

Diffusion from the N orwegian Sea 6.45 9.86 4.72 

P-E through the leads -11.94 -11.93 -11.94 

Ice Thickness Terms (from Fig. A-15) Average Maximum Minimum 

Atmospheric flux 565.71 1022.26 -613.47 

Flux across the ice-water interface -718.66 -607.28 -913.54 

Precipitation minus Evaporation 97.79 97.79 97.79 
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magnitude: variation in ice thickness, the net precipitation through the leads in the ice, 

and the diffusion from the Nnrwegian Sea. The ice thickness is controlled by heat 

fluxes from the air and from the water below. 

For State 4 (see lable 3.9) the must important terms in the temperature equations 

are the atmospheric flux term through the leads and the diffusion from the Norwegian 

Sea; the heut flux from the lower layer is third in order of importance. For the salinity, 

the variation in ice thickness is the most important term, followed by the diffusion 

from the Norwegian Sea and Precipitation minus Evaporation through the leads. For 

the ice thickness, the atmospheric flux and the flux across the ice-water interface are 

the most important. 

The system in the Oreenland Oyre region will change each winter, from an ice 

covered two-Iayer to a one-layer state, and then back to a two-layer state as follows: 

State 4 to State 3, and then back to State 4. The analysis of the figures in these tables 

shows that these changes of states in winter are mainly due to the ice variations which 

add or remove salt from the water. At high latitudes salt has more effect on density 

changes than the temperature because the coefficient ~ is approximately ten times 

bigger than the coefficient a in the density equation (2.5), and temperature changes 

are small. The effect of temperature changes is still important in the variation of 

density, but any variation in the salt content of the layer of water (as occurs when the 

ice fonns or melts) has more impact. Since the variation in ice thickness has an 

important effect un the salinity and hence density of the water in both States 3 and 4, 

convective overturning in the region in winter is driven mainly by the ice changes in 

the region. Also, any change in the salinity of the upper layer of the gyre (e.g., a 

freshening) can have a major impact on these changes of states, as we will see in 

section 4.2. 
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Table 3.9 Numerical estimate of the terms for the Greenland Gyre (Stnte ,,). 

Tf:mperature Terms (from Fig. A-I ()) Average Maximum Minimum 

Flux across the ice-water interface -140.ô9 493.1 () -539.ôX 

Atmospheric flux through the Ieads -11ô7.57 5X90.01 -714X.27 

Flux from the lower layer ~74.27 2459.37 -127.20 

Diffusion from the Norwegian Sea 1316.26 1 ()66.64 X23.60 

Salinity Terms (from Fig. A-I7) Average Maximum Minimum 

Variations in the ice thickness -9.69 322.19 -X7ô.llJ 

Flux from the lower laver 2R.54 39.()() 1X.34 

Diffusion from the Norwegian Sea 67.16 93.ô3 41.47 

PME through the leads -59.37 -59.23 -59.50 

Icc Thickness Terms (from Fig. A-IR) Average Maximum Minimum 

Atmospheric flux 314.60 1376.82 -2571.15 

Flux across the water-ice interface -358.20 1255.44 -1374.03 

Precipitation minus Evaporation 97.79 97.79 97.7lJ 
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4. Anomaly Experiments 

ln this section the model will be used for a series of anomaly experiments. The 

first will ~tudy the model response to an increase in the air temperature of each region 

wllich is a !\imple representation of global warming. The second experiment will try to 

simulate the evolution in the model of a phenomenon like the Great Salinity Anomaly 

by introducing a negative salinity anomaly in the upper layer of the Norwegian Sea for 

a short perind of time. The thinl experiment will examine the model response to an 

increase in the ice transport through Fram Strait. 

4.1 Effect of warmer temperatures in each region. 

The first experiment is designed to detennine the response of the different 

regions tn an increase in air temperature. Such an experiment would simulate the 

possible high-Iatitudes effects of a glubal wanning of the earth's lower troposphere. In 

this anomaly experiment, the model was run with exactly the same parameters as in the 

control run except for the air temperature in the four regions (Table 3.1), which are 

increased in each region by 3 oC for the whole year. The results of this experiment for 

the four regions are shown in figures 4.1 to 4.5. 

ln this anomaly experiment the largest changes occur in the temperature of the 

upper layer of water in each region. An increase in the air temperature has the 

smullest effect on the water temperature in the Arctic Ocean (compare figures 3.3 

and 4.3) because the complete ice cover year-round acts as a very good insulator 

between the water and the air. The increase from the control run for the upper layer is 

0.109 oC. The Norwegian Sea region has a large response (a 1.6 oC increase: 
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compare tigures 3.2 and 4.2) because of thr 'lbsence of ice cover througlwut the 

whole seasonal cycle in that region. 

Sali nit y is found to have decreased in the four regions in this cxpcrimcnt. The 

decrease is on average O.()l)2 in the Greenland Sea (compal c figlll es 3.1 ami 4. 1 ). 

0.020 in the Norwegian Sea (see figures 3.2 and 4.2), 0.35 for the upper layer llf watl'I 

in the Arctic Ocean (see figures 3.3 and 4.3), and 0.04 for the Giecillaild Gyrl' (sec 

figures 3.4 and 4.4). This is due tu the changes in ice thidnes"i caused by the inl'rcase 

in air temperature (discussed in next paragraph). As can be scen in the gOVl'lIlIllg 

equations in section 2.3, the sali nit y equations for States 3 and 4 have a Il'Hl-lineal 

teml which is proportional to the ice thickness variations. Thus a dccreasc in iœ 

formation in one region causes a decrease in salt reJectioll, und helll:e a decrcasc in the 

maximum salt content of the upper layer of water, which then gels mlvcctcd as a 

negative sali nit y anlllnaly around the four regions. 

Ice thickness changes occur in two of the reglOns which have iœ sOlllctimc 

during the year. In the Greenland Sea, the maximum ice thickness gues from OA() III 

in the control run (Fig. 3.1) to 0.15 m (Fig. 4.1), while in the Arcllc Ocean it dccrea ... cs 

from 4.20 m (Fig. 3.3) to 3.10 m (Fig. 4.3). 

In the Greenland Oyre the situation is a little different. An illcrease in the air 

temperature of 3 oC does not significantly affect the ice thickness 111 that rcgiol1 

(decrease of 0.10 m; compare figures 3.4 and 4.4). This is due to li lack of convecti ve 

overturning during winter in the gyre. In the control run, the gyrc had a periot! (If 

overturning when the region was in State 3 (see figure 3.5). But in this ternpcrature 

anomaly experiment, the convective overturning completely ceases. This is caused by 
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the mcreuse in air ternperature which decreases the rate of ice formation in the gyre 

regilln at the beginning of the winter. This change in the rate of iee formation lowers 

the salt content of this region by reducing salt rejection at the beginning of the winter. 

With less 'ialt reJection, the upper layer does not reach the critical water density which 

cnables it tu mix with the water below (which has a warmer temperature and a higher 

salinity). Thus the upper-layer water density is just low enough (because of the lower 

salinity) tn maintain a swbJe two-layer configuration during the whoJe year. This lack 

of convective overturning also keeps the temperature of the upper layer of water 

colder during winter by not bringing up the warmer water from below. In figure 4.4, 

the water temperature in winter is at -1.7 oC white in the control run (figure 3.4), the 

water temperature is around -1.0 oC. This colder water temperatUie tends to increase 

the ice formation during the latter part of the winter season in the gyre. The end result 

of ail these processes is an iee layer just a tittIe thinner than in the control run despite 

an increase in the air temperatures of 3 oC in the region. 
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4.2 Great Salinity Anomaly Experiment. 

ln figure 5 of Dickson et al. (19XX), a large freshening in the upper waters of the 

region north of Iceland is shown. This region corresponds to an area situated on the 

western skie of the "Norwegian Sea box" in our model. This negative salinity 

anornaly, which is part of what is now known as the "Great Salinity Anornaly" or 

GSA, shows salinity decreases of the order of 0.3 psu during the 1967 to 1971 period 

with a peak of 0.6 psu in the year }9tlX. During the same period. the area east of 

Greenland shows ice extents which are larger than the 1953-XH dimatology (Mysak 

and Wang. 1991). In an attempt to simulate sorne aspects of the GSA, a flux of low 

sali nit y water was added to the Norwegian Sea region using a term of the same form 

as the other water fluxes in the sali nit y equation 2.1 Yb. i.e .• W(So-S2), where W and 

So are chosen to model a salinity anomaly. In this term, the quantity W increases 

linearly t'rom zero for a year, stabilizes at a constant value Wo for a period of two 

years, and then decreases Iinearly back to zero in the final year. The salinity So and the 

strength of the flux W are prescribed values such that the Norwegian Sea upper layer 

salinity decreases by a fixed amount after about two years. 

As a first experiment, a negative saIinity anomaly of maximum value 0.25 psu is 

simulated. as seen in figure 4.6. To achieve this, we use Wo=1.2 Sv and So=20 psu. 

The anomaly is inserted in the year 107. and then disappears four years later in a 

manner described above. The effects of this sali nit y anomaly on the Oreenland Oyre 

are shown in figure 4.7. 

The duration of convective overtuming in the Oreenland Gyre in winter is 

greatly affected by this salinity anomaly. Instead of a weIl defined perlod when the 

system goes from State 4 (two-Iayer system with ÎCe) ta State 3 (one-layer system with 

73 



34.<JO 1. 
34N1I 
3411(, 

34N4 

3U2 
34110 

'4.711 

34.76 

3474 

34 n 
~4 70 
14 (,ll 

146(, V 
~464 

104 lOI! 112 116 Izn 124 1211 
Tlme (}enr~) 

Fig. 4.6. SalinÎlY of the uppcr laycr in Ihc Norwcgian Sca lor Ihe 0.25 psu salllllly Hnolllaly 
cxpcrnncnl. 

ice) and back to State 4 during winter, as in the control fun, the system oscillates 

rapidly back and forth between State 3 and State 4 (the black area in the graph of the 

state of the gyre in figure 4.7). This means the system is essentially between the 

conditions for the two states, and cannot "make up its mimI" between the two, i.e., the 

system is unstable. That is the conditions affecting the density of the upper layer of 

water are not strong enough to move the system completely from one stale to the 

other. With less convective overtuming during winter, less warm water is brought up 

from below, and thus more ice is produced in the gyre, as secn in tigurc 4.7. 
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If the negative salinity anomaly is increased to 0.6 psu (using Wn=2.X Sv and 

So=20 psu) in the Norwegian Sea (figure 4.X), the system will huve a diffcrcnt 

behaviour, as seen in figure 4.Y. 
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Fig.4.R. Sulinity of the upper luyer In the Norwcgian Sca for thc n.Cl psu salI/lit y mlOllIaly 
c1tpcrimcnt. 

For a negative salinity anomaly of 0.6 psu, the convective overturning in wintcl 

in the gyre region is disturbed for the same period as in the prcvious anomaly 

experiment. But now convective overturning is completely shut down for two 

winters. Because of the lack of convective overturning, a large incrcase in the iœ 

thickness for the region occurs. This is in agreement with observations whidl show 

that the Great Salinity Anomaly is accompanie<.l by an increase in icc thickness in the 

same region sorne time later. For this reason, Mysak and Power (1l)l)2) have rcnamcd 

events like the GSA to "Great Ice and Sali nit y Anomalies", or GISAs for short. 
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4.3 EtTect of more ice advection through Fram Strait. 

One of the mechanisms pmpllsed to explain the Great Salinîty Anull1uly is an 

increase in the northerly winlis north of the Greenland Sea region thut would illcl'casc 

the amount of advected ice out of the Arctic amI intll the Grecnland Sea region 

(Dickson et al., 19X~, Serreze et al., 19(2). To simulate this prucess, the ice transport 

out of the Arctic (the term Iarctic which is described in section 2.2) was varicd in the 

same manner as was done for the low-salinity water flux in the previolls section (tinear 

increase for one year starting in yLr 107, constant flux for twn years, and a linca! 

decrease for one year). The maximum ice flux during this four-year periml is twice 

the normal amount used in the control run. 

This im:rease in the ice flux leaving the Arctic has se veral effects on this region. 

The mean ice thickness decreases by about 0.40 meters (Fig. 4.10). After the 

prescribed ice flux out of the Arctic returns to its normal value, the ArctÏc region, III 

return to its equilibrium state for the ice thickness, is required to produce more ice 

which results in an increase in the salt rejection in the area. This creates a positive 

salinity anomaly of 0.20 psu a few years after the ice flux anomal y was introduced. 

In the Greenland Sea (Fig. 4.11), the system experiences a small ice thickness 

increase due to the increased ice advection from the north. The melting of this 

positive anomaly in the spring decreases the saIinity. The water coming later from the 

Arctic is more saline, which in turn increases the salinity of the GreenJaml Sea region 

by 0.12 psu in the years following the decrease in salinity. This sequence of salinity' 

anomalies (a negative anomaly followed by a positive one) then propagates to the 
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Norwegian Sea and the Greenland Gyre (figures 4.12 and 4.13), with the anomalies 

getting smallcr as they travel from one region to the uther. 

ln the gyre, the effect" of the initial anomaly are damped considerably. But the 

effeCl"i will be nevertheless felt in the system, mainly as a decrease in the period of 

convection in winter. However, this effect is very small and cannnt be seen in Fig 

4.14. 

ln conclusion, a factor of twu increase fur a few years of the ice flux out of the 

ArctÏc Ocean has significant effects on that region, but has weaker effects in the other 

regions. This could indicate an underestimate by the model uf the effects of advection 

of tcmperature, salinity, or ice from one region to another. This shows the limitations 

of a box model which uses very large areas. 
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5. Summary and Conclusions 

In section 2 a muiti-box modei of four Arctic regions (defined as the Gr~enland Sea, 

the Norwegian Sea, the Arctic Ocean, and the Greenland Gyre) was presented. This 

model is based on a single-box model of the Weddell Sea polynya developed by Martinson 

et al. (1981). The model consists of a simple thennodynamic ice model covering either a 

one or two layers of water, depending on a series of criteria. The system is forced by 

mean monthly atmospheric temperatures in the four regions, as weIl as inflows from 

various current systems. 

The regions are connected together through a series of links representing different 

advection and diffusion processes at the surface. The model predicts the ice thickness, the 

temperature and salinity of the upper layer in the four regions, and also the temperature 

and salinity of the lower layer in the Arctic region. In addition, the model predicts the 

convective state of each region, Le., whether or not the region is in an active overturning 

mode. 

In section 3, the results from a model run using parameters describing the current 

climate (the 'control run') were shown to be generally consistent with the observations. 

Although the model does not exactly reproduce reality, the general features of the four 

regions under study were reproduced. The Greenland Sea is relatively cold and fresh 

because of the water inflow from the Al ;:tic Ocean, while the Norwegian Sea is relatively 

warm and saline due to the water inflow from the northem North Atlantic. The Greenland 

Sea has an ice cover for the winter part of the year, while the Norwegian Sea is completely 

ice free for the whole year. The Arctic Ocean is colder and fresher than the Norwegian 

Sea and has an ice coyer during the whole year. The Greenland Gyre has a partial ice 
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cover that is similar in thickness and duration to the one in the Greenland Sea. The gyre 

region is also characteri7 ed by a period of s"'allow convective overturning in the upper 200 

m of water in winter. This overtuming is controlled by salt rejection during ice fonnation, 

freshwater production during ice melt, and by the atmospheric temperature. 

For the control run the relative siZt~ of each tenn in the goveming equations of the 

model was also found. From the analysis IQf these tenns, the most important processes in 

these regions were found and discussed (Tatble 3.3 to 3.9). In the Greenland Sea region, 

the most important effects on the ice thicb~ss, and the temperature and salinity of the 

upper layer are: the atmospheric forcing, thel ice-water heat flux, and the advection of 

water from the Arctic Ocean via the East Greenland Current. For the Norwegian Sea 

region, the atrnospheric flux has the largest effe.et on the temperature variations, and the 

saline Willer from the northem North Atlantic is'· ,the most important forcing term on the 

salinity equation. In the Arctic Ocean region, the Ifluxes from the ice-water interface and 

from the' lower layer of water are the most important effects on the temperature and ice 

thickness equations. The variation in ice thickness has the biggest effect of the salinity 

equation. In the Greenland Gyre, the atmospheric flux and the diffusion from the 

Norwegian Sea are generally the two most important effects on the variations of 

temperature, salinity and ice thickness in the region. 

ln section 4 three anomaly experiments were performed with the model. In section 

4.1 the atmospheric temperatures wcre increased by 3 oC in the four regions. This was 

done to simulate, in a simple way, a possible global wanning of the atmosphere. In the 

Arctic Ocean and Greenland Sea, a decrease in the ice thickness was observed. In the 

Greenland Oyre region, the ice thickness stayed approximately the same. This was due to 

the suppression of the convective overtuming in that region. The stabilization of the 
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system inhibits the upwelling of the wanner water in the lower layer; thus the upper layer 

decreases in temperature. Because of this colder water temperature, the region fonns 

nearly as much ice as before, even in the presence of higher air temperatures. 

In section 4.2 the salinity in the Norwegian Sea was decreased to simulate in the 

model the effect of the Great Salinity Anomaly. The rate of (shallow) convective 

ovenuming of the gyre region is decrcased by this decrease in the salinity; hence the 

anomaly stabilizes the system. For a negative anomaly of 0.25 psu, convective 

ovenuming takes place for only a short rime during winter. For a negative salinity 

anomaly of 0.6 psu, the system is found to have no ovenurning for two complete winters, 

and the ovenurning is greatly reduced during the few winters before and after these two 

completely stable winters. 

In section 4.3, the ice advection through Fram Strait was doubled over a two-year 

period to simulate in the model the effect of anomalous winds advecting more ice out of 

the Aretic. With this increase in advection, the ice thickness in the Arctic is decreased by 

0.40 m. After the ice anomaly leaving the region has stopped, the region experiences an 

increase in ke fonnation in the subsequent years, which then increases the salt rejection in 

the region. These salinity changes will be advected into the Greenland Sea and Norwegian 

Sea in the following years. 

Based on these experiments, we conclude thal the model can generally reproduce the 

general features of the four regions under study. Using a few simple physical 

considerations (e.g., smaller mixed layer depth because of the cyclonic motion of the water 

around the gyre region), it has been shown thal the region where the Oreenland Gyre is 

situaled can very easily become a zone of convection, al least in the upper 200 m of the 

87 



ocean. This could he a contributing region to deep water fonnation that is suspected to 

occur in the Greenland Gyre, but this model cannot he used to prove of refute that 

hypothesis. A phenomenon like the Great Salinity Anomaly of the late 1960s can also he 

simulated in the model, and the occurrence of the zone of convection in the gyre could he 

partly suppressed by the GSA. 

The model will ueed more improvement to increase its ability to reproduce the 

observed conditions in the four regions. This will have to be done before it could be used 

as an useful and precise tool in the study of decadal scale variability and of advection of 

anomalies hetween the different regions. There are a numher of ways in which the model 

could he improved. One would like to have a better representation of the Arctic Ocean. 

This could he done by separating the Arctic Ocean region used in the model into two or 

three different areas. This could give a hetter representation of the local features in this 

big region. These local features tend to he averaged out in a model using an ocean seale 

representation of the Arctic with only one system of equations for the whole ocean. Also, 

by using a few subregions for the Arctic, we could get a better simulation of the advection 

of ice and sali nit y from one region to another. 

Another way to improve the model is to introduce a variable mixed-layer depth in 

each region. This feature would make the system a lot more complex, but the simulation 

of a phenomenon like the zone of convection in the gyre region would he a lot more 

realistic and more interesting to analyze from a physical point ofview. 
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Appendix 

In this appendix ail the terms for each differential equation in the mollel (section 

2.3) are shown for the last four years of the 130-year integration for the cuntrol run. 

A general discussion of these different terms can be found in section 3.2. For the 

temperature terms, the units are 10-10 oC s-I, for the salinity, 10- 10 s-I, and for the ICC 

thickness, 1O-lù m s-I. 
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