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Abstract. 

This dissertation is concerned with the physical oceanography of meltwater plumes 
emerging at the base of glaciers at heads of fjords. First, a numerical model is developed and 
simulations to show the use of such a model are presented. Field work to verify the model was 
carried out, and the results of these surveys are discussed in conjunction with other field data. 
Finally, laboratory experiments are presented, simulating the scenario of a plume of meltwater 
emerging at the surface of the fjord some distance from the glacier face. A brief summary of 
each of the three areas of research are given below. 

Circulation and mixing resulting from melt-driven convection in the proximity of ice have 
important oceanographic consequences, as well as being of interest to biologists studying 
organisms in these regions. A simple steady state, one-dimensional numerical model has been 
developed to simulate the characteristics of a cold, fresh meltwater plume emerging at the base 
of a vertical glacier face, at the head of a fjord. The importance of the initial width, speed and 
temperature of the outflow is shown. Simulations showing meltrates with depth are presented, 
and profiles of the retreat of the glacier face are given. Sensitivity of the model to varying the 
entrainment constant and the slope of the ice face are examined, as well as the sensitivity to 
other parameters of the model. Relevance to the Ice Pump Mechanism is made. 

Field work was undertaken in a fjord on the west coast of Spitsbergen, Svalbard to verify 
the results and characteristics of the meltwater plume of the numerical model developed. The 
data showed the fjord to agree well with previous work carried out in fjords with glaciers at 
their heads. Using a simple approach, the dynamic method, and from observations, it was 
conjectured that the Coriolis force has an effect on the circulation in the fjord. Data collected 
parallel to the glaciers in the fjord supported this conjecture. The field data used as comparisons 
comprised of a set from a fjord in the southern hemisphere, with a glacier at its head, the data 
being processed by myself, and a set from a fjord system north, along the coast of Spitsbergen, 
from where the author performed her own field work. These two comparison data sets were 
collected by others. 

In the series of laboratory experiments it was found that if a line plume is located near the 
closed end of a channel, a filled region of fluid forms near the end wall and a gravity current 
propagates towards the open end of the channel. In the experiments a steady state is attained 
in which the gravity current has approximately one half the depth of the channel and the filled 
region near the wall has the same density as the fluid in the gravity current. A simple theory is 
described to model the experiments and predict the speed and concentration of the gravity current. 
The situation is very different from the case where the plume is at the end wall, in which case 
no filling-box region develops and the gravity current remains significantly thinner and more 
concentrated. A physical model of the process is derived and tested with quantitative experi
mental results. Comments on the limitations and applications of the experiments and the theory 
are made. 

The final part of.the thesis discusses model, field and laboratory results. Reasons for direct 
comparisons between the three areas of work not being possible are discussed. Suggestions for 
future work concerning numerical modelling, field work and laboratory experiments, by which 
this research could be extended are made. 
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Chapter One. 

Introduction. 

1.1 Objectives and motivation. 

The objective of the research described in this dissertation is to understand the physical 

oceanographic processes taking place in a fjord as a result of the plume of meltwater which emerges 

from the base of a glacier at the head of the fjord. The emergence of such plumes are characteristic 

in polar regions. Almost 70% of fjords in the world at present are influenced by glacier ice, sea 

ice or both. 

The significance of different parameters affecting the circulation in a glaciated fjord such 

as the melting of an ice face and the retreat of a glacier due to melting, compared to calving events, 

are considered in a simple manner in this dissertation, and good results are obtained. Factors in 

the environment such as the Coriolis force are studied and the controls on the circulation are 

investigated by way of numerical modelling, field work and laboratory experiments. 

This chapter presents a brief synopsis of the physical processes in fjords, together with a 

discussion of the effect of glacier ice in these environments. A background to these processes are 

important for the research presented in this thesis. Jets, plumes and gravity currents are discussed. 

Particular attention is given to these features throughout the dissertation, and hence a general 

discussion introducing them is necessary. Previous work on numerical modelling, field work and 

laboratory experimentation is presented; the three main areas of work discussed in chapters two, 

three, four, five, and six, respectively. At the end of this chapter, a plan of the dissertation is given. 

Various laboratory experiments have been performed with blocks of ice in water (Sandstrom, 

1919 as described by Josberger (1979); Bendell and Gebhart, 1976; Huppert and Turner, 1978; 

Josberger, 1979; Huppert and Josberger, 1980; and Josberger and Martin, 1981) to simulate the 

melting process. However, there is a lack of field data from fjords. The initial motivation and 

impetus for the research in this thesis was to develop a numerical model and verify it with field 

1 



... 

data, which could be used to understand the processes taking place in a fjord with a tidewater 

glacier at its head (tidewater glaciers are glaciers terminating in the sea as opposed to on land and 

will be discussed in section l.2.1 below). The expense and difficulties in undertaking field work 

has created a need for numerical models to give workers in the field an idea of the important 

processes taking place so that future field trials can be planned more efficiently. 

An understanding of the melting of ice, and the behaviour of the environments in which 

tidewater glaciers and icebergs are found, is important for a number of reasons. These include 

the possibility of using icebergs as a source of fresh water (Weeks and Campbell, 1973), the 

discovery of offshore oil and mineral deposits in the polar regions (Campbell and Martin, 1973), 

climatic effects (Josberger, 1982), iceberg drift information for navigation purposes and ever 

increasing environmental pollution, such as caused by waste disposal. Mixing and melting pro

cesses are important in ocean acoustics research, biological activity and in the fishing industry. 

The input of glacier ice to the ocean, the substance of this thesis, may have important oceanographic 

consequences resulting from melt-driven convection, as well as being of interest to biologists 

studying organisms in these regions. These factors make the understanding of the ice-sea-water 

interaction and its consequences valuable. 

The scientific definition of a fjord (Syvitski et al., 1987) is a deep, high-latitude estuary 

which has been, or is presently being excavated or modified by land-based ice. All estuaries are 

ephemeral geological features. Fjords are the youngest of all features, and are products of the 

general retreat of ice and sea-level fluctuations that occurred in the last ice age. Hence, in general, 

fjords are immature, non-steady state systems, evolving and changing over relatively short geo

logical time scales. Fjords are predominantly features of mountainous regions, which presently 

or in the recent past, have supported ice fields feeding valley glaciers. So, strictly, fjords do not 

occur in flat polar terrain. A fjord is a semi-enclosed coastal body of water with a free connection 

with the open sea and within this the sea water is diluted with fresh water runoff from the land. 

1.2 Physical processes in fjords. 

A general discussion of the physical processes and characteristics of fjords is given in this 

section, to give the reader some background knowledge and understanding to the environment in 

which the research in this thesis is based. Section 1.2.2 focuses on the effects of glaciers in fjords. 

This dissertation focuses on glaciated fjords. 
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1.2.1 Physical processes. 

In polar regions, fjords are both an interface and a buffer between glaciated continents and 

the oceans. They are unique estuaries and little is known about them compared to temperate-zone 

estuaries. Fjords are important from a strategic, industrial and biological stance (Freeland, 1980; 

and Syvitski et al., 1987). 

The fjords discussed in chapters four and five of this thesis are at the stage of being 

influenced by the presence of one or more tidewater or floating glaciers, as opposed to being 

completely ice filled or having no ice at all. Such fjords are found in abundance in Greenland, 

Svalbard, Baffin Island, Ellesmere Island and other high-latitude areas of Alaska and Chile. 

The oceanographic characteristics of most fjords relate to sea-level fluctuations controlled 

by glaciation and deglaciation processes. The physical situation, in this thesis, has been simplified 

and good results for the circulation and mixing in a fjord have been obtained. However, the 

diversity of fjord geometry, the amount and location of fresh water inflow into a region, conditions 

outside the mouth of the fjord, and external conditions of wind and tides are all factors affecting 

the physical conditions. 

Estuarine circulation systems have been classified according to the degree of haline 

stratification within the water column. The level of stratification is a balance between the 

buoyancy forces set up by the inflowing fresh water from the land, or melting of ice and the 

effects of the winds and tides which mix the fresh water with the denser more saline water in the 

estuary. A generally accepted estuarine classification scheme (Syvitski et al., 1987) was 

developed by Hansen and Rattray (1966) based on parameters representing the circulation and 

the stratification. The classification categories are (i) vertically homogeneous or well-mixed 

estuaries, (ii) partially mixed estuaries, (iii) a two-layer estuarine flow with entrainment, and (iv) 
salt-wedge estuaries. In homogeneous well-mixed estuaries, mixing processes dominate. In 

partially mixed estuaries the stabilizing influence of river flow is balanced by the destabilizing 

effect of tidal mixing (velocity shear). In a two-layer flow, sea water entering the fjord com

pensates for the loss of salt entrained into the surface layer of fresh outward flowing runoff water. 

In salt wedge estuaries, the river flow is little influenced by the mixing between the fresh runoff 

water and the marine water layers. A two-layer estuarine flow with entrainment is the classical 

model for fjord circulation (Long, 1980). Interfacial mixing processes result in increased mixing 

of the landward salt flux by entrainment of marine water into surface fresh water, and is repre

sentative of the fjord circulations studied in: chapters four and five. 
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Two-layer flow in fjords (figure 1.1) may be continually changing for any given fjord at 
any one time, depending on the season. In polar regions, where the majority of the fresh water 
runoff into the fjord only takes place over a few months of the year, there is no estuarine circulation 
for the rest of the year. With entrainment of marine water into the surface layer, when the main 
fresh water discharge is at the head, salinity increases to the mouth of the fjord. 

The two-layer circulation is of environmental significance in polar fjords causing maximum 
variations along sedimentological and biogeochemical gradients due to physical effects. It has 
been thought (Syvitski and Murray, 1981) that the higher the discharge of fresh water, the higher 
the rate of transport of sediments into the fjord. 

The two-layer circulation, driven by buoyancy fluxes, may have imbalances which can 
result in undercurrents forming. These undercurrents will disturb the internal density field, 
forming a multi-layer circulation. A multi-layer current system within the two-layer circulation 
may affect the entire water body of the fjord, because it is frictionally controlled and sometimes 
frictionally driven (Syvitski et al., 1987). Multi-layer circulation can also result from current 
interactions with the sill or with other buoyant inputs from outside the fjord, as, for example, in 
Howe Sound B.C. Wind stress and wind conditions offshore can cause the layers to arise. 
Wind-forced coastal circulation has geostrophic longshore currents, which have a strong effect 
on the circulation within a fjord. The geostrophic currents control the free surface and pycnocline 
displacements at a fjord mouth, thereby strongly influencing fjord circulation (Klinck et al., 1981). 

The halocline is an important feature of the water structure affecting transport and 
deposition of sediments. The depth of the halocline is dependent on the amount of fresh water 
discharge into the fjord and the fjord morphology. Fresh water runoff tends to pile up in narrow 
parts, creating a deep halocline and the opposite is observed where the fjord is wider, as is evident 
in Kongsfjorden (section 5.2). Normally, in fjords with river outlets at the head, the halocline 
becomes shallow towards the head. The effects of mixing at the head become pronounced away 
from the outlet, due to entrainment of salt water from below. 

In the shallow parts of a fjord there is a characteristic temperature structure. The thermocline 
often corresponds with the halocline, which creates a strong pycnocline in the near surface waters. 
The position of the thermocline varies seasonally, depending on air temperatures, the temperature 
of fresh water runoff, and wind. 

Fjords usually contain one or more marine sills. The internal basins defined by these sills 
are characteristic features where most of the distinctive physical and biogeochemical char
acteristics are taking place. Shallow sills (the case in the three fjords studied in chapter five) 
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hinder the free exchange of water with the open ocean. The deep water of a fjord is renewed 

over the entrance sill when the density outside the fjord is greater than that inside. This water 

exchange may be enhanced by tidal variations, internal waves, meteorological conditions and 

fjord morphology. Basin waters in deep fjords are distinctly different to those in other estuaries. 

One example is that the temperatures are more constant throughout the year. Deep waters in 

fjords may be sites of sluggish mixing due to advective isolation and may lead to stagnant regions 

in extreme cases, but mixing is an integral part of the shallow water regions. 

Seasonal forcings can result in the formation of a mid-depth temperature minimum that 

can last for a few months. Winter cooling of the upper few metres, and then subsequent heating 

at the surface during the summer, results in the mid-depth minimum temperature. Surface heat 

exchange causes the surface layer to mix downwards through the water column during the cooling, 

which occurs during winter. During the summer, the warming of the surface waters stabilizes 

this zone. Fjords affected by glaciers and sea ice formation can have more complicated tem

perature profiles compared to those that are not, with a series of maxima and minima due to the 

effect of submarine meltwater. Surface mixing from strong winds, energy of breaking internal 

waves, instabilities developed during the process of salt rejection, and the formation of sea-ice 

in the winter in Polar regions, all add to the processes of fjord circulation. Flow accelerations 

developed over bottom topography and through inlet constrictions may affect circulations. 

Pressure gradients developed through meteorological effects (changing wind structure) or 

freshwater discharge also affect the flow. 

The Coriolis force affects the circulation with the flow of water in the fjord forced to the 

right in the northern hemisphere, and to the left in the southern hemisphere. Currents in moderately 

small fjords, 3 km or 4 km wide, will be influenced by the Coriolis force when flowing at speeds 

of up to 0.3 ms-1 to 0.4 ms-1
• As a consequence of these effects, a surface plume of meltwater 

may migrate from shore to shore and vary greatly in character during the melt-season. 

There are two time scales for wind development in fjords: the short diurnal land-sea breezes, 

and longer time scales associated with large scale weather systems. Wind speeds vary along the 

fjord channel, increasing with decreases in fjord width and slightly decreasing around curved 

portions of a fjord (Freeland, 1980). 

In fjords with many bends lateral variations in the flow field can be influenced by a cen

trifugal acceleration. Development of up-inlet winds can result in opposing cores of brackish 
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water. In some cases up-inlet winds can impede or reverse the surface outflow. Farmer and 

Osborne (1976) note that the direction of the surface layers in the outer part of such fjords is best 

related to wind direction, except in cases of high runoff. 

Tides are an important source of energy for the vertical mixing taking place in fjords. Tides 

can generate internal waves at the sills and may also produce turbulence. In fjords, tides are 
predominantly standing waves in which the sea level moves up and down in synchrony. In deep 

basins, little residual flow is produced from the tidal flow and the effect decreases below sill 

depth (Pickard, 1961). The hydraulic conditions over sills are crucial to the energy exchange 

processes within fjords. Syvitski et al. (1980) give a more comprehensive review of the 

importance of tides in fjords. 

The importance of turbulence in the understanding of fjords is fundamental. Turbulence 

rather than molecular processes, is the agency for the redistribution of momentum, heat, salt and 

pollutants. The upper levels of a fjord are probably always turbulent and turbulence also exists 
below the halocline, associated with the breaking of internal gravity waves and the buffering of 

tidal flow against the bottom and sides of the fjord. Turbulent and double diffusive processes 

within a stratified fluid may lead to the development of instabilities within the water column, 

known as "fine structure". Fine structure may be present within regions of pycnoclines and is 

characterised by a series of discrete layers of well-mixed fluid separated by sharp density 

gradients. 

A fresh water plume flowing into a fjord can be divided into two zones (Syvitski et al., 

1987). The upper prodelta zone (near the head of the fjord or fresh water outflow) in which the 

energy of the discharge controls the spreading and mixing of the surface plume with its sur

roundings, and a lower prodelta region (a far zone) where external agents control mixing and 

transport. 

The presence of sea ice in fjords in the winter is beyond the scope of this the~is, and needs 

to be incorporated in developing the work presented further, and is an important constituent of 

polar fjords. Sea ice contributes to the surface stability of water stratification, because of the 

elimination of wind mixing, and also to the instability of surface stratification, because of salt 

rejection as ice forms. In the summer fresh water at the surface of the fjord overlying warmer 

water, as a consequence of runoff, ice melting or precipitation can occur. 
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1.2.2 Fjord glaciers and circulation. 

Fjords are glacially modified submarine valleys, which means that the movement of glaciers 
and the associated deposition of glacimarine sediments are a prime constituent in the state of 
fjords. The distribution of nutrients and therefore biological productivity is affected by the 

presence of glaciers. 

The subject of this thesis concerns the dynamics of meltwater plumes emerging at the base 
of glaciers at the heads of fjords. This section aims to give the reader a brief understanding of 
the additional processes taking place in glaciated fjords. One of the main influences of tidewater 
glaciers on the circulation, water properties, and sedimentation in glacial fjords and the open 
ocean, is the fresh water entering the fjord in the summer via streams which flow beneath the 
glaciers (Rothlisberger, 1972; Powell, 1990; and Cowan, 1992), which is of particular interest 
in this thesis. The water is discharged through conduits from glaciers at the base of the water 
column. 

Tidewater glaciers, as opposed to land-terminating glaciers, terminate directly in the sea, 
with the base of the glacier resting on the seabed. The glacier becomes a tongue or an ice shelf 
if the base extends out into the ocean, not resting on the seabed. A glacier is defined as a tongue 
or shelf depending on the extent of the ice and its geometry. 

Glacier ice is fresh water ice formed on land. Sea ice is slightly saline, 2 to 10 parts per 
thousand (ppt), formed by freezing of sea water and leaching out of salt. The distinction between 
fjords that have tidewater glaciers and those without, is that tidewater glaciers act as heat sinks 
and a source of fresh oxygenated water (Matthews and Quinlan, 1975). Tidewater glaciers 
contribute to the seasonal circulation processes by an entrainment mechanism from the upward 
mixing of basal or interglacial meltwater streams. The freshwater runoff into a fjord leads to 
density differences between the head and mouth of the fjord. Many variations on the outflow of 
fresh water can occur, based on the glacial regime, position of the efflux, the terminus stability, 
the terminus form (whether it is a tidewater terminus or ice shelf) and the rate of terminus retreat. 
The fjords discussed -in chapters four and five are all affected by tidewater glaciers. 

Glaciers that presently dip into fjord waters have advanced or retreated during the past 100 
years. Glaciers respond to changes in the firn limit, which represents the mass balance equilibrium 
between glacier accumulation and ablation. The firn limit is defined as the highest elevation on 
a glacier to which the snow cover recedes during the ablation season. When a subaerial fjord 
responds to a lowering of the firn limit, the glacier terminus advances because the confines of 
the fjord walls do not allow it to widen. The terminus of a tidewater glacier is always at sea level, 
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so if the firn limit falls, the vertical distance between the firn limit and the terminus will decrease 

(Mercer, 1961). Thus, the ablation area of the tidewater glacier will be less effective than before, 

and will continue to advance. If there is a drop in the firn limit which causes the glacier to advance 

further into the fjord, then normally the glacier will reach standstill positions at the fjord mouth 

or at pronounced points of width increase in the fjord. Glacier retreat can be thought of as the 

opposite of glacier advance, because warming will raise the firri limit, and to retain equilibrium 

the ice front will retreat by calving and melting. 

Glaciers and icebergs, by melting below the water line, inject fresh water at depth. Mixing 

can increase by upwelling around icebergs and where the number of icebergs is large, the estuarine 

circulation may be destabilized. Matthews (1981) notes that fjords which undergo rapid clearing 

of glacial ice have continually changing circulation patterns due to the annual variations of ice 

and meltwater input. 

The fresh water input from the base (or englacially) of tidewater glaciers is from streams 

running in tunnels in glaciers. The flow is from a full pipe, rather than an open-channel flow 

and the efflux into the ocean is below, rather than at the surface of the fjord water level. From 

a hydrodynamic point of view, transport in the conduit (especially of sediment) should be 

modelled using full pipe-flow conditions as the tunnels vent subaquatically; they are always full 

of water (Powell, 1990). The modelling of the basal conduit itself is beyond the scope of this 

thesis, but awareness of some of the characteristics associated with it are important, and are 

discussed as follows. 

In chapters two and three the width of the emergent plume and its speed are input as initial 

conditions to the numerical model developed in these chapters. The emergence of fresh water 

from a tunnel mouth may be in several different forms as shown in figure 1.2. In chapter two 

the efflux is modelled as a buoyant plume (see section 1.3.1 for discussion of jets and plumes), 

and the tunnel is assumed to be basal. The other physical possibilities, also shown in figure 1.2, 

are equally valid in nature, but for the purpose of simplicity, the buoyant plume at the base of a 

glacier has been adopted in this dissertation. Initial momentum is not input to the model developed 

in this thesis. 

Sea water may enter a tunnel in a tidewater glacier if the fresh/sea water interface is sloped 

or the glacial piezometric surface drops to nearly sea level. The tunnel maintenance by melting 

can cause re-occupation of the tunnel at the start of the next melt season. Discharges have been 

commonly observed to issue at the same location from one melt season to the next at tidewater 

termini (Powell and Molnia, 1989). If the tidewater glacier is at its basal melting point (the case 
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of the Kongsvegen glacier in section 5.2), then fresh water will discharge from the base of the 

glacier throughout the year. Even if the grounding-line of the glacier advances, the above 

conditions are favourable for maintaining the opening of a tunnel. 

1.3 Jets, plumes and gravity currents. 

The outflow of fresh water at the base of tidewater glaciers, as discussed in the section above, 

ascends through the water column in the form of a jet or a plume, and spreads out at the surface 

of the ocean in the form of a gravity current. In this section, a brief description of these features 

is given. The physics of jets, plumes and gravity currents is the essence of chapters two and three, 

and is discussed in chapters four and five concerning field work, and chapter six, concerning 

laboratory experiments. First, jets and plumes are discussed and then a brief introduction to gravity 

currents is given. 

1.3.1 Jets and plumes. 

Models for turbulent jets and plumes (Turner, 1986; and List, 1982) show that their position, 

velocity, and mixing or entrainment rates depend on jet velocity, buoyancy, and the size and 

geometry of the outlet. The most important effect away from the outlet is the rate of entrainment 

of the ambient environment. Near the emergence of a high speed jet, the flow has a laminar shear 

layer, which is unstable and thickens very rapidly into a mixing layer between the jet and the 

ambient fluid (Turner, 1986). 

A jet is driven by momentum. The ambient fluid into which the jet is flowing, has the 

same density as the jet. A pure plume is driven by buoyancy issuing from a point source. The 

fluid flowing into the environment has a different density to the environment, for example volcanic 

eruptions, gas leaks, and hot air rising from radiators. A forced plume (or buoyant jet) is a 

combination of momentum and buoyancy, the initial momentum being larger than that for a pure 

plume; there is an expansion of fluid just above the finite sized source and then the flow starts 

to behave as a pure plume. A distributed plume can occur when the initial momentum flux is 

smaller than that for a pure plume; there is a contraction of fluid just above the finite sized source 

and then the flow starts to behave as a pure plume. In the flows considered in this dissertation 

(chapters two, three and six), the sources of meltwater are essentially treated as forced and 

distributed plumes. Refer to Caulfield (1991) for further details of pure, forced and distributed 

plumes. 
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Considering the case of forced plumes, as buoyancy forces continue to act on the fluid 

(because of density differences) the flow will eventually have the characteristics of a pure plume. 

As the plume rises, ambient fluid is entrained into the plume with an inflow velocity across the 

edge of the plume, which is proportional to the local mean upward velocity of the flow. The 

latter is the entrainment assumption discussed by Morton et al. (1956). 

The flows may be laminar or turbulent depending on the Reynolds number given by 

ub 
Re= - , 

V 

(1.1) 

where u is the axial velocity, b is the width of the flow and v is the kinematic viscosity. If the 

Reynolds number exceeds 2000, the jet flow will be turbulent (Barnett, 1991; and Fischer et al., 

1979). It is difficult to predict a value for the Reynolds number for plumes (Fischer et al., 1979; 

and List, 1982). Simpson (1982) gives a Reynolds number of about 1000 for gravity currents 

being turbulent (gravity currents are discussed in the next section, but serves as a reference point 

here). 

Glacial discharges usually emerge with high momentum fluxes and may be modelled 

entirely as a jet. During low discharges at the start and end of each melt season (sediment discharge 

also being low), the meltwater may issue directly as a forced plume. With increasing distance 

from the tunnel mouth the turbulent jet transforms to a plume and on ascending to the surface of 

the fjord, the plume spreads out of the fjord as a gravity current (figure 1.2). The plume may 

also form a gravity current intrusion at mid-depth. It is thought that the initial flow behaves like 

a plane jet because it discharges close to the sea floor and interacts with it (Powell, 1990). 

1.3.2 Gravity currents. 

As jets and plumes near glacier faces in fjords ascend to the surface of the ocean, the flow 

spreads out at the surface as a gravity current (figure 1.2). Gravity currents are incorporated in 

the work of chapters five and six. These currents are a widespread phenomena and can be found 

in connection with snow avalanches, atmospheric pollution and volcanology. 

A gravity current is defined as the flow of one fluid within another caused by the density 

difference between the fluids (Simpson, 1982). These flows are primarily horizontal, occurring 

as either top or bottom boundary currents or as intrusions. The driving force is provided by the 

difference in specific weight between two fluids, and may be a result of dissolved or suspended 
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material in the flow, or temperature or salinity differences between fluids. Density differences 

occur in the oceans where gravity currents are driven mainly by temperature and salinity inho

mogeneities, or as turbidity currents. Deep-water renewal in fjords depends on gravity currents. 

If a sill is shallow, at spring tide a salty flow may flow down the slope over the sill. In the case 

of a gravity current flowing through stratified surroundings, internal waves may be generated. 

The front of a gravity current at the surface of the ocean can often be seen by lines of foam and 

debris (McClimans, 1978). Examples of gravity currents in the ocean are salt wedges on river 

beds and oil spillages at sea. 

At high Reynolds numbers a gravity current is characterised by a head at its leading edge, 

which is almost twice as deep as the following flow (Simpson, 1980). Intense mixing takes place 

in the head region, which is a breaking wave zone. A high density gradient is maintained at the 

front of the flow. Horizontally, the flow remains quasi-steady. As the gravity current advances, 

a stable layer is laid down above or below the following current. If the ambient level of turbulence 

is small, it only has a small effect on the mixing of the dense fluid of the gravity current. As the 

ambient fluid becomes more turbulent, the effects become more pronounced. These scenarios 

are applicable to tidal flows. 

1.4 Previous work. 

Previous work to the research reported in this dissertation will now be discussed. A sub

section on the previous work on modelling related to the characteristics of water masses in the 

vicinity of vertical ice faces is given first. Work undertaken in relation to ice shelves is presented, 

as the mechanisms are similar. The difference with ice shelves is that numerical models have been 

developed for the interaction of the underside of a horizontal slab of ice with the environment, 

whereas in this thesis I am considering tidewater glaciers, which are assumed to be vertical walls. 

Nevertheless, ice shelves are relevant because of the similarity in the boundary conditions between 

the ice and the ocean (chapter two). Previous field work performed in fjords, is introduced in the 

following subsection, as background to the work of chapters four and five. Laboratory experiments 

involving jets, plumes and gravity currents are discussed in the last subsection, in relation to the 

work of chapter six. A brief discussion of experiments involving ice blocks melting in water, in 

the laboratory, is also given in this section. 
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1.4.1 Modelling. 

Chapters two and three are concerned with simulations of the characteristics of a meltwater 

plume next to a vertical ice face. A brief discussion of previously developed models, which are 

applicable to the work in these chapters, is given. 

There have been no numerical models developed for a plume of meltwater emerging at the 

base of a vertical tidewater glacier face at the head of fjords. Theoretical studies of the melting 

from icebergs have been carried out by Josberger (1979) and experiments and theoretical studies 

have been undertaken by those workers discussed at the beginning of section 1.1 of this chapter. 

Some other notable work has been performed as follows. 

Greisman (1979) studied the meltwater from a glacier in d'lberville Fjord, North-west 

Territories, Canada. He investigated, theoretically, the melting of the glacier face at the head of 

the fjord and the mechanisms by which the melting caused upwelling at the ice face. The meltwater 

plume emerging at the base of the glacier was recognized to have an effect on the circulation, 

but was not incorporated into the parameters of the theoretical model developed as it was con

sidered to be a seasonal effect. 

Several modelling investigations have been carried out beneath ice shelves and are 

applicable to the study presented here. The surrounding physical conditions are different in front 

of a vertical ice face with respect to depth (chapter two) compared to beneath ice shelves. 

Nevertheless, the boundary conditions between the ice and the water flowing over the ice surface 

are similar. Gade (1979) developed basic transfer equations for steady state conditions in the 

case of the melting of the underside of an infinite horizontal slab of ice floating in sea water. 

Josberger and Martin (1981) studied the melting of a vertical ice block in the laboratory and 

formulated equations for the boundary between the ice and the ambient. No forced plume at the 

base of the ice was considered. 

Some of the numerical models developed will now be discussed. A one-dimensional model 

to simulate the dense, saline waters which are drawn underneath ice-shelves and emerge, cooled 

and diluted, as plumes of Ice Shelf Water has been developed by Jenkins (1991). The Ice Shelf 

Water plume was treated as a turbulent gravity current, initiated at the inland margin by a flow 

of fresh meltwater emerging at the grounding-line of the ice. The grounding-line is where the 

glacier ice detaches from the land into the sea. The one-dimensional model discussed in this 

thesis differs from the model developed by Jenkins (1991) as I am considering a saline as well 

as temperature stratified ambient environment next to a vertical wall of ice with its base on the 
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sea floor, with a forced plume emerging at the base of the ice. Jenkins (1991) does not consider 

a temperature stratified ambient environment and the ice shelf is almost horizontal, overlying 

the ocean water beneath, over hundreds of kilometres. 

Further models beneath ice shelves have been developed by MacAyeal (1984) and Sche

duikat and Olbers (1990) who discussed the role played by tidal currents in determining the basal 

mass balance of Ross Ice Shelf, Antarctica. In the model developed by MacAyeal (1984), it was 

found that tidal stirring of sufficient intensity to destroy the stratification and to mix warmer 

water into the near-freezing boundary layer adjacent to the ice shelf base, would only occur in 

remote parts of the cavity underneath the ice shelf. MacAyeal (1985a,b) concluded that large 

scale circulation beneath ice shelves must be dominated by thermohaline convection, although 

basal melting caused by tidal mixing near the grounding line may serve as an important instigator 

to the convective motion. A two-dimensional thermohaline circulation model demonstrating that 

the modification of shelf waters in a sub-ice-shelf convection 'cell' can produce a water mass 

having the characteristics of the Ice Shelf Water, was developed by Hellmer and Olbers (1989). 

The latter model is similar to that of MacAyeal (1984). 

1.4.2 Field work. 

Field work from three fjords is discussed in chapters four and five, and previous studies, 

applicable to the work described in this thesis are presented in this subsection. 

Previous field work on the physical oceanography of fjords with tidewater glaciers at their 

heads is scarce, although general field investigations in fjords world wide are more prevalent. 

Some of the more notable work is that of Gade (1963) and Saelen (1967) who have been concerned 

with the hydrography of Norwegian fjords. The inlets of British Columbia, Canada have been 

studied by Tabata and Pickard (1957), Gilmartin (1962), Waldichuk (1957), and Pickard (1961). 

Other fjord work has been carried out by Nutt and Coachman (1956), the New Zealand 

Oceanographic Institute (1964), Jones (1964), Powers (1962) as described by Syvitski et al. 

(1987), and the physical oceanography of glacial fjords in particular by Pickard (1967) and (1971), 

Matthews and Quinlan (1975) in Muir Inlet (Alaska), and Matthews (1981). 

Further experimentation in fjords effected by tidewater glaciers has been carried out by 

Pickard (1971) who observed that fjords with glaciers at their heads had step-like structures in 

the salinity and temperature profiles and a positively dissolved oxygen anomaly compared to 

fjords without glaciers at their heads. Cowan (1992) investigated the effect of tides on the 

circulation of a turbid meltwater plume emerging at the surface, close to a glacier face at the head 
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of a fjord. Horne (1985) used conductivity, temperature and depth (CTD) data together with 

nutrient data to investigate the circulation in a fjord with tidewater glaciers present. The vertical 

mixing caused by the buoyant plume emerging from the base of Columbia glacier at the head of 

Columbia Bay, Alaska has been studied by Walters et al. (1988). In studying the sedimentation 

in a fjord on Baffin Island, Gilbert (1978) observed the physical oceanography occurring in the 

inlet. 

The circulation and mixing processes related to the deep water exchange in subarctic fjords 

of Alaska have been studied by Muench and Heggie (1978). The rate of work against the buoyancy 

forces due to vertical mixing in fjords has been investigated by Stigebrandt and Aure (1989) 

using density profiles within the basin of the fjords. Buckley and Pond (1976) have carried out 

an experiment in Howe Sound near Vancouver, B.C. to investigate the effects of wind, tide and 

river runoff on the circulation of the surface layer in the fjord. Howe Sound is a fjord system 

with meltwater runoff draining into the area, but no tidewater glaciers are present. The work of 

Buckley and Pond shows the importance of some of the physical processes taking place in fjords. 

In an investigation of the sedimentation processes along the Antarctic Peninsula, Domack 

and Williams (1990) have studied several glaciated fjords with respect to their physical ocean

ography. Fine-scale layering was observed (5 m to 25 m thick) occurring as relatively cold turbid 

water alternated with relatively warm clear water, close to the glacier terminus. The turbid 

meltwater was interpreted as an indication of horizontally flattened tongues or plumes, generated 

by tidal-driven circulation, cooling and ice melting within subglacial marine cavities. The 

meltwater constitutes plumes emerging englacially or from the base of the glacier. Tidal flushing 

of near-surface crevasses was thought to add to the complexity of the circulation. 

1.4.3 Laboratory work. 

There have been no laboratory experiments similar to those carried out in-the research 

presented and described in chapter six of this thesis. However, there have been experimental 

work to study the features of jets, forced plumes and gravity currents. These experiments are 

relevant to the problem in chapter six, hence a short summary of some of the previous work in 

this field will now be given. First, experiments on jets and plumes are discussed, then some 

experiments on gravity currents are considered. At the end of this section, the melting of blocks 

of ice in water in the laboratory is briefly discussed, as this is pertinent to the work of this thesis. 
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The majority of previous work on the release of a buoyant discharge into an ambient 

environment has been based on the 'filling-box' model; the theory was first produced by Baines 

and Turner (1969). The process of the 'filling-box' model will be explained in more detail in 

section 6.1. 

Applying the 'filling-box' model (or most laboratory experiments trying to simulate the 

geophysical environment) to geophysical flows can be unrealistic because the model has rigid 

boundaries, whereas many geophysical situations do not have such boundaries. Nevertheless, 

limited simulations can be performed and valuable information gained. Several workers have 

performed experiments whereby a rigid boundary has been removed. Baines (1975) relaxed the 

upper surface boundary of the filling box, hence allowing entrainment into the impinging plume. 

The flow of a plume entering a two-layered region with fresh water on top of a layer of salt 

solution, was investigated by Kumagai (1984). Manins (1979) put a diffusive boundary at the 

source level ofthe plume in the box and entrainment of fluid in the environment of the plume 

was investigated. In chapter six the geophysical situation is considered two-dimensional with a 

rigid vertical boundary on one side, similar to the 'filling-box' example, but with an 'infinite' 

boundary on the other side. 

Worster and Huppert (1983) obtained approximate analytical solutions for the time-de

pendent problem of the 'filling-box' experiment. These results agreed well with their numerical 

results. An expression for the position of the first front (section 6.1) was obtained by Baines and 

Turner (1969), where this depends on the motion of the plume. The analytical results agreed 

well with experimental results. 

The effect of source momentum in a 'filling-box' was investigated by Cleaver et al. (1992). 

The effect of ventilating a container has been studied by Linden et al. (1990) and the effect of 

reversing the buoyancy has been investigated by Baines et al. (1990). 

All the experiments performed by the above workers were carried out in approximately 

cubical or flatter containers. This limits the applications of the theory of filling-boxes to tanks 

of aspect ratios less than one. An exception is Huppert et al. (1986) who used a tall tank with an 

aspect ratio of 3.5, and Barnett (1991) who studied vertical plume flows in tall chambers with 

aspect ratios up to 27 and found that the nature of the flow depended on the aspect ratio. Other 

than those mentioned, the effect of using tanks of aspect ratios greater than one have had little 

attention. 
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Kotsovinos (1977), and Kotsovinos and List (1977), were the first to measure turbulent 

fluctuations in planar forced plumes. These experiments confirmed that at first the flow behaved 

as expected for a pure jet and then passed through a transition stage, after which the flow behaved 

as a pure plume. The most detailed study has been performed by Papanicolaou and List (1988). 

They measured the mean velocity, concentration, volume flux and momentum distributions (the 

turbulent velocity distributions) of the flow. 

Linden and Simpson (1990) studied the continuous escape of a dense fluid from a 

two-dimensional elevated line source. They investigated the effects of the initial momentum on 

the descending flow and the characteristics of the spreading gravity current flow at the bottom 

of the tank. 

Experiments concerning gravity currents will now be discussed. Gravity currents can form 

when river-discharge currents match tidal currents in an estuary, hence forming a tidal intrusion 

front together with an associated salt wedge. Measurements of fresh-water plumes and plume 

fronts (gravity currents) have been made by Garvine (1974) and Garvine and Monk (1974). 

Turbidity currents exist where the density differences in gravity currents are due to sus

pended particles, which can be the case for meltwater streams emerging at the base of glacier 

faces. Turbidity currents have received little attention and investigations are needed on the 

physical processes taking place. 

0 'Brien and Cherno (1934) performed experiments whereby gravity currents were released 

from behind lock-gates. Similar experiments were investigated by Benjamin (1968) and the 

characteristics of the flow were investigated. He showed from energy considerations, that the 

speed of the front of the gravity current is given by 

(1.2) 

where U is the velocity of the gravity current, g' is the reduced gravity and h is the-height of the 

gravity current. Equation (1.2) is relevant to the work of chapter six. 

The spread of a gravity current from a continuous source into a stratified cross-flow has 

been investigated by Jirka (1980). The first part of the gravity current flow was dominated by 

an inertia-buoyancy force balance and is then followed by a friction-buoyancy balance. Such 

flows are applicable for describing the spreading of a plume of sewage, or cooling water from a 

power station. 

More detail of some of these investigations will be given in section 6.1. 

16 



It is considered pertinent at this point to discuss some of the laboratory experiments per

formed with blocks of ice in water, as these are appropriate to the contents of the thesis as a 

whole. Huppert and Turner (1978) performed an experiment whereby they placed a slab of ice 

in linearly stratified salt water at a temperature of 20°C. Horizontal layering of convection cells 

were observed next to the ice, due to double diffusive mechanisms. The thickness of the layers 

were controlled by the stratification in the water. Huppert and Josberger (1980) extended the 

laboratory experiments to melting blocks of ice in cold (l.8°C to 4.9°C), stratified water. A series 

of horizontal, small scale convection cells due to double diffusive mechanisms were again 

observed, as a result of the melting of the ice face. The problem addressed in this thesis is different 

because a forced plume of meltwater from beneath the glacier emerges at its base and is assumed 

to rise immediately next to the ice face. Hence, any effect that might be observed due to the ice 

face melting alone, such as in the experiments discussed with melting ice blocks, is masked by 

the meltwater plume. The laboratory experiments by the above workers illustrate an important 

aspect of mechanisms taking place. 

1.5 Plan of the dissertation. 

The discussion of the research in this thesis is in the order that it was carried out, since this 

is the flow of the argument. So, the discussion of the numerical model and the simulations are 

presented first; the field work is then introduced. The final part is the laboratory experiments, 

which were developed as a result of the numerical model and the field work. After the concluding 

chapter ( chapter seven), appendices and references are given. At the end of each chapter, a summary 

of the notation used, for reference purposes, is given. 

Often, researchers are presented with field data and then a model is developed by which the 

data can be simulated, or after a model has been set up, field data is collected in order to verify 

the model. Due to feasibility difficulties and timing, the field work in this thesis was carried out 
-

after the model had been developed. The numerical model identifies parameters of interest for 

data collection. Hence, the model partly helped to guide the field work. 

Chapter two develops the numerical model to investigate the simple effect of a forced plume 

(section 1.3.1) of meltwater emerging at the base of a glacier face at the head of a fjord. The model 

uses the physical principles of turbulent plumes developed by Morton et al. (1956). The vertical 

depth is specified and the temperature and salinity of the ambient ocean is prescribed. Boundary 

conditions between the ice, plume and the ambient ocean are incorporated, together with the 
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equations describing the characteristics of the plume of meltwater ascending next to the ice face. 

The characteristics of interest for the plume are speed, width from the ice face at the surface of 

the ocean, and temperature and salinity at the surface, from which volume fluxes can be calculated. 

Simulations of the numerical model are performed in chapter three. The aim is to show the 

versatility of such a model. · It is realised that niore detailed numerical simulations need to be 

carried out to clarify results further. Additional research in this area is discussed in sections 7.2 

and 7.3. The simulations are briefly discussed as follows. 

Parameters, which have not been measured empirically next to a vertical ice face, are varied 

in the numerical model to observe their importance in relation to other variables. Simulations of 

the degree to which the characteristics of the plume of meltwater will vary with ice face slope and 

entrainment of the plume are carried out. Little is known of the source conditions at the base of 

a glacier and it is difficult to measure parameters in the field. By varying the initial source conditions 

in the model, surface characteristics of the plume of meltwater are obtained, which can then be 

compared with field data, hence, an idea of source conditions in the field can be inferred. Little 

is known of the importance of the meltrate of the ice face in the environment and the model 

endeavours to show the relevance of this parameter. The question as to whether there is any 

freezing at the ice face below sea level has been addressed for ice shelves and in chapter three the 

same event is considered for a tidewater glacier. The retreat of tidewater glaciers is a major factor 

in the fjord environment in relation to calving events (section 1.2.1 ). Simulations of the glacier 

retreat are carried out and the importance it has on the fjord circulation is considered. Of particular 

interest to the environment globally, are seasonal fluctuations. Hence, developing the model to 

incorporate temporal factors is important, and simulations of seasonal melting are carried out. The 

choice of the meltrate parameter in the latter set of simulations is to show, again, the importance 

it has on the physical aspects of the fjord. Generally, the results of the simulations are discussed 

in relation to other physical parameters in the fjord environment. 

Chapter four introduces the field work and two comparative fjord studies, together with 

meteorology and tide ·qata for the sites. No analyses are attempted; this is the substance of chapter 

five. The circulation and oceanographic characteristics in the three field work areas in chapter 

five, are compared by observations of conductivity, temperature and depth (CTD) data. A simple 

model using the 'dynamic method' is used to show that the circulation in the author's field work 

area (Kongsfjorden, Spitsbergen) is affected by the Coriolis force. The comparative study in 

Spitsbergen (Krossfjorden) is partly used as a control, as well as a comp~rison to the field work 

in Kongsfjorden. The sediment concentration data shown in chapter five from the Krossfjorden 
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area, is used to show the added oceanographic information that can be obtained from such 

information. The southern hemisphere site (Cumberland East Bay, South Georgia) is used as a 

second comparison from an alternative environment, where the local oceanography is different. 

The structural water characteristics are compared, and an attempt is made . to identify the 

main water masses and their origins for each of .the field sites. The circulation and processes 

occurring in the fjords are explained. For all of the data, profile plots of temperature versus depth 

and contour plots of salinity and density are presented, and temperature-salinity (T-S) diagrams 

are shown, except where otherwise stated. The presentation of data in the form given, is con

ventional in oceanography (Brown et al., 1991). Lack of data is discussed, problems in plotting 

the data and improvements are considered. 

As a consequence of work carried out in relation to a meltwater plume emerging at the base 

of a tidewater glacier, and simulations of its characteristics, and also field work (chapters two, 

three, four and five), the laboratory experiments of chapter six were developed. The purpose of 

chapter six is to model the processes taking place between a vertical ice face and the flow of a 

plume of fresh water, tilted upwards some distance away from a glacier wall. At the peak of the 

melt season, the flow of emerging water at the base of a glacier can, approximately, be a horizontal 

jet, due to momentum (section 1.3.1) (figure 1.2) and starts to rise some distance from the ice face. 

At the beginning and end of the melt season the flow rises immediately next to the ice face as a 

buoyant plume. 

A series of experiments are reported in chapter six, to investigate the factors controlling the 

physical properties in the region developed between the vertical wall and the buoyant plume. 

Experiments are carried out, where the line source providing the buoyant plume is situated at 

different distances from the wall, starting at the wall. The density of the flow is varied to observe 

the characteristics, and a final set of experiments are performed whereby the height of the source 

is varied. A physical model of the process is developed and tested with quantitative experimental 

results. Comments on the limitations and applications of the experiments and the theory are given. 

Section 7.2, in the concluding chapter, presents a discussion in tabular form, of the 

numerical model simulations of chapters two and three, with field work results of chapters four 

and five. Lack of comparisons with the laboratory experiments are discussed. A general summary 

and conclusions of the research presented in the thesis is given. Suggestions for improvements, 

applications and future work are discussed with regards to numerical modelling, field work and 

laboratory experimentation. Final remarks are given. 
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... 

At the end of the thesis, appendices A, B and D are given, which show the derivation of 

equations used in the dissertation, referenced in chapters two and six. Appendix C gives the 

Kongsfjorden data in the form of the water column characteristics of salinity and density versus 

depth profiles and are meant as an accessory in analysing the data of chapter five (section 5.2); 

citations are made to these profiles (chapter five). The references follow the appendices. 
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Notation. 

A list of symbols used in this chapter is given below, for reference purposes. 

b Width of the flow. 

g' Reduced gravity. 

H Height of total ambient environment. 

h Height of the gravity current. 

Re Reynolds number. 

u Velocity of gravity current front. 

u Axial velocity of the flow. 

V Kinematic viscosity of the flow. 
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Chapter Two. 

A Model of an Ascending Plume Near a 

Glacier Face. 

2.1 Introduction. 

In a fjord with a tidewater glacier at its head, as discussed in the previous chapter, the 

meltwater input often comes from sub glacial streams emerging from the base of a grounded glacier, 

or from englacial melt streams. The ice face at the glacier terminus below the water line also 

provides a source of meltwater. Together, these sources of meltwater cool and freshen the ambient 

water in the fjord. As the meltwater is less dense than the ambient fjord environment, this water 

will often be seen to upwell to the surface of the ocean. Such upwelled surface plumes have been 

observed on aerial photographs and satellite images (Powell, 1990), where the suspended particles 

in the plumes act as tracers by which they can be identified. 

· Meltwater streams are sediment laden in the natural environment and this increase in density 

of the plume has been omitted in the study to be presented in this chapter. Suspended sediment 

concentrations in subglacial streams are less than those needed to compensate for the high density 

of the saline ambient water (1027 kgm-3
). For an underflow to occur adjacent to a tidewater glacier, 

a suspended sediment concentration of greater than about 34 gr1 would be required (Mackiewicz 

et al., 1984). The susp.ended sediment content of glacial meltwaters (Gilbert, 1983), is normally 

less than 2 gr1
• Values of several tens of grams have occasionally been observed. Underflows 

are possible in a glacimarine environment, but are highly uncommon events. 

Sources of meltwater from beneath glaciers are relatively common in Arctic glacimarine 

environments. Inputs from subglacial streams are less common in the Antarctic where the main 

source of meltwater is from the melting of sea ice during break-up (Dowdeswell, 1987). A 

numerical investigation of some of the characteristics of the plume is developed in this chapter. 
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More precisely, the purpose of the following study was to examine the effect of a forced 

plume (section 1.3.1) of meltwater emerging at the base of a tidewater glacier ascending vertically 

next to an ice face, on the ambient circulation in a fjord, by developing a numerical model. The 

vertical depth was specified and the surrounding environment had a prescribed temperature and 

salinity field. The ice face was assumed vertical and uniform and the body of the ice was assumed 

isotropic. The background velocity field of the water, which may influence the plume dynamics 

was neglected. Attention was focussed on the conditions at the boundary between the ice face 

and the plume. The characteristics of the plume, as it ascended, as a function of the initial speed, 

temperature, salinity of source fluid and width of the outlet were studied in relation to the sur

roundings. Mixing occurred with the surrounding water by entrainment and was carried to higher 

levels. A standard set of conditions is presented. The influence of different parameters upon the 

output characteristics is discussed. 

The Coriolis force has been omitted in the model as the scales are not significant for it to 

have an effect. Scales of the order of kilometres start to make rotational effects important. In this 

model, in which a localised situation is studied, scales are of the order of metres. 

First, this chapter gives a description of the model developed, whereby the governing 

equations of the plume and the boundary conditions are discussed. Numerical solutions of the 

model are shown and initial conditions are discussed. A standard case is presented and the effect 

of varying initial parameters is discussed. Comments on model outputs and conclusions are given. 
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2.2 Model description. 

z 

L . Ocean surface 

1

/ Outgoing sea water 

T ,./ 

s/ :. 
// Ambient fjord water 

Thermocline 

Incoming 

sea water 

Figure 2.1. Diagram to show the physical principles of the model. 

The principles of the turbulent plume model developed are based on the physics discussed 

by Morton et al. (1956), Turner (1986), McDougall (1978) and Killworth (1977). With reference 

to figure 2.1, a line source of fresh water is considered, issuing from the base of a grounded glacier 

at the head of a fjord, at a depth z below the surface of the ocean. The line source represents an 

idealisation of the real situation whereby many outflows are 'lumped' together. The plume rises 

into the ambient water at a speed w and extends out from the ice face to a width h. The entrainment 

assumption of Morton et al. (1956) and Ellison and Turner (1959) is used (section 1.3.1 and 

appendix A) and hence ambient water is entrained at a rate Ew where E is an entrainment constant. 

The characteristic temperature and salinity of the plume are given by T and S , respectively, and 

the temperature and the salinity of the ambient surroundings are Ta and Sa, respectively. For the 

first set of simulations (section 2.3.2), the ambient temperature and salinity are kept constant. 

After these initial simulations Ta and Sa are linear gradients with temperature increasing and salinity 

decreasing with depth, to the surface of the ocean. Top hat profiles are assumed for the velocity, 
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temperature and salinity so that the plume values are taken to be constant across the plume. The 

flow of the emerging meltwater is modelled using conservation of volume, momentum and energy 

equations averaged over the width of the plume. 

The quantities describing the plume vary with height because of the buoyancy force which 

accelerates the plume and the entrainment, which decelerates the plume. The ice face geometry 

and the properties of the plume are assumed to be constant in time. The surrounding fluid is 

incompressible and the Boussinesq approximation is made. The model is essentially two-di

mensional in the vertical and horizontal directions. The ice wall is vertical, with the plume rising 

next to it and friction is assumed negligible. The ice face is melting into the surroundings at a rate 

M. 

2.2.1 Governing equations for the plume. 

Four ordinary differential equations set out below, (2.1) to (2.4), describe the plume 

characteristics. The equations were obtained from (i) the conservation of volume, (ii) conser

vation of momentum and (iii) conservation of buoyancy (heat and salt). Refer to appendix A for 

their derivations, and to figure 2.2 for volume, momentum and energy balances, showing the 

elements of the two-dimensional model. The equations are 

d 
dz ( wh) = Ew + M , 

(2.1) 

(2.2) 

where g' = g(-a(T - Ta)+ j3(S -Sa)) from the linear equation of state (Jenkins, 1991; and 

Scheduikat and Olbers, 1990). 

(2.3) 

and 
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Figure 2.2. 
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Diagram showing the relationship between the plume, the ice and the ambient 
environment. 
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d 
dz (whS) = -(S -S0)y8 +MS0 +S,,Ew. 

(2.4) 

The entrainment velocity Ew is always positive for mass gain and the meltrate M is 

sometimes positive for mass gain (NB the meltrateM > 0 for ablation andM < 0 for accumulation 

- freezing). g' is the reduced gravity (in the linear equation of state given above - Scheduikat 

and Olbers, 1990) and g is the acceleration due to gravity. a and f3 are thermal and haline 

expansion coefficients of the density at the temperature and salinity values in the model. Yr and 

y s are the heat and salt turbulent transfer coefficients, respectively, for turbulent wall flows (Kader 

and Yaglom, 1972). The transfer coefficients are characteristic velocities for the transfer of heat 

and salt across thin sublayers. A thin laminar layer is assumed to exist next to the ice face as 

will be discussed in section 3.2. The fluxes of heat and salt at the boundary between the plume 

and the ambient fjord water are dominated by turbulent entrainment, represented by the last terms 

on the right hand side of equations (2.3) and (2.4). The heat and salt fluxes across the ice/plume 

boundary are ultimately controlled by molecular diffusion in the laminar layer, which is thin. 

T0 and S0 are the temperature freezing point and the salinity at the ice face, respectively. 

cP is the specific heat capacity for the plume, cm the equivalent for the meltwater and ca is that 

for the ambient water. 

Equation (2.1) describes the evolution of volume flux due to the entrainment velocity and 

the melt of water of the face of the glacier. The entrainment flux is always directed towards the 

fluid of higher turbulence. Equation (2.2) describes the momentum balance of the plume and 

represents the buoyancy force induced by the component of gravity. 

The steady flow energy equation (2.3) describes the heat transfer of the plume. The heat 

transfer is in terms of the temperature exchanges between the ice face and the plume, and between 

the plume and the ambient surroundings. In equation (2.3) the term on the left hand side represents 

the change in enthalpy, which is given by the three terms on the right hand side. The first term 

is the diffusion of heat across the boundary layer, the second term represents the injection of 

water into the plume, at its freezing point, T0, and the third term represents the entrainment of 

ambient water at temperature Ta, into the plume. 

The equation (2.4) describes the salt conservation. The first term on the right hand side 

provides a flux for dissolution at the ice face. The second term is the salinity equivalent to the 

second term in equation (2.3). The last term is ambient water of salinity S
0 

being entrained into 

the plume. 
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The turbulent fluxes at the i~e/plume interface are assumed to be proportional to the 

temperature and the salinity differences at this point. These turbulent exchange coefficients have 

been determined empirically, from the molecular diffusion coefficients for heat K7 , and for salt 

Ks, in the work carried out by Kader and Yaglom (1972). An estimate for these values was made 

for the purpose of the study as will be discussed in the section on numerical solutions further on 

and in section 3.2. 

2.2.2 Boundary conditions at the ice face. 

Similar physical principles of the boundary conditions to those used by Josberger and 

Martin (1981) in their model of the natural flow next to a vertical ice face, which was an extension 

of their laboratory work of melting ice blocks in water, have been incorporated here. The same 

basic principles were used by Hellmer and Olbers (1989) and Scheduikat and Olbers (1990) in 

their models for flow underneath ice shelves. The balances of heat and salt, together with the 

linear equation for the freezing point temperature of sea water at the boundary between the ice 

face and the plume (Gill, 1982; Millero et al., 1980; Millero and Poisson, 1981 (UNESCO 

Technical Papers); and Foldvik and Kvinge, 1974), give expressions for the salinity at the freezing 

point temperature of sea water and the meltrateM, from the ice face. The expressions are coupled 

with the equations for the plume to give a more precise description of its behaviour as it ascends. 

The boundary conditions developed in the model here, will now be given. 

Immediately next to the ice face, a thin laminar layer is assumed to exist. Schlichting 

(1960, 1982) as quoted by Scheduikat and Olbers (1990), has made an estimate for the thickness 

of the sub layer for an ice shelf and obtained values of the order of 2 mm. Scheduikat and Olbers 

(1990) used this thickness to obtain values for the turbulent exchange coefficients used in their 

model of tidal forcing underneath an ice shelf (section 3.2). No field estimates have been made 

in the case of a vertical ice face. Estimates for the turbulent exchange coefficients were made 

for the purpose of the study in this thesis. 

Across the interface, heat and salt exchanges occur in order to mix the meltwater from the 

ice face with the plume water, and in turn more ice melts. Figure 2.3 illustrates the thermal and 

saline exchanges across the laminar layer at the ice/plume interface. The total heat flux crossing 

the interface, on the left hand side of equation (2.5) below, is assumed to be proportional to the 

temperature difference between the plume and the laminar layer. The heat causes a further melting 

of the ice and supplies the latent heat flux to melt a mass of meltwater which is given up by the 

ice. It is assumed that all of the heat flux becomes latent heat, thus 
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(2.5) 

The first term in equation (2.5) is the meltrate of meltwater from the ice face due to the 

latent heat term Li, the latent heat of ice. The second term, the molecular heat conduction across 

the interface between the ice and the laminar layer, on the left hand side of equation (2.5) can be 

neglected as it is small compared to the latent heat term. ci is the specific heat capacity of ice, 

T; the temperature of ice and pP · is the density of the plume. Note that I have neglected the 

differences between the rate of production of meltwater at the density Pw of the fresh water in 

the laminar layer and the rate of loss of ice at the density of ice Pi, so M is the meltrate of meltwater 

from the ice face. The latter is an extended Boussinesq approximation such as that used by 

Worster (1986). The approximation assumes that the change in density between phases affects 

the thermal diffusivity, but does not induce flow in the laminar layer due to conservation of mass 

at the changing position of the phase boundary (the boundary between the ice and the water). 

Therefore, the heat balance across the interface is 

(2.6) 

The salt flux diffuses across the boundary layer, increasing the salinity of the meltwater 

flux to S0• The ice salinity Si is zero and the ice melts due to heat. The molecular diffusion of 

salt through the ice is neglected. The salt flux across the boundary layer equals the total salt flux 

at the meltwater/ice interface, hence 

(2.7) 

The face of the ice is assumed to be smooth. Roughness effects are not taken into account, 

as the dominant effect in the model is melting (Zotikov, 1986); all the heat transfer is used to 

melt. A term for the molecular heat conduction across the interface has been ignored as it is 

small . In the work carried out by Josberger and Martin (1981) (section 1.4) the study involved 

small scale characteristics across the interface between the ice and the water, hence the conduction 

term was significant. 

The freezing point temperature T0 for sea water at salinity S0, with respect to depth (pres

sure), is given by Foldvik and Kvinge (1974) as 
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T0 = aS0 + b + cz , (2.8) 

where the coefficients a, b and c together with the parameters in the three equations (2.6), (2. 7) 

and (2.8) are given in table 2.1. The three equations (2.6), (2. 7) and (2.8) are solved simultaneously 

to give solutions for the salinity S0, temperature To and the meltrate Mas functions of T,S and 

z at the ice face (appendix B). 

2.3 Numerical solutions. 

In this section the aim is to show characteristics of the model. First, in section 2.3.1, initial 

conditions for the model are outlined. In section 2.3.2 a standard case is shown simulating a plume 

where melting from the ice face and boundary conditions at the ice face are not included. The 

first simulation has a uniform salinity and temperature ambient environment, whereas for the 

second simulation a salinity stratification is introduced; temperature is kept constant. Simulations 

are also shown for a plume not reaching the surface of the ocean. Section 2.3.2 is sub-divided to 

show simulations of varying the initial widths and speeds of the initial efflux, with melting and 

boundary conditions at the ice face included. The ambient environment in the latter case has both 

a salinity and temperature gradient. 

The four ordinary differential equations (2.1 ), (2.2), (2.3) and (2.4) of the model were coupled 

with the boundary conditions (equations (2.6), (2.7) and (2.8)) and integrated through depth. The 

procedure gave an output of the characteristics of the plume as it ascended and the meltrate of the 

ice face. 

The problem set out is an initial value problem where a set of starting conditions are given 

and it is desired to find these values at a set of intervals throughout the integration of the equations. 

A fourth order Runge-Kutta integration method to solve ordinary differential equations was 

employed on the Cambridge University IBM 3084 mainframe system. 

The method of integration exerts an adaptive control over its own progress by making fre

quent changes in the stepsize. The reason for this adaptive stepsize control is to achieve some 

predetermined accuracy in the solution with minimum computational effort. It monitors internal 

consistency, so that when solutions are changing rapidly over a large range, the stepsize is small, 

whereas when the solutions seem to be the same over a large region the stepsize increases to 

minimize computational time. 
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2.3.1 Initial conditions. 

The values input to the model at the beginning of the integration were the initial width, 

speed, temperature and salinity of the meltwater emerging at the base of the glacier. Graphical 

outputs of how these vary with the model parameters, as the plume rises, are shown in section 

2.3.2. 

Values of the model parameters were chosen (table 2.1), in order to simulate the natural 

environment as closely as possible. There is a lack of empirical data available for certain values 

as will be discussed below; best estimates were used. 

Parameters Symbol Values Units 

Temperature of ambient sea water Ta 0.013z + 2.9 oc 

Salinity of ambient sea water Sa -1.5 X 10-3z + 33.5 ppt 

Acceleration due to gravity g 9.81 ms-2 

Thermal expansion coefficient a 3.62 X 10-S oc-1 

Haline expansion coefficient (3 7.83 X 10-4 ppr-1 
Thermal turbulent exchange coefficient Yr 1.0 X 10-6 ms-1 

Saline turbulent exchange coefficient Ys 9.5 X 10-8 ms-1 

Entrainment constant E 0.08 ----
Density of plume water PP ---- kgm-3 

Density of fresh meltwater Pw ---- kgm-3 

Specific heat capacity of the plume cP 3990.0 Jkg-1K-1 

Specific heat capacity of the meltwater cm 4000.0 Jkg-1K-1 

Specific heat capacity of the ambient water Ca 3986.0 Jkg-1K-1 

Latent heat of ice Li 3.34 X 105 Jkg-1 

Coefficients for the linear freezing point temperature a -0.0575 oc 
T0 of sea water b 0.0901 oc 

C 7.61 X 10_4 . ocm-1 

· _ Table 2.1. Standard values for model parameters. 

Typical values for the ambient temperature and salinity used to test the model were taken 

from field measurements by Walters et al. (1988). The thermal and saline expansion coefficients 

were taken from Scheduikat and Olbers (1990) as typical values in an ice covered region. The 

expansion coefficients given here are reasonable for temperatures and salinities found in such 

regions (-1 to 4 °C and 31.0 to 33.0, respectively). The thermal and saline turbulent exchange 
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coefficients chosen for the study were an estimate from those used by Josberger and Martin 

(1981) in their laboratory work on a melting vertical ice face in water, and those of Hellmer and 

Olbers (1989) (section 3.2). The values used by Josberger and Martin were functions of the 

diffusion coefficient between the ice and the water, and did not affect the results significantly 

unless they were changed by three or four orders of magnitude (section 3.2). Kader and Yaglom 

(1972) calculated values for the turbulent exchange coefficients from empirical work and 

Scheduikat and Olbers (1990) also based their values on empirical work. 

The value for the entrainment constant E (table 2.1) is the value found empirically by 

Ellison and Turner (1959) for a vertical plume. The effect of varying both this value and the 

slope of the ice face is discussed in section 3.3. 

The density of the meltwater and the plume (equations (2.6) and (2.7))next to the ice face 

was calculated at each step throughout the integration. The algorithm used to calculate the density 

was taken from Gill (1982) and coupled to the model equations. 

The specific heat capacity of the meltwater, plume and ambient sea water were set to 

constant values (table 2.1). The heat capacity of the plume water was set at a value in between 

that of the meltwater and the ambient water. An attempt was made to vary the specific heat 

capacity in all three cases according to their depth, salinity and temperature dependencies (the 

specific heat capacity increases with temperature and decreases with depth and salinity), using 

an empirically derived polynomial (UNESCO Technical Papers; and Gill, 1982). However, 

confusing results were encountered which were probably due to these algorithms being invalid 

below 0°C. The use of the polynomials was abandoned and constant values chosen, based on 

values given in the UNESCO Technical Papers. For the depths considered in this thesis, down 

to 300 m, neglect of these variations are not significant. 

2.3.2 The standard case. 

A standard set of parameters (table 2.1) and input values were used to show the variations 

of a plume rising in a uniform and stably stratified environment. For all the runs in this chapter, 

the input salinity S was zero and the depth of the ocean was 300 m, where zero was the surface 

of the ocean and -300 m was the seabed (z positive upwards). 

Figures 2.4 and 2.5 show the basic characteristics of the ascending body of plume water. 

In figure 2.4 the temperature Ta and salinity Sa were fixed at constant values of l.5°C and 33.0, 

respectively (Walters et al., 1988), and T0 and S0, the temperature freezing point at the ice face 
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and the salinity at this temperature, respectively, were both set to zero. The initial input tem

perature and salinity of the plume were both zero. The initial width of the plume was 0.5 m and 

the initial speed was 0.5 ms-1
• In figure 2.5 parameters were the same except for the salinity S0 

which increased linearly with depth (table 2.1). The meltrateM, was set to zero in the boundary 

conditions of equations (2.6) and (2. 7), hence zero in the ordinary differential equations of (2.1 ), 

. (2.3) and (2.4). The initial speed was 0.5 ms-1
; the initial width of the source of the efflux was 

0.5 m; the initial temperature and salinity of the efflux were both zero. 

Figure 2.4 shows the basic characteristics of a distributed plume. There is a small con

traction and then the flow spreads out within a few metres and changes to behave like a pure 

plume. The small contraction is not very clear from the graph (figure 2.4). As buoyancy effects 

become important the plume rises with almost constant speed to the surface, 0.92 ms-1 (there is 

no effect of stratification). In two-dimensional plume flows, the velocity scale is independent 

of the depth z and the density difference varies inversely with z. The rate of spread in the x 

direction is linear with the depth and in this case the plume finally extends out to a width of 24.2 

m on reaching the surface. The temperature and salinity of the flow increase from zero over a 

few metres and as the flow changes to a pure plume, the temperature and salinity approach 

equilibrium, reaching the surface with values of 1.48°C and 32.63. These values are below the 

ambient temperature and salinity (otherwise the plume would have reached neutral buoyancy). 

In figure 2.5 stratification due to the salinity gradient modifies the width to which the plume 

finally spreads out, 26.7 m. The plume slows down and the stratification affects the buoyancy 

of the plume. The final width reached by the plume will vary depending on the initial speed and 

width of the outflow. Again, a small contraction is encountered, but can not be seen very clearly 

in the graph (figure 2.5), and is a function of the source conditions only. As buoyancy effects 

become important, the flow becomes that of a pure plume and as the effect of stratification 

· increases, the plume will slow down. 

The width profiles correspond well with those obtained by Morton et al. (1956) for plumes 

rising in uniform and stably stratified environments. A stratified environment causes the plume 

to extend further than for a uniform environment. 

The speed incr~ases rapidly from 0.5 to 0.93 ms-1 within a few metres in figure 2.5 and 

then decreases to a speed of about 0.82 ms-1 on ascent to the surface of the ocean. 

These profiles are characteristic of distributed plumes (Caulfield, 1991). The source of 

emergence of the plume is allowed to be of finite size, and the initial momentum flux is smaller 

than that of a pure plume. The initial width of the plume decreases before increasing again with 
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. height (like a pure plume). In an unstratified environment, starting with any initial volume and 

momentum flux, the plume developing from a given finite source of buoyancy, eventually 

asymptotes to that of a pure plume. As the initial momentum flux is increased, for a given initial 

volume flux, the location of the point source from which this pure plume would develop, becomes 

located at increasing distances behind the actual finite sized source. In the speed profiles, the 

zone where the efflux starts to decelerate is where the distributed plume begins to asymptote to 

that of a pure plume (figure 2.5). 

The temperature profiles are the same in each case where the initial temperature of the 

source is 0°C and the efflux mixes with the ambient water and becomes close to the ambient 

temperature as it rises. In figure 2.5, the temperature of the efflux, as it emerges at the surface, 

is 1.48°C. 

Similar profiles are obtained for the salinity where the fresh incoming body of water mixes 

with the ambient saline water. As with the temperature, from a depth of about 270 m, the fresh 

water has mixed over a short distance, about 10 m, and then changes more slowly and approaches 

the ambient salinity. The plume continues to rise, increasing slightly in salinity, still below the 

ambient. In the stratified case the plume reaches the surface with a salinity of about 33.34, where 

the ambient salinity at the surface is 33.5. 

The graphs in figure 2.6 show the conditions for a plume not reaching the surface of the 

ocean; the case in the environment where the plume spreads out as a sub-surface flow when it 

has reached its neutral buoyancy position. The graphs show that for a depth of 600 m, the plume 

reaches neutral buoyancy at 123.0 m, where it extends to a width of 38.0 m, with a temperature 

of about 2.1 °C and salinity of 33.9. As evident from figure 2.6, the model breaks down at this 

point. The model simulates the upward movement of a plume, but does not incorporate the 

dynamics of a flow which has reached neutral buoyancy. 

All the parameters in the model for this simulation were set according to the standard case 

shown in table 2.1, except the ambient temperature and salinity, which were 

Ta= 2.20 + (4 X 10-4)z (2.9) 

and 

Sa= 34.00 + (-4 X 10-5)z, (2.10) 

where the parameters Ta, Sa and z are as before. 
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2.3.2.1 Varying the initial width and speed. 

In figure 2. 7 and figure 2.8 the speeds and the widths of the initial efflux were varied and 

the characteristics of the output profiles are shown. The ambient water was stratified, having 

both a salinity and temperature gradient (table 2.1). The boundary conditions between the ice 

face and the plume were included and the ice face was now melting at a rateM, found from the 

boundary condition equations (2.6), (2.7) and (2.8) simultaneously (appendix B - calculated 

within the model). The initial input temperature was -0.05°C. This initial temperature was 

chosen to be above the freezing point of sea water at the depth of emergence of the plume. The 

freezing point temperature of sea water at the depth of plume emergence was about -2.0°C. 

The speed was varied in figure 2.7. The runs were performed with initial speeds of 0.1 

ms-1, 1.0 ms-1 and 2.0 ms-1, respectively. The initial width was 0.5 m for all the runs. At the 

slowest speed, the stratification has the most pronounced effect, causing the plume to spread 

out the most to 28.3 m. Incorporating a meltrateM from the ice face does not have a significant 

effect on the flow, as can be seen by comparing figure 2. 7 with figure 2.5. As the speed increases, 

stratification has less of an effect and the flow behaves more like a pure plume. If the total 

water depth was at a deeper level, the profile with initial speed 2.0 ms-1
, would eventually cross 

over the middle profile (initial speed of 1.0 ms-1
) and stratification would start to have an effect 

at a higher level causing the plume to spread out. As it is, this profile comes to the surface 

spreading out to a width of 25.8 m. Also, the profile with the highest initial speed would 

eventually cross and reach the surface at a smaller width than the initially smaller velocities. 

For the smallest velocity (buoyancy flux), the speed remains sufficiently low for the stratification 

to have an effect. 

All the three cases are distributed plumes, where there is some contraction at the outflow. 

The speed initially increases. The characteristics of the initial outflow depend on the initial 

momentum, volume and buoyancy fluxes of the efflux. If the initial speed was high enough, a 

pure plume would be encountered whereby there would be no initial contraction. Some con

traction can be observed for an initial speed of 1.0 ms-1 in the width profile of figure 2.7, but is 

generally very difficµlt to observe in these graphs. 

In figure 2.7, as the initial speed increases, the plume reaches the surface with greater 

speeds. In the latter case there is a temperature gradient in the ambient environment water, 

where the seabed temperature is -l.0°C and the surface is 2.9°C. It is interesting that all three 

cases converge to roughly the same gradient and the final temperatures reached at the surface 

are not too dissimilar. As the initial speed increases, the temperature ~t the surface becomes 

34 



E -t 
~ 

E -
~ 

c. 
0 

0 

-511 

-100 

· 150 

-200 

-250 

-)00 
0 

0 

-~O 

- llKI 

-150 

-:!001· 

-:?~11 ,-

· .100 
II 

:-:::::: 
0 

-50 

•. :>· 

.;:::/_.::,/ 

? -100 

E -
,-·:'.:_-::'.}::.:-·· 

./:>:·:-..· 

t 
~ 

-150 

-200 

_.;:,· ~-· .,. 
.. / .. ~· 

.,..:/·' 
,/::-c'.·;:::·· 

10 

0.5 

Figure 2.7. 

15 

Widlh / m 

20 25 )0 

v -·-"'ll'' .. ,.,,,•' · - ·- •-······ ·-----

1 1.5 2 2.5 

Sp1:cd I 111,. ... , 

-250 

II 

-50 

· JOO 

E -t -150 

~ 

-2lKI 

-2SU 1· 

·)110 
0 

/: 
I: 
f :, 
'<::.:,,,.,, .•.•... 

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 

Tcmp:111urc / C 

I 
I 
i 
I 
i 
! 
l 

I 

_ . .// 

.......... · .... _ .. ...... .... -·· · .:····::.·--- __ ... -···· 

10 15 20 25 30 

S1lini1y 

Characleristics of an ascending plume of mellwater in a stratified environment, 
with varying emergent speeds (the widths are constant). 
The speeds are __ 0.1 ms-\ ..... 1.0 ms-1, ----- 2.0 ms-1

• 

~ 

35 

-'"t 



less, but the depth in the graph in figure 2. 7 is not large enough for this characteristic to be 

observed to the full extent. Table 2.2 below, shows the characteristics of the plume at zero 

depth, for the three different initial speeds. 

Initial plume Final plume Final plume Final plume Final plume 
speed (ms-1

) width (m) speed (ms-1
) temperature salinity 

(OC) 

0.1 29.39 0.66 0.81 33.39 
1.0 25.68 1.78 0.86 31.46 
2.0 26.12 2.28 0.83 31.00 

Table 2.2. Characteristics for three different emergent speeds of the plume, into a stratified 
environment. Refer to figure 2.7. 

In figure 2.8 the speed was kept constant at 0.5 ms-1 and the widths used were 0.5 m, 2.0 

m and 10.0 m, respectively. These profiles can be explained with the same arguments as those 

for figure 2. 7. Again, the incorporation of the meltrate M compared to figure 2.5, where the 

meltrate was zero, for an initial speed of 0.5 ms-1, is not significant. As the width increases 

there is a greater volume flux; with a small volume flux, the stratification has a greater effect. 

As the widths increase, the volume, buoyancy and momentum fluxes increase. With a width 

of 10.0 m the body of water rises rapidly and as buoyancy effects become important the plume 

reaches the surface at 0.86°C. 

At the seabed the temperature of the ambient water (table 2.1), is -1.0°C and as warmer 

fresh water emerges, cold ambient water from the surroundings is entrained into the plume and 

the temperature decreases over the first 50.0 m. As the plume ascends, the ambient temperature 

increases and entrainment of the warmer water causes the plume to emerge at the surface at a 

temperature of about 0.82°C for the smallest width. The temperature reached by the next initial 

width plume was 0.86°C and the largest width also produced a temperature of 0.86°C; the 

ambient water temper&ture at the surface is 2.9°C. The temperature is the same with increasing 

volume flux. The body of water emerging with a width of 0.5 m attains a temperature down to 

- - 0.83°C initially, due to entrainment, and on reaching the surface, has a temperature of0.82°C. 

35 



.~fl •· 

·IIKI 

E 

~ · 1~11 
l".. a 

.21J(I 
/ 

_.,,.,·· 
·250 

-) IHI 

.;, / .·.·,. 
~.~/;::·.>/ 

/'.· \ ... _,,_ 

0 

0 

-~II 

· JIHI 

E 

' 
~ -1 501· 
c.. 
0 

-200 

-25ll 

·.\UO 
o.s 

Figure 2.8. 

, · ., 

10 

---_.-,,.--
,, 

/
_.,:-~,,,-

. 

·~., 

,""··· 

IS 

Wid1h / m 

20 

~-

} 

\ 

\ 
l 
i 
\ 

l 
! 
; 

i 
) 

. / 

is 30 

(I 

-50 

-100 

E 

.z:. -1501· 
?I. 
0 

-200 

·250 

·llKI 
· I 

0 

-so 

·100 

E 

' 
~ 

k 
·150 

-2(KI 

-250 

/,/ 

/('-' /:,/ 

/ 
,/'.> 

&'
~;:/ 
,· 

/ 
\ 

-,.-~:·:·.·:~·:~:-·~~~ 
~ - - = 0 U M ~ M 

Tcmpc:111u1c / C 

I 

I 
l 

I 
i 
i 
i 

.. / 
/ 

__ .,./_./' 

··-····················· .... , ...... ,., . ...- _ .... .... 
-JIKI 

...:..:.:.--··· .. · .. ·-·-·-····-· .. _ ..... -:.-··· 
1.5 ; 2 2.S u IO JS 20 25 

Speed I nii ·• S11lini1y 

Characteristics of an ascending plume of meltwater in a stratified environment, 
with varying emergent widths (the speeds arc constant). 
The widths are __ 0.5 m, ----- 2.0 m, ..... 10.0 m. 

JO 

,1 

JS 

-·~ 



The salinity profiles are the same as in figure 2.7. The gradients of the profiles become 

less pronounced as the width of the outlet is increased, and the body of water reaches the surface 

faster. The respective salinities were 31.08, 32.78 and 33.33, with increasing widths in figure 

2.8. 

2.4 Discussion. 

First, a comment on the numerical model output is given in this section and at the end, 

conclusions are drawn, concerning the work of this chapter. 

2.4.1 Comment on model outputs. · 

Initially, the velocity for a plume approximately equals the outlet velocity. Beyond the 

initial zone is a transition zone after which the velocity begins to decrease. In the last zone, the 

velocity decreases rapidly because of large scale turbulence and mixing. The gravity forces 

become larger than inertial forces and the initial flow becomes that of a pure plume (a forced or 

distributed plume - section 1.3). 

The terminal height of a modelled plume is controlled by inertia, buoyancy, the rate of 

ambient fluid entrainment, and the density gradient (stratification in the ambient sea water). As 

verified by the results above, an initial flow changes rapidly to pure plume like behaviour over 

vertical distances of the order of metres (Fischer et al., 1979). If the flow has sufficient momentum, 

and buoyancy forces are strong enough, as is the case above, it will come to the sea surface. 

Turbulence intensities in plumes are higher compared to those in jets because buoyancy causes 

potential energy to be transferred to turbulent kinetic energy and plumes have a high mean shear 

due to a high mean momentum flux (List, 1982). 

The results of the simulations in section 2.3.2 show the importance of the source conditions 

on the plume characteristics (the initial width, speed, temperature and salinity values) and the 

effect of stratification. The outputs compare well with basic characteristics obtained for con

vection from a point source from a model of hydrothermal plumes in the Pacific Ocean by Speer 

and Rona (1989). The -physical characteristics of width, velocity, temperature and salinity of the 

hydrothermal plume, modelled by the latter, evolve from the initial condition at the base of the 

plume, to the final state at some level above the bottom. Characteristics of the plume are modified 

by mixing with the surrounding sea water and, in turn, surrounding sea water is entrained and 

carried to higher levels. 
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In a glacimarine environment a forced or distributed plume can be near vertical. Once the 

plume attains a level of neutral buoyancy, not evident in the results shown in this chapter, apart 

from the scenario given in figure 2.6, the plume will spread out horizontally in the form of an 

intrusion. 

2.4.2 Conclusions. 

A simple model for a turbulent plume rising vertically in a stratified environment, next to 

a vertical ice face, has been developed. The model simulates a fjord environment with a tidewater 

glacier at the head and outlet streams emerging at the base of the glacier which give rise to plumes 

of fresh water, which mix in with the ambient sea water. The dynamical significance of the 

ambient temperature and salinity fields is shown in the results of the model calculations, together 

with those of entrainment and vertical transport. 

The results calculated from such a model are useful in determining the strength of a source 

of meltwater emerging at the base of a glacier. The output values can be compared to those in 

the field whereby thermal and saline characteristics are determined directly from field 

measurements. Hence, an idea of the source conditions for a meltwater plume emerging at the 

base of an ice face can be obtained. The model could be useful for predicting chemical anomalies 

by plotting temperature-salinity curves to show mixing characteristics. 
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Notation. 

a,b,c 

a 

E 

g 

g' 

YT 

Ys 

h 

M 

A list of symbols used in this chapter is given below, for reference purposes. 

Coefficients in the linear equation for the temperature freezing point T0• 

Thermal expansion coefficient. 

Haline expansion coefficient. 

Specific heat capacity of meltwater. 

Specific heat capacity of the plume. 

Specific heat capacity of the ambient environment. 

Specific heat capacity of ice. 

Entrainment constant. 

Acceleration due to gravity. 

Reduced gravity. 

Thermal turbulent exchange coefficient. 

Saline turbulent exchange coefficient. 

Width of plume. 

Molecular diffusion coefficient for heat. 

Molecular diffusion coefficient for salt. 

Latent heat of ice. 

Meltrate of the ice face. 

Density of ice. 

Density of meltwater. 

Density of the plume. 

Salinity at the temperature freezing point T0• 

Salinity of the plume. 

Salinity of the ambient environment. 
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T0 Temperature at the freezing point. 

T Temperature of the plume. 

T
0 

Temperature of the ambient environment. 

w Velocity of the plume in the z direction. 

x Horizontal direction. 

z Vertical direction (depth). 



Chapter Three. 

Model Simulations. 

3.1 Introduction. 

In this chapter, the effect of varying certain parameters in the plume model, developed in 

chapter two, is presented. Reasons for varying these particular parameters are discussed and results 

are given. A series of simulations are carried out to show some of the results that can be obtained 

from the use of such a model. 

First, the effect of varying the turbulent exchange coefficients YT and Ys on the meltrate of 

the ice face is considered. The variation of the entrainment constant with ice face slope is then 

shown. Variation in volume fluxes, the meltrate of the ice face, the temperatures, and salinities 

of the plume for different initial input fluxes are presented. Temperature-salinity (T-S) diagrams, 

for different volume fluxes, showing the relevance of the 'ice pump mechanism' to the situation 

of a vertical glacier face at the head of a fjord are incorporated in this section. Further, simulations 

of distances of retreat of the glacier face with time are considered. Finally, different input values 

for the initial flux, the ambient salinity and temperature according to seasonal fluctuations, are 

studied. The analyses show the seasonal effect on the meltrate and the total meltrate of the glacier 

face over a year. 

In the conclusions, the significance of the results by varying the above parameters are dis

cussed. Comment on the relevance of the 'ice pump mechanism' is made. Conclusions concerning 

the role, which the meltrate of the ice face in a fjord plays, compared to other sources of meltwater, 

in particular the meltwater plume emerging from beneath the glacier, are considered. It appears 

that the direct meltrate of the glacier face is insignificant, in terms of the overall runoff into the 

fjord. 
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3.2 Sensitivity of varying YT and Ys· 

The values for the thermal and saline turbulent exchange coefficients YT and y s for the standard 

case were estimated from the thermal and saline diffusivities used by Josberger and Martin (1981) 

and the turbulent exchange coefficients used by Hellmer and Olbers (1989), as discussed in section 

2.3.1. Because of the uncertainty of choosing these values, it was felt important to vary these 

parameters in order to study their significance. 

The values of the turbulent exchange coefficients are based on the theory for 

turbulent-boundary-layer heat transfer on a flat surface (figure 3.1 ). A thin region near the surface 

(or plate) has a laminar character, where viscous action and heat transfer take place. Further away 

from the plate, turbulent and viscous actions are experienced, referred to as the buffer layer 

(Holman, 1981). Beyond this layer, a fully turbulent region exists where viscous effects are 

negligible. The problem of choosing values for YT and Ys lies in the physical mechanism of heat 

transfer in the turbulent flow next to the ice face, where the eddy properties of viscosity and thermal 

conduction must be dealt with. In the laminar region the molecular values of the viscosity and 

thermal conduction have to be considered. The eddy property variations can only be determined 

empirically (Holman, 1981). 

Figure 3.1. 

y 

LX 
Turbulent 

U layer 

Buffer layer 

~-==~-~-~~-~----~----1'---- Laminar layer - thermal and 

Flat surface 

saline 
sublayers 

Diagram showing the velocity profile in the turbulent boundary layer on a flat 
plate. The schematic shows the laminar and buffer layers through which the 
transfer of heat and salt take place. (Adapted from Holman, 1981.) 
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The characteristic values for Yr and Ys are determined from the molecular diffusion coeffi

cients for heat and salt and by the thickness of the thermal and haline sublayers (figure 3.1). 

Scheduikat and O l bers (1990) discussed the calculation of the laminar sub layer thickness in regions 

of ablation using the method of Schlichting (1960, 1982). They were able to use empirical data 

for typical values of the friction velocity for tidal currents beneath the Ross Ice Shelf. The latter 

values were used in the calculations for the thickness d of the laminar viscous sublayer next to 

the ice as follows 

V 
d=5 - , 

u. 
(3.1) 

where v is the kinematic viscosity of sea water at just above the freezing point and u. is the measured 

friction velocity for typical tidal currents beneath the Ross Ice Shelf. 

The thickness of the thermal sublayer can be calculated with the use of the Prandtl number. 

The Prandtl number relates the relative thickness of the viscous and thermal boundary layers when 

heat transfer within the laminar sub layer takes place under circumstances like those in fully laminar 

flow (Holman, 1981). In the latter case the thickness of the thermal sublayer can be obtained as 

follows 

d -1/3 
dr = l.026Pr ' 

(3.2) 

where dr is the thermal sub layer thickness and Pr is the Prandtl number, where Pr = Pt, cP is the 

specific heat capacity at constant pressure, andk is the thermal conductivity (Pr = ~). y7 is obtained 
KT 

as follows 

Kr 

Yr= dr' 
(3.3) 

where Kr is the molecular diffusion coefficient for heat. The same procedure is carried out for Ys· 
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Empirical values for u. do not exist next to a melting vertical ice face (glacier). So, I estimate 

the order of magnitude values for the turbulent exchange coefficients from those of the thermal 

and saline diffusion coefficients used by Josberger and Martin (1981) (their values of the thermal 

diffusivity Kr = 1.44 x 10-1m2s-1 and the saline diffusivity D = 6.3 x 10-10m2s-1
) and from the 

turbulent exchange coefficients used by Hellmer and Olbers (1989) (their values of Yr and Ys being 
10-4ms-1 and 5.05 x 10-1ms-1, respectively). I am assuming the experiments of Josberger and 

Martin (1981) to be analogous to a vertical glacier face at the head of a fjord, hence, similar order 

of magnitude values are acceptable. This approach is reasonable since the rise velocities of the 

plume (section 2.3) are comparable with typical current speeds. In the simulations presented in 

this section, I have varied Yr from 10-9 to 10-2 and Ys from 10-11 to 10-4 ms-1
• 

3.2.1 Results. 

The sensitivity of the model results of meltrate to the turbulent exchange parameters dis

cussed above are shown in figure 3.2. The meltrate parameter was chosen as its significance in 

the fjord environment is of interest and can be compared with meltrates from icebergs in similar 

environments (Budd et al., 1980). Refer to section 2.3 for the overall choice of parameters in 

this chapter. The table below (table 3.1) gives the range of values for Yr and Ys used to generate 

the results, corresponding to the curves in the graph. 

All other model parameters were set according to table 2.1 (section 2.3.1). The initial input 

values for the width of the plume was 2.0 m, the initial speed was 0.1 ms-1, the initial temperature 

and salinity were 0.0 °C and 0.0 ppt, respectively, and the depthz of the ocean was 100 m. 

In figure 3.2, the meltrates vary from an order of 10-11 ms-1 to 10-4 ms-1 as the values of Yr 

and Ys are increased, changing by an order of 10 for each increment. The meltrate increases in 

proportion to the values of the turbulent exchange coefficients. When Yr and Ys are of the order 

of 10-2 and 10-4 ms-1, respectively, where the meltrate has a value of 0.4 x 10-4 ms-1, then the 

effect of changing Yr and Ys start to be significant. 
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YTms-1 Ys ms-1 Corresponding curve in figure 3.2. 

/x 1.0 /x9.5 

10-9 10-11 ......... 
10-8 10-10 .. . -----
10-7 10-9 +++++++++ 

10-6 10-8 ********* 

10-5 10-1 000000000 

10-4 10-6 xxxxxxxxx 

10-3 10-5 ---------
10-2 10-4 

Table 3.1. Initial input values for the turbulent exchange coefficients in the numerical model. 

3.2.2 Discussion. 

The values for yr and Ys chosen in the standard case give meltrates of the order of magnitude 

of 10-7 ms-1, which is approximately 3.1 myr-1. The value is the same order of magnitude as 

measured for icebergs, by Budd et al. (1980) and those estimated by Morgan and Budd (1978). 

3.3 Sensitivity of plume characteristics to the entrainment constant E and the ice face 

inclination. 

As a result of ablation and calving, the slope of an ice face may vary along the ice face and 

from glacier to glacier. Thus, the characteristics of the plume, fed by streams of meltwater at the 

base of a glacier, may change. The alteration is dependent on the slope of the ice face and the 

entrainment constant E for the plume. 

When a two-dimensional plume becomes inclined to the vertical, a component of gravity 

acts normal to the entraining edge and inhibits mixing into the plume as well as driving it along 

the slope. Ellison and Turner (1959) found that for an inclined plume on a slope, the entrainment 

parameter is a function of the Richardson number (Ri0), defined as follows (Turner, 1973) 
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R
. _g'hcos8 
lo - 2 , u 

(3.4) 

where h is the width of the flow across the plume (or depth of gravity current - section 1.3), 8 is 

the angle of the slope inclined to the horizontal and U is the speed of the plume down the slope. 

In this section, the effect of the entrainment constant E is investigated, referring to the graph 

in figure 3.3 of the entrainment into an inclined plume. The equation of the line for the change 
of E of the plume with angle 8 of the ice slope, input to the numerical model (figure 3.3) is 

E = (9.13 X 10-4)8 + (4.48 X 10-3
)' (3.5) 

where E is the entrainment constant. The model may be solved for arbitrary slopes 8, by changing 

values of E (according to equation (3.5) above), in the equations of section 2.2, and by altering 
the conservation of momentum equation (2.2) (section 2.2.1) as follows 

! (w 2h) = -g'h sine, 
(3.6) 

to take into account the slope 8. 

The other parameters in the model were set according to table 2.1 (section 2.3.1). The initial 
width was input as 2.0 m, the initial speed was 0.1 ms-1, and the initial temperature and salinity 
were both zero. For a horizontal surface, in the experiments performed by Ellison and Turner 
(1959), the slope 8 = 0. In order to attain a broad spectrum of the characteristics of the plume for 
a series of slopes of the ice face, the angles shown beside the corresponding graphs in figure 
3.4(a-d), were input to the model. 

3.3.1 Results. 

The effect of varying ice slope and the entrainment constant on the resulting plume width, 
speed, temperature and salinity are shown in figure 3.4( a-d), respectively. At 90° the entrainment 
constant is 0.08 (the vertical wall case) and the plume is at its widest extent, 9. 7 mat the surface, 
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Figure 3.3. 
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from the ice face, for a model depth of 100 m. For a slope of 10°, the width extends out to about 
1.5 mat the surface. The surface width of the plume reduces as the ice face slope decreases to 
the horizontal. 

Similar results are obtained for the temperature and salinity of the plume. As the slope 
decreases from 90° to 10° the temperature at the surface is about 2.16°C and decreases to 1.91 °C 
for a slope of 10°. The salinity decreases from 33.1 to 28.8 for a slope decreasing from 90° to 
10°. As the slope approaches 90° (vertical), the temperatures and salinities tend to converge 
almost to the same value. For example, the difference between the final values of temperature 
and salinity for a slope of 70° and 90° is small. At 70° the final temperature is 2.15°C and the 
salinity is 32.9. The speed of the plume increases as the slope increases. 

3.3.2 Discussion. 

For low slopes, E becomes small. When E is small, flows on minor slopes can be treated 

as if they do not mix. The latter scenario is analogous to the model developed by Jenkins (1991) 
and compares well with the width, velocity, temperature and salinity values of the plume. When 
the wall is vertical, E has a large value, then gravity accelerates the plume or increased mixing 
occurs, depending on whether the flow rate starts too slowly or too fast. A steeper ice face 
gradient implies more efficient entrainment. 

Varying the slope and the entrainment constant has a significant effect on the final width 
of the plume reached. The difference between a vertical face and one at 10° is a width of the 
order of 8.0 m. The effect on the final temperature is about 0.25°C difference between a slope 
of 10° and 90°, and the effect on the final salinity for such slopes is about 5. The speed changes 
by about 0.16 ms-1

• 

3.4 Changing the initial input volume flux. 

The values of the initial volume fluxes emerging at the base of a glacier have not been 
directly measured. However, calculations have been made based on dynamics of glaciers such as 
the Jakobshavns ls brae (Echelmeyer and Harrison, 1990). In this section the effect of varying the 
input of the initial volume flux on the final volume flux, generated at the surface of the ocean, is 
investigated. The effect of the initial volume flux on ice face meltrate, the final temperature and 
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salinity of the plume are shown. The relevance of the model to the 'ice pump mechanism' is 
considered. The ice pump mechanism was initially thought to be an important mechanism in the 
investigations presented here, but as will be discussed, is not relevant. 

3.4.1 Final volume fluxes of the plume. 

The sensitivity studies ·of varying the initial speed and width of the emerging plume in 
figures 2.7 and 2.8 of section 2.3.2.1, are developed further in this section. The input flux is 
varied over a wider range and the results are discussed. The simulations were undertaken in 
order to investigate the effect of large input fluxes, which may occur in the natural environment 
at the peak of the melt season. 

The model was run with all parameters set according to table 2.1 (section 2.3.1). The initial 
input for temperature and salinity were 0.014°C and 0.0 ppt, respectively, assuming that for the 
freezing point temperature at emergence, S0 = 0. The initial temperature value is the temperature 
freezing point at the ice face at 100 m depth. The initial input volume fluxes are noted on the 
relevant curves of figures 3.5 and 3.6. 

Powell (1990) gives values of 2.0 to 3.0 ms-1 for the discharge rate from an englacial or 

subglacial flow. The width of the outflow has been observed in the field (Powell, 1990) at 
intertidal delta plains e.g., Riggs Glacier, Glacier Bay, Alaska and by Rothlisberger (1972) who 
reports on tunnels with widths of 10 m across, at their openings at the base of glaciers. 

In deciding appropriate values to input to the model, speeds between 0.1 and 2.0 ms-1 and 

widths of 0.5 m to 10.0 m were taken, to give the above volume fluxes. The final flux values 
output (figure 3.5) were discussed with values for meltwater flux calculated from the field data 
of chapter five, at the surface of the ocean. These discussions are presented in section 7.2. 

Referring to figure 3.5, as the initial flux increases, the final output flux increases faster 
with depth. The increase in the initial buoyancy flux as the volume fluxes increase causes the 
flow to tend towards that of a pure plume. Excess momentum decreases through entrainment 
and the plume adjusts _to that of a pure plume. 

The variation in meltrates for different input fluxes is shown in figure 3.6. As the volume 
fluxes increase, the meltrate decreases. Also, the changing meltrate with depth has less of a 
gradient as its acceleration increases. For a volume flux of 0.05 m2s-1, the. final meltrate at the 
surface of the ocean is 4.1 x 10-8 ms-1 (1.29 m yr-1

) and for a flux of 4.00 m2s"1 is 3.5 x 10-8 ms-1 

(1.10 m yr-1
). As the plume rises, the sensible heat provided by entrainment increases because 
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Figure 3.5. 

Figure 3.6. 
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the temperature increases more rapidly than does the freezing point, which is a function of pressure 
and increases to the surface of the ocean (the ambient temperature is also increasing to the surface). 
As more flux emerges, less heat reaches the ice face through the plume, and so the meltrate 

decreases a little. 

3.4.2 Final temperatures and salinities of the plume. 

The temperature and salinity values were output from the model for varying initial input 
fluxes as discussed above (section 3.4.1 ). Figures 3. 7 and 3.8 show the temperatures and salinities 
versus depth for different input fluxes and figure 3.9 shows the same parameters of temperature 
and salinity plotted as a T-S diagram in relation to the temperature freezing line and the ambient 
fjord water. 

The temperatures in figure 3. 7 increased less rapidly with depth, as the volume flux 
increased. The temperatures decrease with an increase in the volume flux from 2.16°C to 1.84°C. 
The same characteristics can be seen for the salinity of the plume in figure 3.8. The surface 
salinity of the plume decreased from 33.6 to 27.9, with an increase in the volume flux. 

For larger volume fluxes (larger speeds), the plume reached the surface with greater speeds, 
hence did not approach the ambient as closely as when the buoyancy fluxes were smaller, where 
the initial inertia is less. As the volume flux increases, stratification has iess of an effect and the 
flow tends to that of a pure plume. 

In figure 3.9, the change in initial volume flux is not observed until the plume has reached 
a salinity of about 12.0 and a temperature of 0.4°C, which, referring to figures 3.7 and 3.8, is at 
a depth of 90 m to 98 m, then, the stratification begins to have an effect. The model could be 
started with an initial input temperature further along the temperature freezing curve where the 
salinity is higher. 

No freezing will occur below the surface of the fjord next to the ice face because the ambient 
temperature gradient is too large for any supercooling to occur. By plotting T-S curves of the 
data, it is observed that the curves never cross the temperature freezing line at any point, showing 
that freezing does not o_ccur. The ice pump mechanism (Lewis and Perkin, 1986) is not taking 
place. The ice pump mechanism is effectively a heat engine, which will melt ice at depth in the 
ocean and deposit it at a shallower location i.e., freezing will occur. It is driven by the change 
in freezing point with pressure. As sea water, which has been in contact with the glacier ice at 
depth, rises, the pressure decreases and so it becomes supercooled in relation to the in situ freezing 
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Figure 3.7. 

Figure 3.8. 
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Figure 3.9. 
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point. The supercooling provides a heat sink for ice growth within the water column. The 
principal has been applied to a moving pack ice sheet (Lewis and Perkin, 1986) and floating ice 
shelves (Nicholls et al., 1991). 

In the simulations presented in this chapter, the ambient temperature increases towards the 
surface of the ocean, so there is always enough heat provided to cause melting. Freezing at 
shallower depths is never encountered. In ice shelf dynamics and subsequent ice breakup, bottom 
melting is significant and the ice pump mechanism may be important in determining the stability 
of ice sheets (Jenkins, 1991). If the ambient water beneath the ice were to increase significantly 
in temperature, the ice shelf would thin and could cause a change in the ocean circulation. For 
a glacier, the process is not important and other factors such as the meltwater streams emerging 
from the base of glaciers and the glacier dynamics themselves, have a greater role in the stability 
and interaction with the sea. The ice face is melting throughout depth. 

3.5 Distances of ice face retreat. 

The distances of retreat of the ice face depends on the meltrate of the ice face and on the 
emerging plume of water at the base of the ice, movement of the glacier and calving. The meltrate 
of the ice face was simulated to monitor the significance in relation to other factors such as calving 
and the plume of meltwater emerging at the base (section 1.2). The meltrate gave an estimate for 
the extent of ice face retreat with time. 

Generated from the model, the distances of retreat for two different initial input temperatures, 
at different times, are plotted in figure 3.lO(a and b). The parameters of the model are according 
to table 2.1 (section 2.3.1). The initial width was 2.0 m, the initial speed was 0.1 ms-1, and the 
initial salinity was 0.0 ppt for these simulations. The distance of retreat was found at zero time, 
one week, four weeks, eight weeks, and twelve weeks. The equation input to the model gave the 
distances of retreat as follows 

(3.7) 

where DR is the distance of retreat in metres, M is the meltrate of the ice face in ms-1
, and T and 

t are the time in seconds (for the purposes of the model). 

49 



e 
..r:: c. 

<:) 

Cl 

Figure 3.10a. 

e 

c'.. ,., 
:::::i 

Figure 3.10b. 

-20 

-30 

-40 

-50 
•. 
·. 

-60 

-70 

-80 

-90 

-100 
-0.3 

·. 

-0.25 

8 '. 
I 

I 
\ 

-0.2 

I 

\ 

I 
\ 
\ 
\ 
'. 

\ 

\ 
\ 

........ 

-0.15 

4 

-·-- --... ~-::.:::7:;-:_•,'7':=-=-.~·~· .... ::--.;.- -:..:.: --
-0.1 -0.05 

Distance of retreat / m 

0 

0 

Distances of ice face retreat with time for an initial input temperature of 0.1 °C. 
Noted times are in weeks. 

0 
:.12 8 

I 

-10 ·. 

-20 

-30 

-40 
... 

-50 

-60 

-70 

-80 

-90 

-100 
-0.3 -0.25 -0.2 

' ·, 
I 

' 
I 

I 

\ 
I 

I 

i 

'· I 
I 

'. 
\ 

\ 
\ 

\ ·, 
·,., 

········· 
-0.15 

· ·-·--......... -------
-0.1 

Distance of retreat / m 

0 

-0.05 

j 
1 
j 
j 

0 

Distances of ice face retreat with time for an initial input temperature of l.0°C. 
Noted times are in weeks. 



Referring to figure 3.lO(a), for an initial input temperature of the plume of 0.1 °C, the face 
first retreats rapidly with depth, about 0.015 m in the first 5 m after one week. The retreat then 
begins to level out with a small increase in distance as the pressure decreases. The same char
acteristics are observed after four weeks, eight weeks, and twelve weeks, but to greater extents. 
After twelve weeks the ice face has retreated 0.25 m in the first 20 m of depth and then slants, 
almost, to a further 0.3 m, as the ocean surface is reached. When the initial temperature input is 
increased to l.0°C, the same characteristics are seen (figure 3.lO(b)) although the base of the ice 
face has been ablated more, initially, for each time. After one week, the face starts to ascend from 
a point already 0.01 m from the position at time = 0.0 s. After four weeks the wall starts to ascend 
at 0.035 m from the initial position, after eight weeks, 0.06 m and after twelve weeks, 0.085 m 
from the initial position of the ice face and it is at the surface at 0.3 m from the initial position. 

Comparing the two graphs of figures 3.lO(a and b), the final positions reached at the surface 
away from the initial location at the beginning are virtually the same. Hence, a change of input 
temperature of 0.9°C has virtually no effect on the shape of the ice face except at the base of the 
glacier. The distances of retreat are small, and so the effect of changing the slope and the 
entrainment constant E on the plume characteristics in these simulations, as in section 3.3 earlier, 
would not be significantly different from those found in that section. 

3.6 The seasonal meltrate. 

Compared to the calving and the meltwater stream beneath the glacier, the meltrate of the 
ice face is small (10-8ms-1

). Therefore, an investigation into the seasonal effects of the source 
meltwater and its importance was considered. The aim of this section is to show the meltrate 
variation of a glacier face over a twelve month period and the mean meltrate over the same time 
scale. In order to-simulate the meltrate over this period, the output volume flux, the temperature 
(both of which peak in the summer) and the salinity for the ocean (which is at its lowest during 
the summer due to meltwater input) were taken as shown in the graphs of figure 3.ll(a-c). These 
estimates are inferred from seasonal measurements made by Matthews and Quinlan (1975) and 
Walters et al. (1988) and .also from personal observations. 

I considered a simple model for the seasonal variations, with a winter low and a summer 
high for the meltrate. As can be seen in figure 3.ll(a), plume meltwater flux occurs throughout 
the year. Echelmeyer and Harrison (1990) show that although there is a seasonal variation of the 
surficial fresh water, which may dive into the glacier by way of moulins and outflow from the 
glacier as basal or englacial streams, there can be a supply of water at the bed of the glacier due 
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to frictional ( or deformational) heat dissipation. The supply of water at the seabed is not seasonally 

dependent as the velocity of the flow is uniform throughout the year (Echelmeyer and Harrison, 

1990); the water is subglacially generated water flux. In the winter the supply of water may be 

the only form of meltwater emerging from the base of the glacier face, whereas during the melt

season, englacial meltwater and sources of meltwater from the surface of the glacier will contribute 

to the plume, at the surface of the ocean, observed adjacent to glaciers. Also, not all fjords have 

sea ice formation across them in the winter, depending on location and climate e.g., Kongsfjorden, 

West Spitsbergen, so the face of the glacier can be melting throughout the year. Of course, these 

scenarios are not universal and many tidewater glaciers exist where there is no meltwater plume 

at the surface adjacent to the glacier in the winter. 

3.6.1 Results. 

The resulting meltrates over the year found by using the above parameters (shown in figures 

3.ll(a-c)) as initial input values are shown in figure 3.12(a and b). Again, as in the previous 

sections, the standard parameters of table 2.1 (section 2.3) were used. The data are shown in two 

six month periods for ease of viewing. The first letter of each month is noted against the 

appropriate graph. 

From figure 3.12(a) the meltrate increases rapidly with depth to about 0.5 x 10-8 ms-1 (0.16 

m yr-1
) and then does not increase significantly to the surface of the ocean, where the value is 

1.13 x 10-8 ms-1 (0.35 m yr-1
) for the month of January. As the months progress, the meltrates 

increase less rapidly with depth, but above -85 m are larger at each depth. In June the meltrate 

at the surface is 2.69 x 10-8 ms-1 (0.85 m yr-1
), and in July the value at the surface is 2.72 x 10-8 

ms-1 (0.86 m yr-1
). A similar pattern takes place from June to December, but in the reverse (figure 

3.12(b)). 

The mean meltrate over the year is shown in figure 3.13. It is obtained by summing all the 

graphs of figure 3.12(a and b) and gives an approximate view of the total meltrate, through depth, 

over a twelve month period. 

3.6.2 Discussion. 

From the results, the meltrate of the ice face is, as expected, most significant at the height 

of the melt season, June, July, and August. Overall, compared to the meltwater emerging at the 

base of the glacier, the ice face production of meltwater is not significant. 
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3. 7 Conclusions. 

In carrying out simulations using the model (developed in chapter two) I have tried to show 
the broad application of the model by simulating its sensitivity to a variety of parameters. Further 
work needs to be carried out in order to compare the sensitivity of several parameters to the change 
of one. For example, in section 3.2 no simulations of the effect of varying Yr and Ys (the thermal 
and saline turbulent exchange coefficients, respectively) on the output of the plume temperature 
and salinity, T and S are plotted. Likewise, in section 3.3, no plots of the sensitivity of the meltrate 
to changing the entrainment constant E and the ice face inclination, are shown. 

The sensitivity of the model to varying the turbulent exchange coefficients Yr and Ys, the 

entrainment constant E and ice face slope on plume characteristics have been presented. Also, 
varying the initial plume volume fluxes to give final volume fluxes of the plume, final meltrates, 
and final temperature and salinity values of the plume, have been presented and discussed. Dis
tances of ice face retreat and the seasonal meltrate have been generated. 

The turbulent exchange coefficients, Yr and Ys have an effect on the meltrate when these 

parameters are changed by more than two orders of magnitude. The values used for the standard 
case give reasonable results, which correspond well to measured meltrates for icebergs in the field. 
Despite good agreement, empirical data from vertical ice faces giving frictional velocities to 
calculate the laminar layer thickness, would be of great benefit, giving greater accuracy to these 
parameters. An attempt to collect these data is described in chapters four and five. 

As the slope of an ice face increases to the vertical, the component of gravity controlling 
the stability of the stratification decreases and the entrainment is larger, and hence more mixing 
with the ambient fjord environment takes place. There are significant effects on the width of the 
plume at the surface and the consequent effects on temperature and salinity at the surface are 
strong. The outflowing water at the surface of the fjord is colder and fresher for smaller values 
of slope and entrainment E. Therefore, for different slopes and E the plume will have varying 
degrees of impact on the ambient fjord environment. Different degrees of impact on the fjord 
environment encompasses the extent to which the plume spreads out and is diluted, and constrains 
the speed at which the plume leaves the fjord. Geostrophic balances and the tides may also affect 
the spreading out of the plume. The characteristics of the surface gravity current as it moves out 
into the fjord are affected. 
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As the initial flux is varied and becomes larger, the flow tends to that of a pure plume. 
Between the highest and lowest values of the input flux, the difference between the meltrates is 
0.6 x 10-s ms-1

• Although there is a difference, the variation is so small thatthe effect is insignificant 
on the overall ambient fjord environment. The change in width of the plume, the temperature and 
salinity at the surface of the ocean, will have an effect on the fjord in the same way as that for 
varying the entrainment constant and slope discussed above. The width, as expected, increases 
with input flux. The salinity and temperature decrease with an increase in input flux. The larger 
the input flux, the less of an effect the ambient stratification has on the plume characteristics. In 
the concluding chapter of this thesis (section 7.2), some discussion,s are made between output 
flux values, temperature and salinity characteristics of a plume at the surface of the ocean, in the 
numerical model, and with values calculated for surface meltwater in fjords taken from the field 
data presented in the next two chapters (chapters four and five). 

I first thought the model developed in chapter two would be a means by which the ice pump 
mechanism could be verified, but as shown from the results presented in section 3.4.2, as a 
consequence of running the model, the mechanism does not occur. As the pressure decreases, the 
ambient increases in temperature, and the possibility of the flow immediately next to the ice face 
becoming supercooled does not arise (there is a large change in ambient temperature with depth 
in the case presented here). 

In simulating distances of ice face retreat due to meltrate of the glacier face, the distances 
reached over a twelve week period are negligible. When considering other possible factors such 
as calving of the glacier front, climatic factors, and the tides over the same time period, the effect 
can be ignored. The model is one-dimensional, which in itself, puts many limits on the results. 

Simulating the meltrate over the year, the overall meltrate is small, of the order of 10-7 ms-1 

(-3.1 m yr-1
). On a day to day basis, or even monthly, the ice face meltrate is too small to have 

any significant effect on the oceanography of the fjord. The meltrate corresponds well to measured 
meltrates of icebergs as discussed previously (section 3.2.2 and 3.6). But compared to the effects 
of calving and movements of the glacier, the process is inconsequential e.g., Kongsvegen glacier 
moves as much as 4 m per day at the height of the melt season and retreats by calving 50 to 100 
m during the same period (Elverhoi et al., 1980). Meltwater running off the top of the glacier into 
the fjord is a source of runoff during the melt season, and will further act to decrease the importance 
of the ice face meltrate on the fjord environment. 

53 

II 

I 

I r 



Finally, the simple study of the meltrate over the year in section 3.6 demonstrates how the 

ice face meltrate alters if there was to be a change in the characteristics of the ambient water of 

the fjord due to climate fluctuations, at any one time. The modification may have an impact on 

sea level changes if the glaciers continued to retreat at the rates at which they are moving at present. 

More significant effects would be seen if the rate at which the glaciers are retreating was to increase 

more. 
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Notation. 

A list of symbols used in this chapter is given below, for reference purposes. All the model 
parameters are the same in this chapter as in section 2.3. Specific parameters, which may have 
the same symbol are noted below and their meanings are made clear appropriately. 

cP Specific heat capacity at constant pressure. 

DR Distance of retreat of glacier face. 

D Saline diffusion coefficient. 

d Thickness of the laminar viscous sublayer. 

dr Thickness of the thermal sublayer. 

E Entrainment constant. 

g' Reduced gravity. 

Yr Thermal turbulent exchange coefficient. 

Ys Saline turbulent exchange coefficient. 

h Width of plume. 

k Thermal conductivity. 

Kr Thermal diffusion coefficient. 

Pr Prandtl number. 

Rio Gradient Richardson number. 

T,t Time. 

8 Angle of ice slope. 

U Velocity of flow. 

u. Friction velocity. 

v Kinematic viscosity of sea water. 

w Velocity of the plume in the numerical model, used for the simulations in this chapter. 
x Horizontal direction. 

y Vertical direction. 
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Chapter Four. 

Field Work. 

Three Case Studies. 

4.1 Introduction. 

In this chapter I introduce the field work comprising of conductivity, temperature and depth 
(CTD) measurements, carried out in a fjord in Spitsbergen (Kongsfjorden) in the summer of 1991. 
Two further studies are presented: one in Spitsbergen and the other in South Georgia in the southern 
hemisphere (as two comparisons). No analyses of the data are attempted in this chapter. Analysis 
is the substance of chapter five, where comparisons are made and an attempt to show the circulation 
in Kongsfjorden is presented (section 5.2.2). 

The aim of the field work carried out by the author (in Kongsfjorden, Spitsbergen) was to 
obtain data to try to verify directly the numerical model of the plume and simulations presented 
in chapters two and three. As will be discussed (chapters five and seven), verification was not 
directly possible. Nevertheless valuable information concerning the emergence of the plume, to 
verify some of the characteristics of the plume model was obtained. 

The comparative study in Spitsbergen was carried out by Dr. J. A. Dowdeswell and E. 
Dowdeswell in the summer of 1986. CTD data, meteorological and tidal data were collected. The 
South Georgia experiment is similarly made up ofCTD data, meteorological and tidal data. These 
data were collected by Dr.- R. Williams and Dr. P. Rottier in December, 1989; the data processing 
was performed by myself. 

First, the field work carried out by myself is presented in this chapter together with qualitative 
descriptions of fjord conditions during the period of data collection. A summary of the two 
comparative field site areas and the data collection, are given. 
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4.2 Kongsfjorden - W. Spitsbergen. 

Between the 2"d and 20'h August 1991, I was fortunate enough to participate in a project 

organised to study the mixing processes and the sedimentary depositions in the inner part of the 
fjord, Kongsfjorden, Spitsbergen. Figure 4.1 shows the location of Kongsfjorden on the west coast 
of Spitsbergen. The subject of primary interest was the mixing and circulation processes taking 
place in the fjord due to meltwater runoff, in particular the plume of fresh water emerging from 
the Kongsvegen glacier at the head of the fjord. During the season, I was responsible for the 
acquisition and processing of CTD data, and the assimilation of meteorological and tidal data, 
which was made available by the Norsk Polarinstitutt. 

In this section, a summary of the field work area is given, together with a description of the 
experimental procedure in collecting the data. The meteorological and tidal data are introduced. 
Qualitative observations of the physical processes occurring in the fjord are presented with the 
aid of photographs. 

The data acquisition was based at Ny Alesund (78° 56' N 12° E), a research base on the 

south side of Kongsfjorden (figure 4.1 ). The aim was to collect oceanographic data in the inner 
part of the fjord, to investigate the effect of meltwater as closely as possible. 

Kongsfjorden is about 25 km long and the width varies from 5 km to 19 km (figure 4.1). It 
consists of two basins, the inner basin of Kongsfjorden is separated from the outer part by the 
Lovenoyane and the shallow sill (less than 50 m deep) traversing north-south from these islands 
to the south side of the fjord. The maximum depth of the basin inside the sill was about 94 m; the 
outer basin ranged in depth from 100 m to 300 m. The mouth of Kongsfjorden has no sill and the 
outer fjord basin communicates with the North Atlantic through Kongsfjordrenna, which is a 
depression crossing the continental shelf and terminating on the slope off the west coast of 
Spitsbergen. The south-eastern and north-eastern coasts of the inner basin are mainly formed by 
the fronts of Kongsvegen and Kronebreen. Figure 4.2 shows Kongsvegen in the centre of the 
photograph, with Kronebreen to the left, the fjord flowing out to the left. The main glacier stream 
of Kongsvegen flows from Holtedahlsfonna just south of Colletthogda to the north-east (Elverhoi 
et al., 1980). 
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Figure 4.2. Kongsfjorden: the view is to the north-east with Kongsvegen in the centre. The fjord is irregular in shape and shallow at its sides. 

The region is light 24 hours a day from the middle of April to the end of August. The West 
Spitsbergen Current brings dilute Atlantic water along the coast, making the climate in the Kings 
Bay (Ny Alesund) area relatively mild (Halldal and Halldal, 1973). The average temperature in 
July is about 5°C with little change over a 24 hour period. At the beginning of September the air 
temperature drops to below 0°C and the glacial runoff in the fjord is almost zero except for 
Kongsvegen where meltwater is produced at the base of the glacier throughout the year. The inner 
part of Kongsvegen is often ice covered from November to June. 

Halldal and Halldal (1973) made a series of salinity and temperature measurements at eight 
stations, starting about 1 km from the front of Kongsvegen glacier and then proceeding out of the 
fjord, with the last measurements taken at the mouth, 20 km away from the Kongsvegen glacier. 
The measurements were taken in a straight line south of the Lovenoyane, in support of their 
biological studies. They made no significant comments on the physical oceanography and no 
apparent, extensive study to investigate the influences ofthemeltwater inputs have been performed. 
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. The fjord is surrounded by a number of glaciers, four of which extend down to the sea (see 
figure 5.1). All of the glaciers are sources of meltwater, the land terminating glaciers draining via 
rivers. Kongsvegen is extremely active and like most of Spitsbergen glaciers, it is retreating (Listol, 
1989). Kongsvegen advanced 2 km between 1936 and 1948 and the front extended a further 2 
km into the fjord during its most extensive surge in 1869. The glacier has a very high velocity. 
In the summer its maximum measured speed exceeds 4 m per day (Listol, 1989). The front retreats 
due to intensive calving, 50 to 100 m per day during the summer. The velocity drops to below 1 
m per day in the winter as there is no calving, while at the same time the front advances 30 m to 
100 m. The base of Kongsvegen is at the pressure melting point over large areas (Elverhoi et al., 
1980), and meltwater is produced at the base throughout the year. 

Elverhoi et al. (1980) proposed that there are two restricted localities of meltwater emerging 
at the front of the Kongsvegen glacier. They assumed that the meltwater flows out of a tunnel 
into which sea water penetrates a long way and mixes gradually with the sediment laden fresh 
water. It is very difficult to infer that this process is occurring. It is plausible that at the present 
time, the glacier is a tidewater glacier, where the meltwater emerges at the base, and rises rapidly 
next to the glacier due to its momentum and freshness. However, it is difficult to know whether 
the glacier is truly a tidewater glacier or has a slight tongue. The oscillations of the front of the 
glacier, reported in the past (Elverhoi et al., 1980) have implied the possible existence of a short 
tongue. The oscillations could be due to calving events, but it is possible that the glacier extended 
further out into the fjord as a tongue, at the time when Elverhoi et al. (1980) made observations. 
The plume is sediment laden and traces of sediment can be seen as the plume reaches the surface. 
The emergence of the fresh meltwater is assumed to take place by the mechanisms discussed in 
section 1.3. 

4.2.1 Data acquisition. 

The collection of the CTD data, meteorology and tide data will now be discussed. 

4.2.1.1 CTD data. 

CTD data was collected as close to the Kongsvegen glacier face as possible and as far 
into the plume water next to the ice face as was feasible, in order to observe the characteristics 
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of the meltwater plume. The meltwater plume was apparent at the surface due to the brown 
sediment in the water, but it was difficult to decipher at which point the plume began to flow 
out, towards the mouth of the fjord. 

The CTD transects collected, are shown in figure 5.1. The survey covered the inner basin, 
with some transects outside the basin. Transects were performed as a function of distance away 
from the glacier face on the south and north sides.of the Lovenoyane and parallel to the ice face 
at various distances from the glacier, on separate occasions. One transect was taken as near to 
the glacier face as possible, another half way out of the inner basin of the fjord, one at the sill 
of the inner basin and another transect about half way out of the outer part of the fjord. Finally, 
three CTD casts were taken extending out of the fjord in the deep water of the outer basin, as 
a comparison to the inner basin conditions. 

The CTD data was collected using a 'Mini STD serial SD200' CTD probe made by 
Sensordata a.s. The probe was attached to the winch as shown in figure 4.3 and lowered down 
into the water with a weight on the end, to keep the CTD probe vertical as it descended. It 
would have been more precise to have mounted the CTD probe horizontally, enabling the sea 
water to flow through the conductivity sensor vertically as the probe was winched down. The 
error in the conductivity reading is insignificant and good results were obtained by hoisting the 
probe down into the water in a vertical position. The range of the conductivity sensor was O to 
70 mmho cm-1, with an error of ±0.02 mmho cm-1

• The temperature range was -2 to +40°C, 
with an error of ±0.01 °C. The depth range was Oto 1000 m, with an error of ±0.02%. The 
winch was mounted to the side of a 5 m metal boat, from which all of the work during the field 
season was performed. 
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Figure 4.3. The CTD probe lowered into the water vertically with tbe three sensors at the top. The weight is suspended to the bottom of the probe. A counter on the winch gives the depth (in metres) to which the probe has been lowered, for in-situ reference. 

An 'INCASTEC' echosounder was used at the beginning of the field season so that CID 
transects or individual CTD cast positions could be planned with more precision. Before long, 
the echosounder failed to work and I relied on the counter on the winch for depth readings. The 
CID probe was winched down slowly enough so that no damage was caused to the probe as 
the weight hitthe bottom (another reason that the probe was orientated in a vertical position). 
The depths were found throughout the remaining CTD casts by the latter method. Therefore, 
throughout the experiments, measurements were taken down to about 40 cm (the length of the 
probe) off the sea floor. Although the winch depth readings were an adequate replacement for 
the echosounder, it made planning of stations rather arbitrary, especially throughout the transect 
across the sill at the inner basin (section 5.2). 

The positions for each of the stations for the CID casts were taken using a hand held 
global positioning system (GPS). The boat was too small to anchor and problems were 
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Figure 4.3. The CTD probe lowered into the water vertically with tbe three sensors at the 
top. The weight is suspended to the bottom of the probe. A counter on the winch gives the depth (in metres) to which the probe has been lowered, for in-situ reference. 

An 'INCASTEC' echosounder was used at the beginning of the field season so that CTD 
transects or individual CTD cast positions could be planned with more precision. Before long, 
the echosounder failed to work and I relied on the counter 011 the winch for depth readings. The 
CTD probe was winched down slowly enough so that no damage was caused to the probe as 
the weight bit the bottom (another reason that the probe was orientated in a vertical position). 
The depths were found throughout the remaining CTD casts by the latter method. Therefore, 
throughout the experiments, measurements were taken down to about 40 cm (the length of the 
probe) off the sea floor. Although the winch depth readings were an adequate replacement for 
the echosounder, it made planning of stations rather arbitrary, especially throughout the transect 
across the sill at the inner basin (section 5.2). 

The positions for each of the stations for the CTD casts were taken using a hand held 
global positioning system (GPS). The boat was too small to anchor and problems were 

61 



encountered due to drifting of the boat on many occasions despite efforts to keep the boat in 

one location by using the oars. During most casts the boat only drifted 2 or 3 m, but on more 

breezy days, the drift was up to 10 m. 

The probe was winched down at about 4.0 cms-1 so as to obtain a reasonable resolution 

of data. The sampling rate of the instrument was set to 5 second intervals, the fastest sampling 

rate achieved by the probe. The data logger was switched on at the beginning of a cast, the date, 

time and cast station were automatically recorded. The depth (pressure), conductivity and 

temperature were logged from each of the three sensors as the probe was lowered. At the end 

of each cast the logger would be switched off using a magnetic key. To start a new cast the 

same key was used to switch on the logger and new measurements were taken at the new time. 

The data was downloaded onto an IBM PC via an RS232 connector at the end of each transect 

(the duration of one day's work). The software available on the PC enabled the salinity, density 

and sound speed to be calculated from the CTD data; of which salinity and density were of 

primary interest. 

4.2.1.2 Meteorology data. 

The meteorology data for the period for which measurements were carried out are 

presented in table 4.1. The analyses of the oceanographic data in section 5.2 are referenced to 

the climate of the area. 

The meteorology data was logged by the Norsk Polarinstitutt at Ny Alesund twenty-four 

hours a day, but noted down three times during this twenty-four hour period. Meteorological 

stations were positioned at Ny Alesund, the airfield (2 km to the west) and at the sand spit, 

Brandalpynten (figure 5.1), extending out into the outer basin on the south side of the fjord, 

north-west of Ny Alesund. One problem encountered in using the meteorological data was that 

the climate was extremely localised. At any one time the local wind conditions at the far 

south-east end of the fjord could be very different to that recorded at the meteorological stations. 
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Date Time Min. Max. Wind Wind Sea 
(hrs) Temp (°C) Temp (°C) Direction (0

) Speed State 
(ms-1) (Beaufort scale) 

31n191 07 4.3 6.1 110 2.75 2 
13 4.3 6.1 180 2.75 2 
19 4.3 6.1 290 1.60 2 

04/8/91 07 4.4 6.6 250 5.40 3 
13 4.4 6.6 090 2.75 2 
19 5.1 7.1 340 3.30 7 

05/8/91 07 3.7 7.0 110 1.50 1 
13 3.7 7.0 090 1.50 1 
19 4.7 7.6 250 4.70 3 

06/8/91 07 4.2 7.1 110 1.50 1 
13 4.2 7.1 100 1.50 1 
19 4.7 7.3 100 0.90 1 

08/8/91 07 3.5 4.6 120 1.50 1 
13 3.5 4.6 110 1.50 1 
19 3.2 6.9 100 0.90 1 

09/8/91 07 3.8 5.4 110 1.60 2 
13 3.8 5.4 110 4.10 3 
19 4.9 7.0 OOO 0.00 0 

10/8/91 07 4.8 6.1 OOO 0.0 0 
13 4.8 6.1 OOO 0.0 0 
19 4.3 6.3 110 0.9 1 

11/8/91 07 4.0 5.7 120 0.9 1 
13 4.0 5.7 120 0.9 1 
19 4.4 8.2 120 4.7 3 

14/8/91 07 5.1 9.7 130 3.4 3 
13 5.1 9.7 120 3.4 3 
19 5.3 7.7 260 3.3 2 

18/8/91 07 3.7 6.7 OOO 0.0 0 
13 3.7 6.7 270 1.6 2 
19 3.4 5.5 300 1.6 2 

Table 4.1. Meteorology data recorded at Ny Alesund. 

4.2.1.3 Tide data. 

The tide data from the immediate vicinity of Ny Alesund were not available at the time 
of writing, but in figure 4.4, the tide data for the same period at Longyearbyen is shown. In 
order for this data to be corrected for Ny Alesund, 101 minutes were added to the time. 

The variation in the tide is small, about 1.5 m (figure 4.4). The average tidal range for 
the region is 1 m to 2 m (Tchernia, 1980). 

4.2.2 Data processing. 

The data was processed on site at Ny Alesund using a Toshiba lap top IBM compatible 
computer, with the necessary software installed. Files containing the up and down casts for each 
CTD station giving depth versus salinity, temperature and density were produced. The final 
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processing of the data was carried out on the IBM 3084 mainframe system at the University of 
Cambridge. Only the down-casts in the data were considered, and graphical outputs were pro
duced in the form of depth profiles, contour plots and temperature-salinity (T-S) diagrams 
showing temperature, salinity and density (section 5.2). Graphs of salinity versus depth and 
density versus depth can be found in appendix C, as additional information, discussed in section 
5.2. 

4.2.3 Photography - qualitative observations of ice and circulation. 

In this section, a photographic review of the ice conditions in Kongsfjorden during the 
period of the field work is given. Observations of the fjord conditions in conjunction with the 
field data is important. Discussion of data can be more precise by having a view of the ice 
conditions and climate in the fjord, at the time of data collection. This section is placed here and 
not in chapter five because no analysis is performed, which is the essence of chapter five. 
Photographs were taken on days of CTD data collection and are referred back to in section 5.2. 

The first photograph (figure 4.5), as an introduction, was taken from the air and shows a 
plume of sediment laden water surfacing at the front of a tidewater glacier. The photograph 
shows very clearly the ice being pushed out at the perimeter of the plume extent, as it spreads 
out on the surface of the fjord. The fjord in this photograph was located in the vicinity of 
Longyearbyen further south on the west coast of Spitsbergen. The photograph was taken at the 
beginning of the season, in transit to the field site area, Ny Alesund. A photograph of the plume 

. in front of Kongsvegen glacier was not possible because of cloud cover. However, the photograph 
is a good example of the conditions in front of the glacier and the spreading out of the meltwater. 
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Figure 4.5. Plume of meltwater emerging at the front of a vertical glacier face. 
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The photograph in figure 4.6 shows the ice conditions in Kongsfjorden at the first CTD 
cast at the beginning of the CTD transect taken on the 4'h August, looking south-west. Dense 
areas of ice can be seen flowing out of the fjord as a result of calving events at the ice face. The 
larger bergy bits in the photograph are up to 2 m wide. Sediment can be seen in the water by the 
brown/red colour. There was virtually no wind during the period the CTD transect was performed. 

Figure 4.6. Fjord conditions during the CTD transect on the 4'h August. 
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Figure 4. 7 shows conditions on the 61
h August when a transect of CTD casts was taken 

across the fjord from London to the pier at Ny Alesund (see figure 5.1). The photograph is a 
view north, to London. There was a slight breeze, becoming less windy throughout the day (table 
4.1) and ice was floating out of the fjord, although not much is seen at the time the photograph 
was taken. 

Figure 4.7. Fjord conditions on the 61
h August; the north side of Kongsfjorden at the start of the CTD cast. 
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Figure 4.8 was taken during the CTD transect on the 9ch August looking in a nortb~west 

direction. Bergy bits can distinctly be seen floating out of the :fjord to the west and are more 

concentrated on tbe northern side of the :fjord. A slight wind hindered the ability to keep accurate 

positions of the boat, hence for CTD measurements during this transect. 

Figure 4.8. Fjord conditions on the cjh August. 



Figures 4.9, 4.10 and 4.11 were all taken during the CTD transect performed on the ll'h 

August. Figure 4.9 shows the general conditions in the fjord. There was virtually no wind, or 
at maximum, a slight breeze. The water is heavily sediment laden and the CID position was 
thought to be in the plume meltwater. The CTD position was found not to be in the plume column 
after considering the data in section 5.2. The ice face of Kongsvegen can be seen clearly. The 
photograph is taken in the vicinity of the perimeter of the spreading plume of meltwater observed 
by the ice in the foreground and the open sediment laden water beyond, in the centre of the 
photograph. Calving events made it difficult to decipher exactly where the perimeter of the plume 
was located. The perimeter would have been more easily observed from the air. The photograph 
is taken in a south-eastward direction, looking into Kongsvegen. 

Figures 4.10 and 4.11 both show the effects of melting on the ice. In figure 4.10 the 
grooves on the top surface of the ice are thought to be formed by meltwater flowing up the vertical 
side of the glacier, causing the runnels as the meltwater ascends (Powell, 1990). The ice calves 
off from the glacier and floats out of the fjord, in this case, flipped over with the surface of grooves 
facing upwards. Figure 4.11 shows a piece of ice about 0.5 m in diameter, which has a wave-like 
pattern formed on the surface of the ice. The wave-like patterns are caused as the ice bobs up 
and down in the ambient water, melting it. Similar wave-like patterns were observed by Josberger 
(1979) in his experiments on melting ice where wave like patterns on the surface of the ice blocks 
were seen. 
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Figure 4.10. 

Figure 4.9. Fjord conditions in Kongsfjorden on the 111
h August. 

Grooves, parallel to eachother, on the surface of the calved bergy bits floating out of the fjord. 
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Figure 4.11. Wave-like pattern on the surface of melting ice blocks caused by the ambient 
water 'lapping' on the surface, caus ing the ice to melt. 

Figure 4.12. Fjord conditions at the second CID station on the 141
h August. 
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The photographs in figures 4.12, 4.13 and 4.14 were taken on the 14'h August. The three 

photographs show clearly the conditions during the CTD transect on this day. Figure 4.12 was 

taken at the second CTD station, looking in a westward direction. The density of ice in the water 

in the region is observed. The ice was floating out of the fjord on the northern side of Kongsfjorden. 

The photograph in figure 4.13 is taken in roughly the same direction, but at the third CTD station, 

where large bergy bits were observed floating out of the fjord, some have grounded on the northern 

side of the Lovenoyane. The last photograph (figure 4.14) was taken later in the day, a view 

towards Blomstrandbreen (see figure 5.1) between CTD stations four and five. There was no 

wind during the day of measurements. Large amounts of ice were present throughout the fjord 

· and more ice in the distance can be seen coming from Conwaybreen, floating out of the fjord. 
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Figure 4.13. 

Figure 4.14. 

Large bergy bits floating out of Kongsfjorden on the northern side of the fjord 
with some grounded bergs on Lovenoyane. 

Large amounts of ice floating out on the northern side of the fjord. The ice 
helped to damp any waves in the water caused by wind. There was little wind 
during the day of measurements (table 4.1). 
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The photograph in figure 4.15 was taken on the 161
h August, looking across the fjord to 

the north side from Ny Alesund. No CTD casts were performed as the wind was too high for 
the boat to be launched. The photograph was taken to show the streak of red/brown sediment, 
which can be seen flowing out of the fjord to the west, acting as a tracer for the meltwater flowing 
out at the surface. The dramatic flow was not observed on days when there was little wind, hence, 
showing the effect the wind bad on the circulation in the fjord during the period that this 
photograph was taken. 

Figure 4.15. Meltwater flowing out on the surface of the fjord. The main effect was the wind. 

4.2.3.1 Discussion. 

A review, u&ing photographs of ice conditions in Kongsfjorden during the field season 
has been presented, together with other photographs showing some characteristics encountered 
in the fjord. 

It is clearly observed that ice is floating out of the fjord on the northern side. Toe meltwater 
plume is distinguished in many of the photographs by the red/brown sediment in the surface 
water. The importance of some factors , such as the wind on the circulation in the fjord, are 
shown. 

74 



The photographs show some of the difficulties encountered in carrying out measurements 

because of the density of ice in the water while attempting to perform a CTD cast and the 

problems, therefore, in taking measurements close to the glacier face. The boat was not 

sufficiently large, or strong enough to take strong impacts of ice on its sides. 

4.3 Krossfjorden - Spitsbergen. A comparison. 

The first CTD survey compared with the Kongsfjorden survey above (section 4.2), is a series 

of CTD casts taken in three tributary fjords of Krossfjorden - West Spitsbergen. The data are a 

comparison to the field data introduced in section 5.2. In this section, an introduction to the field 

area is given, the collection of the CTD data is introduced, and the meteorological and tidal data 

are shown. 

Krossfjorden lies to the northern comer of the mouth to Kongsfjorden (figure 4.1 ). The area 

experiences the same climatic and oceanographic influences from the North Atlantic and Norway 

as Kongsfjorden. A local meteorological station and a tide gauge were set up in Tinayrebukta at 

the time of the experiments, at the position shown in figure 5.16. 

4.3.1 CTD data. 

The three tributary fjords of Krossfjorden, where the CTD casts were taken, were Kol

lerfjorden, Mayerbukta and Tinayrebukta (figure 5.16), all of which had tidewater glaciers at 

their heads. The data collection was performed between 31s' July and the 6'h August, 1986, as 

functions of distance from the three tidewater glaciers, in these fjords. 

4.3.2 Meteorology data. 

A summary of the meteorology data for the duration of the experiments in Krossfjorden is 

given in table 4.2. Reference is made to these data in section 5.3. 
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Date Time Temp (0 C) Wind Wind Solar 
(hrs) Direction (°) Speed Radiation 

(ms-1) (Wm-2) 

31(7/86 0 4.6 155 1.0 039 
1 4.8 169 0.5 039 
2 4.5 148 1.1 045 
3 5.0 155 1.2 084 
4 6.3 145 1.4 194 
5 6.8 139 1.3 250 
6 7.5 132 0.8 321 
7 7.6 122 0.7 326 
8 7.7 049 0.7 304 
9 7.5 054 0.7 270 

10 7.5 108 0.8 205 
11 7.6 074 1.0 192 
12 8.1 292 1.6 237 
13 8.0 295 1.5 195 
14 7.9 155 0.7 144 
15 8.4 079 1.0 105 
16 9.0 276 1.6 069 
17 9.3 278 1.3 063 
18 8.8 288 1.6 065 
19 7.9 093 0.6 023 
20 6.9 104 0.5 017 
21 6.4 158 1.3 011 
22 6.2 326 1.2 012 
23 5.8 135 1.0 012 

05/8/86 0 4.5 193 1.5 030 
1 3.9 146 1.0 015 
2 4.1 180 0.9 027 
3 4.7 228 4.6 019 
4 4.1 224 4.8 032 
5 3.6 231 4.0 026 
6 3.7 229 4.0 060 
7 4.2 153 1.8 100 
8 4.5 339 1.1 184 
9 5.6 187 1.3 255 

10 4.9 110 2.0 302 
11 5.0 112 2.1 402 
12 5.7 111 1.8 324 
13 7.1 154 3.3 219 
14 7.3 156 2.8 138 
15 6.9 169 3.5 122 
16 6.4 152 3.3 112 
17 6.0 131 3.0 087 
18 6.1 140 2.4 067 
19 5.8 129 1.6 048 
20 5.4 151 26 039 
21 4.9 228 2.6 025 
22 4.7 205 2.3 024 
23 3.8 226 5.0 025 

Table 4.2. Meteorology data recorded in Krossfjorden. 
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06/8/86 0 3.5 217 5.0 032 
1 3.0 215 4.6 027 
2 3.4 178 2.2 044 
3 3.6 139 0.3 067 
4 3.7 115 0.8 093 
5 4.1 130 1.2 212 
6 4.6 208 1.7 211 
7 3.8 229 3.1 153 
8 3.9 230 2.5 165 
9 4.0 197 2.7 153 

10 4.3 147 2.0 184 
11 4.3 095 1.6 281 
12 4.4 · 099 0.9 196 
13 5.0 174 1.7 188 
14 5.2 258 2.4 192 
15 4.7 320 2.4 179 
16 4.6 304 2.6 142 
17 4.2 279 2.3 082 
18 3.9 287 1.4 073 
19 3.6 279 1.1 056 
20 3.8 334 1.2 047 
21 3.6 043 0.9 030 
22 3.4 138 0.1 029 
23 2.9 139 0.1 036 

Table 4.2 continued. 

4.3.3 Tide data. 

Tide data was obtained from the tide gauge set up at the same location as the meteorology 

station in Tinayrebukta. The results are shown graphically in figure 4.16. Reference is made to 

these data in section 5.3. 

4.4 Cumberland East Bay - South Georgia. A comparison. 

The second CTD survey used as a comparison to the Kongsfjorden data was performed in 

front of the Nordenskjold glacier in Cumberland East Bay, South Georgia (in the South Atlantic). 

South Georgia is an island relatively small, about 170 km long and 2 to 30 km wide. It is a 

sub-Antarctic island situated 54°30' S, 37° W, providing a terrestrial midpoint in the southern 

Atlantic Ocean between South America and Antarctica. The fjord is situated on the north-east 

coast of South Georgia with the Nordenskjold glacier terminating at its head (figure 4.17). It is 

about 4 km wide and 13 km long. This section presents a brief description of the area and an 

introduction to the collection of the data. 

Climate statistics have been obtained from Grytviken since 1914 on the north-east coast of 

the island, indicating a mean annual temperature of 2°C, varying between -l.2°C in the winter 

(June-August) and 4.5°C in the summer (December-February). Precipitation averages 1601 mm 

per annum and is distributed regularly throughout the year. Mean wind speeds of 4.4 ms-1 are 

consistent for much of the time. About 58% of the island is covered in glaciers, many of which 
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terminate at sea level, particularly on the windward, south-western side of the island. The 

north-eastern side is indented by fjords and intervening peninsulas which generally are either ice 

free or contain small cirque glaciers and ice fields (Clapperton et al., 1989). 

4.4.1 CTD data. 

The CTD casts were taken on the 21•1 December, 1989 as a function of distance from the 

Nordenskjold glacier in Cumberland East Bay. A series of eight CTD casts were taken, shown 

in figure 4.17. The CTD probe used was the Scott Polar Research Institute probe (designed 

'in-house'). 

The CTD data was processed by the author using the University of Cambridge IBM 3084 

mainframe system, with software written by myself. Several problems were encountered in the 

processing because of the design of the logger on the CTD probe used in the field. The reader 

is referred to Gilmour (1990) for further details. 

4.4.2 Meteorology data. 

Cox and Williams (1990) show graphical representations of the wind speeds and directions, 

air temperatures and precipitation for the duration of the experiment during the month of 

December. The meteorology data, at the time of the experiment, were provided by HMS 

Endurance, who were assisting in the assimilation of the data. 

4.4.3 Tide data. 

The tide record for the period leading up to and during the experiment is shown by Cox 

and Williams (1990). The data were provided by a tide gauge positioned at King Edward's Cove. 

The tidal range is small, about 1.5 m and agrees well with observations made by Tchernia (1980). 

4.5 Summary. 

Three studies of the physical oceanography in the vicinity of a tidewater glacier at the head 

of a fjord have been introduced. Two, in the northern hemisphere, one of which I collected. The 

third data set in the southern hemisphere, for which the processing of the data was carried out by 

myself. 
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Particular attention is given to the meltwater from the glaciers at the heads of the fjords, and 

comparisons to my own field and numerical work is attempted. These analyses are the subject of 

chapter five. A series of CTD casts were pedormed by the British Antarctic Survey (BAS) in 

Cumberland East Bay in early January (1990) in support of their biological activity. The BAS 

data has not been published, and I have made comparisons of the data presented in sections 5.2, 

5.3 and 5.4 with the BAS data, and the data agr~e well. To the author's knowledge, no other 

detailed physical oceanography of any of the field work areas presented in this chapter, have been 

undertaken, apart from that mentioned in the text. 
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Chapter Five. 

Analysis and Comparisons of Field Work. 

5.1 Introduction. 

The data for the three field work areas introduced in chapter four, are presented and analysed 

in this chapter. First, the processed data for the field work carried out in Kongsfjorden are presented 

and discussed, together with an analysis of the circulation in the fjord. The data from Krossfjorden 

are introduced and a description is given. Finally, data from Cumberland East Bay (South Georgia) 

in the southern hemisphere is presented and discussed. 

In comparing the data sets, an attempt is made to identify the main water masses and their 

origins. An explanation of the circulation together with the processes that might be occurring, is 

attempted. The effects of the meteorology and the tides are considered when analysing the data. 

Lack of data is discussed and the improvements which are needed in order to make a better analysis 

of the results, are commented on. Account is taken of the temporal differences in the data when 

interpretations are made, especially with regards to the contour plots. 

First, to give the reader a view of the regional oceanography in the area, a brief description 

of the location and origin of Norwegian Sea water in the Arctic Ocean is given here, taken from 

Tchernia (1980). As Atlantic surface water enters the Norwegian Sea, it has a high temperature, 

6 to 9°C, salinity, 35.30, and density, 1027.5 kgm-3
• The high thermal content of this water keeps 

the ice extent to the north-west of Norway, down the east Greenland coast. The water is gradually 

cooled as it advances to the north by lateral mixing with the polar waters and by exchange with 

· the atmosphere, the air being colder than the Atlantic water. The annual variation of sea surface 

temperature in the Norwegian Sea and the Labrador Sea can be from 5 to 10°C, whereas it is less 

than 1 °Con reaching the periphery of the Central Arctic Basin. 
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The Polar Basin receives more fresh water than is lost by evaporation and therefore acts as 

a dilution sill basin. Hence, the Atlantic waters that enter through the southern part of the Norwegian 

Sea rapidly become diluted. The Norwegian Sea water keeps to the right of the Arctic Basin along 

the Scandinavian Peninsula, while the cold, low salinity surface water of the Central Arctic Basin 

flows out to the southwest along the east coast of Greenland. The surface current entering the 

Norwegian Sea (Atlantic water of tropical origin) and that leaving (polar water) the Arctic Basin 

present a general movement, one parallel to the other, but in opposite directions, with a general 

cyclonic circulation. 

Cyclonic eddies produce lateral mixing between these two currents and vertical mixing takes 

place between the deeper waters. Because of this mixing and exchanges between the atmosphere 

and the ocean, on the entrance of surface Atlantic water into the Central Polar Basin to the northwes t 

of Spitsbergen as well as in the Barents Sea, the temperature of the waters is altered to +2°C and 

their salinity to 34.97. Their density, 1027.97 kgm-3, is well above that of the surface waters of 

the Central Arctic Basin, under which they sink till they find their hydrostatic equilibrium between 

200 and 900 m. 

For Atlantic water the density gradient between the surface and the bottom water is weak 

(1027.5 to 1028.0 kgm-3
) between O and 1000 m. It is higher in other parts of the Arctic, especially 

in the Central Arctic Basin where changes are from 1025.75 to 1028.00 kgm-3, between O and 300 

m. In the Central Arctic Basin the covering of sea ice and the strong stability of the surface layers 

mean the waters beneath are completely isolated from external climatic influences and can only 

be modified by exchanges due to mixing and conduction. In areas in the Basin where surface 

Norwegian Sea water penetrates, such as along the west coast of Norway and Spitsbergen, the 

strong seasonal variations in temperature produces a precarious equilibrium in the water column. 

Vertical convective cells are produced, which generate bottom water. Vertical convective 

movements can reach great depth producing a homogeneous and easily distinguished bottom water 

and represents 70% of the total volume of waters of the Norwegian Sea 

(-1°C < T < 0°C,34.91 <S < 34.92and 1028.05kgm-3 < o < 1028.llkgm-3, whereT,S andoare 

temperature, salinity and density, respectively). 

In the central part-of the Norwegian Sea in the winter (between Jan Mayen and Spitsbergen), 

the surface waters acquire low temperatures of 0°C to -1 °C for a salinity of 34.90, giving a density 

of 1028.10 kgm-3 because of the climatic conditions. 
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A 500 m sill between Greenland, Iceland, the Faeroes, and Scotland stops the penetration 

of deep Atlantic water into the Norwegian Sea below this level, and the deep waters of the 

Norwegian Sea are of local origin. 

A summary of the hydrology of the region follows. Between the bottom, 3000 - 4000 m 

and the 600 m level, a deep water mass for which the temperature lies between -1 °C and 0°C and 

the salinity between these is 34.91 and 34.92. The water mass between 600 m and 200 m has 

characteristics which are intermediary between deep and surface water. From 200 m to the surface 
is the surface water, whose characteristics depend on the local region under consideration and 
atmospheric conditions, for example i) along the east coast of Greenland there are cold, fresh 

waters carrying ice; ii) off the Norwegian coast, Atlantic water which, according to the latitude, 

passes from T = +9°C, S = 35.3 to T = +2°C, S = 34.97; iii) between these two regions, water of 

intermediate characteristics is found, corresponding to mixing due to cyclonic gyres; and iv) in a 

narrow band along the coast of Norway, cold, rather fresh water is encountered coming from the 

North Sea, the Baltic and the streams from the western watershed of the Scandinavian Peninsula. 

5.2 Data summary - Kongstjorden. 

Temperature versus depth profiles and contour plots for salinity and density are presented 

for each of the CTD transects, together with T-S diagrams for each of the CTD casts performed 

in the Kongsfjorden area. Plots of salinity versus depth, and density versus depth were compiled 

for each of the casts and are given in appendix C. The positions of the CTD transects and casts 

are shown in figure 5.1. The symbols refer to the CTD stations forming a transect (performed on 

one day). Corresponding symbols are shown on the temperature profiles and contour plots. The 

distance of the CTD cast from the glacier face or from the shore is given at the bottom of the 

temperature profiles. The temperature profiles and contour plots are presented as distance along 
the transect, with the first CTD cast at zero. 

Care must be taken when analysing the contour plots. The data has been linearly interpolated 
between stations, followed by Gaussian smoothing. When there has been no data to interpolate 

between two stations, _such as when the seabed intervenes, then spurious interpolations have 

occurred and these should be ignored; these interpolations are particularly encountered next to the 

seabed. There is also some noise in the data which appears as a curve or a jump in the linear lines 

between stations and has proved very difficult to smooth and filter out; the physical values are 

nevertheless correct at these points. The interpolations and smoothing show that more data are 

needed when compiling contour plots. The temperature was not displayed .as contour plots as the 
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parameter varied a great deal over the depths, as will be noted in this section. Temperatures 

appearing in one profile may not necessarily appear in the next profile, making contour plots, 

when they were plotted, appear meaningless, again showing the importance for CTD casts taken 

closer together. The occurrence of values, in this manner, did not apply to salinity and density 

through depth data and hence were valid to be plotted as contour plots where the layers of water 

through depth can be seen clearly. Seven transects were undertaken altogether and each transect 

will now be discussed in chronological order, with reference to the plots of data. 

i) August 4'h: Eight CTD casts were taken across the fjord starting at the north side traversing 

to the south. The first cast was started at 1150 and the final cast began at 1705. 

The ranges of air temperatures throughout the day are shown in table 4.1 (section 4.2.1.2) 

together with wind speeds and directions, and the state of the sea according to the Beaufort scale. 

The wind directions and speeds are variable in the Kongsfjorden area and changes occur 

rapidly. Early in the day the wind direction was 250° relative to north with a speed of 5.4 ms-1
• 

By the afternoon, the wind direction had changed to 90° relative to north, with a lower speed of 

2. 75 ms-1
• By the late afternoon the wind speed had risen to 3.3 ms-1 and changed direction to 

340° relative to north. 

The temperature profiles, contour plots and T-S diagrams of the data in figures 5.2, 5.3 and 

5.4(a and b) are now discussed. The temperature profiles in figure 5.2 show cold water, 2.9°C at 

the surface, to the northern side of the fjord at stnl. The surface water, down to about 5 or 6 m, 

reaches about 2.5 km across the fjord and shallows away from the shore. To the south side of the 

fjord, warm water (5.8°C) is found at the surface. From figures 5.3 and 5.4, this water appears to 

be Norwegian Sea water, which has freshened as it has entered the fjord. The salinity at the 

northern side is 32. 75 and is less than that further south, where the value is 33.25, and 33.5. The 

values ai:e characteristic of freshened Norwegian Sea water (fchernia, 1980). The density plot 

shows the density of the water to be relatively low in the surface across the fjord, 26.25 to 26.5 

kgm-3
; the density increases slightly. All the densities throughout this chapter including the 

densities in the T-S diagrams are given as (p - 1000) kgm-3
• 

Changes in temperature occur at 15 m down to 40 m depth, with salinities in the range of 

33. 75 to 34. 75. These differences show that slight changes in temperature within the layer (warmer 

4°C water), could be due to the penetration of warmer Norwegian Sea water, which has been at 

the surface of the ocean at some time, affected by heating from the atmosphere, further out of the 
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fjord (see the next transect, discussed below: 6'h August). The low tide shows that not much warm 

water from outside the fjord has entered compared to other transects, as will be discussed further 

on in this section. The transect on the 4th August was performed on the neap tide (figure 4.4). 

Generally, the salinity and density increase with depth, with salinities of 34. 75 and densities 

of 27.75 kgm-3 at the bottom, near the seabed. Near the seabed, water of 2.9 to 3.1°C at 70 m 

depth, 2.2 km from the northern side of the fjord at stn4, is encountered. Within this water column, 

a complex structure of interleaving water masses shown by the temperature profiles in figure 5.2 

and the T-S diagrams of figure 5.4(a and b) are encountered. Several temperature maxima (loops 

in the T-S diagrams) are observed in each of the casts. The most complex pattern is seen on the 

northern side, in the first four to five casts (figure 5.4 (a and b) - stnl-stn5). The last cast (stn8) 

is relatively simple with two main temperature maxima. Three bodies of water can be identified 

in this cast. The first is at the surface down to about 10 m with temperature varying between 5.8 

and 4.0°C, salinity of 32.2 and a density of 26.25 kgm-3
• The second water mass decreases in 

temperature down to about 3.5°C at about 20 m depth. There is a warm intrusion, 5.2°C, of water 

at about 28 m depth, which cools slightly down to about 4.8°C at 37 m depth. This layer of water 

has a salinity of 34. 75, and has the characteristics of warm Norwegian Sea water. Cold Norwegian 

Sea water is only encountered in the deepest parts of the transect, at stations 1 and 4. It appears 

that the Norwegian Sea water has flowed in with the spring tide, but the tide is not strong enough 

on the flood period to push this water into the inner basin at neap tide. The high surface water 

temperatures are probably due to surface heating from the atmosphere. 

More meltwater and ice were observed on the northern side of the fjord, producing the 

cooler water masses at depth, observed in the data. This CID transect was performed in a region 

where the fjord was widening slightly, away from the glacier face. The area could be a point 

within the fjord where currents entering were causing eddies, and changing direction to flow 

through the north-west side of the fjord. 

In the temperature versus depth profiles for the CTD casts in figure 5.2, a step-like structure 

is observed, which does not appear in the salinity and density versus depth profiles (appendix C). 

The step-like structure implies that double diffusive mechanisms may be taking place. Posmentier 

and Houghton (1978) suggest that the loops observed in the T-S diagrams (figure 5.4(a and b)) 

are locations for double diffusive mechanisms between interleaving layers of water. The loops 

associated with the interleaving layers are produced by salt fingering below warm, salty water 

intrusions, and diffusive instability above warm, salty water. The double diffusive mechanisms 

are a consequence of the different diffusion rates of heat and salt. The change in salinity, for 
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example in figure 5.4((a) - stnl), between 8 m to 14 m depth, is small, 33.4 to 33.5, compared 

with a large change in temperature from 2.8°C to 4.0°C in the same region. The density change 

due to temperature is aAT = 4.3x10-5, where a is the thermal expansion coefficient (table 2.1) and 

f:lT is the change in temperature. The density change due to temperature is almost twice as small 

as the density change due to salinity, !3M= 7.8x10-5
, where 13 is the saline expansion coefficient 

(table 2.1) and AS is the change in salinity. 

In figure 5.4((a) - stn3) a melt-mixing line of gradient 2.74°C ppC1 is illustrated at a depth 

of 8 m to 12 m. The gradient is characteristic of the mixing between ambient, warm, salty water 

and ice melting in sea water. The characteristic melt mixing line has been demonstrated by a 

simple model developed by Gade (1979). The feature was first observed by Matthews and Quinlan 

(1975). The meltwater produced, attains some salinity S0 next to the ice face due to diffusion of 

salt from the surrounding ambient fjord water. The meltwater temperature corresponds to the 

freezing temperature T0 (equation (2.8), section 2.2.2) at salinity S0 at the same point, next to the 

ice face. Heating, causing the ice to melt, takes place by diffusion from the ambient environment. 

Also shown on the T-S diagrams are density contours for a more complete assessment of the water 

characteristics. 

ii) August 61h: Six CID casts were performed traversing across the fjord, starting from the north 

side at London at 1257 and finishing on the southern side at 1825. The deepest casts performed 

during the field season, were carried out along this transect. 

The air temperatures, wind speeds and directions are shown in table 4.1. The air temperatures 

throughout the day fluctuated from 7.1 °C to 4.2°C. The warmer temperatures may have caused 

more ice to melt, but did not significantly increase the temperature of the surface water, compared 

to other transects discussed in this section. 

From the temperature profiles of figure 5.5 and the contour plots of salinity and density 

(figure 5.6), meltwater of low density, salinity and temperature, 26.0 kgm-3
, 32.8 and 3.3°C, 

respectively, down to about 15 m depth, to the north (stnl) was observed. This water shallows to 

the south, becoming more saline, 33.0 to 34.0, 3.9 km from the north side of the fjord (stn4). The 

water becomes warmer, about 4. 7°C at about 5 m depth, with an increase in surface temperature 

to about 4.7°C on the south side, by early evening. Heating from the sun during the day, will be 

responsible for some of the increase in temperature. 
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The warmer layer of water to the south extended down to about 60 m below the meltwater, 

and can be identified as warm Norwegian Sea water (stn4). The warm layer of water may have 

undergone some surface heating at an earlier stage outside the fjord and sunk on entering the fjord, 

because it is more dense than the outflowing surface meltwater. The salinity and density throughout 

the column of water increased with depth. At lower depths, beyond 60 m, the salinity increased 

to 35.1 at 300 m depth, where the density was 28 .. 0 kgm-3 and the temperature had decreased to 

1.4°C. The temperatures and salinities, already noted for the cast performed on the 4'h August in 

this section (above), are characteristic of Norwegian Sea water (section 5.1). There were larger 

quantities of ice drifting out on the north side of the fjord compared to the south side. Some of 

the 'bergy bits' were 10 m to 20 m in diameter (figure 4.6 shows equivalent bergy bits). 

From the T-S diagrams (figure 5.7, stnl-stn6), a common temperature maximum at about 

15 m depth (salinity of 33.0) is observed. There is a distinction between the surface mass of 

meltwater and the water below. The temperature maximum at 5.8°C to 6.2°C at a salinity of about 

34.2 shows the different water masses at lower depths compared to the surface water. The colder, 

more saline and denser water can be seen at the bottom near the seabed. In figure 5.7(stn5), a 

temperature maximum is observed at about 15 m depth, corresponding to a mass of meltwater at 

the surface and the warmer more saline water beneath. In figure 5.7(stn6), warmer 5.0°C, low 

salinity, 28.0 and low density water, 26.0 kgm-3 appears at the surface. The surface water is almost 

certainly meltwater, characterised by its low salinity and density. The heat is from the atmosphere 

during the day. Again, double diffusive mechanisms appear to be present, as indicated by the 

loops in the T-S diagrams. 

iii) August 81h: Seven CTD casts were taken as a function of distance from the Kongsvegen 

glacier, on the southern side of the fjord. The first cast was taken at 0832 and the last at 1334. 

The aim of the first cast was to be as close as possible to the glacier face. The cast was taken 

inside a line of small pieces of ice (10 cm to 50 cm in diameter) where the water was sediment 

laden; see figure 4.5 (section 4.2.3) showing ice being pushed out by the plume. Sediment laden 

plumes are discussed by Powell (1990). I thought the plume extended over the full depth of the 

fjord at the first CTD cast, but as observed in the data below, meltwater floated above the ambient 

ocean water (figures 5.8, 5.9 and 5.lO(a and b)). The first four casts were taken close together 

and the last three further apart, in order to achieve better resolution nearer to the ice face. 
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The air temperatures during the day varied from 3.5°C to 4.6°C. The variation was small 

and the day was generally colder compared to other days during the field season (table 4.1). The 

wind direction was fairly constant 110°, with a low speed of 1.5 ms-1
• The sea state was measured 

according to the Beaufort scale. 

Figure 5.8 shows the temperature profiles, and the contour plots of salinity and density are 

shown in figure 5.9. Meltwater (2.9°C to 3.5°C) down.to about 8 m depth nearest to the glacier, 

2 km from the ice face (stnl), is encountered. The meltwater layer shallows with distance away 

from the glacier face to a depth of about 5 m, 7.3 km from the ice wall. Below, down to about 60 

m depth, a warm layer, 4.2°C to 6.0°C with a salinity of 33.0 to 34.75 and density of 27.75 kgm-3
, 

is encountered. The layer is almost certainly warm Norwegian Sea water, which appears to be 

flowing into the fjord as a wedge, with the meltwater layer above, shallowing as it flows out of 

the fjord. Cold Norwegian Sea water flows into the fjord below the warm water and has a salinity 

of 35.0, a density of 27.75 kgm-3 and temperature of 2.1°C. 

The T-S diagrams of figure 5.lO((a and b) - stnl-stn7) show the three main water masses. 

The fresh meltwater at the surface, the warmer, more saline and denser water below down to about 

40 m depth, and the cold saline, dense water at the bottom. The three layers correspond well with 

the casts performed on the 6'h August where the same water masses were identified, especially in 

the last cast (figure 5.10b, stn7), where the profiles are similar. It is interesting to note that at the 

boundaries between the water masses, several minor loops in the T-S diagrams are observed. 

Again, the loops could be interleaving by double diffusive mechanisms. The water structure is 

complex, shown in the data of the first few casts performed. 

The shalfowing of the meltwater with distance out of the fjord is due to various factors. As 

the fjord widens away from the glacier the meltwater spreads out thinly, whereas closer to the 

face, where the fjord narrows, the meltwater is more confined (section 1.2). The tide, although 

only varying by 1.5 m, causes the meltwater to flow out of the fjord on the ebb (low) tide and 

pushes the meltwater in, on the flood (high) tide. During spring and neap tides, greater amounts 

of water flow in and out of the fjord. 

iv) August 9'h: Three CTD casts were performed across the fjord starting from the south side 

traversing to the north. The shallow sill, 40 m to 50 m deep, extends across the region, separating 

the outer part of the fjord from the inner basin. The aim of the series of casts was to study the 

water masses across the sill. The first cast was taken at 1051 and the last at 1424. 
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The range in air temperatures during the day is shown in table 4.1. The wind direction was 
fairly constant, 110° relative to north, with a speed of 1.5 ms-1

• There was no precipitation. 
In the temperature profiles of figure 5.11 and the contour plots of figure 5.12, on the northern 

side of the fjord, a layer of meltwater, 5 to 10 m deep, is observed (stn3), extending about 0.9 km 
across the fjord from the north side. The layer has a salinity of 32.5, a temperature of 3. 7°C and 
a density of 25.75 kgm-3

• Beyond the meltwater, .to the south, warmer Norwegian Sea water is 
encountered at the surface, slightly freshened by mixing on flowing into the fjord. The temperature 
of the water is about 3.2°C at the most southern side of the fjord (stnl) with a salinity of 32.5 and 
a density of 26.0 kgm-3

• There is a sharp temperature gradient at the last cast in the fjord (stn3), 
at about 10 m depth giving rise to the warmer water, 5.7°C immediately below, down to about 40 
m depth. The salinity and density of the layer are higher than the warm Norwegian Sea water 
encountered on the 4th and 6'h of August. Below this layer, the water becomes cooler and from 
70 m to 130 m depth, colder Norwegian Sea water is found (3.4°C). It is assumed that the warm 
Norwegian Sea water extends across the full width of the fjord, from the southern side. The 
echosounder would have been useful for planning the position of the CID casts in this region. 

On the 6'h August (above), meltwater was concentrated on the northern side of the fjord, 

characterized by the lower salinity and density values. There is also an observed higher con
centration of ice on the northern side, shown in the photographs in section 4.2.3. 

The T-S diagrams (figure 5.13, stnl-stn3) show three distinct bodies of water. Meltwater 
is observed at the surface down to depths of 10 m to 15 m, warm Norwegian Sea water down to 
about 70 m, and bottom water - cold Norwegian Sea water down to about 125 m. The layer of 
water between 15 m and 70 m shows some minor loops. Temperature variations are also observed 
in the temperature profiles of figure 5.11, at about 30 m depth, across the fjord. Some of the heat 
in the surface layer is due to warming from the atmosphere. 

There is good agreement between the data discussed for this CID transect and data already 
presented for the transects performed on the 4'\ 61h and 8'h August. Figures 5.8, 5.9 and 
5.10(stnl-stn7) corresponded well to the casts carried out on the 6'h August, further out of the 
fjord. The layers of water masses may appear slightly deeper compared to the same masses found 
in other parts, due to a number of factors. 

It was extremely difficult to follow the sill across from the Lovenoyane, because the 
echosounder was not functioning. The T-S profiles (figure 5.13, stn2 and stn3) show the 
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measurements that were taken beyond the sill, away from the glacier, where the fjord was deeper 
than at the sill. Colder, more saline and dense Norwegian Sea water is found at depth near the 
seabed, which is not observed in the inner part of the fjord. 

v) August ll'h: An attempt was made to get as close as possible to the Kongsvegen glacier as 

the bergy bits and smaller pieces of ice in the water would allow, to carry out a transect parallel 
to the ice face. Six casts were taken, starting at 2159 on the north side of the fjord and ending at 
0143 on the south side. The transect was parallel to that carried out on the 4th August, but closer 
to the glacier, where the fjord was narrower (figure 5.1). 

The meteorological data was not logged by the Norsk Polarinstitutt at the time of the CTD 
transect. Observations and measurements were taken during the CTD transect. There was no 
wind or precipitation and air temperatures were low, 2.0°c to 4.0°C. 

From the temperature profiles of figure 5.14 and contour plots of figure 5.15, meltwater of 
low temperature, salinity and density, 2.6°C, 31.75 and 25.25 kgm-3

, respectively, is encountered 
down to about 5 m on the north side (stnl ), which shallows to the south, extending the whole width 
of the fjord. Below, a warm, 4.0°C to 5.2°C, saline 33.0 to 34.75 and dense 26.25 kgm-3 to 27.5 
kgm-3 layer, is encountered down to about 50 m depth. From a depth of 50 m down to the seabed 
of the fjord (80 m), cold (2.1 °C), saline (34. 75) Norwegian Sea water is found. 

The characteristics correspond well with the T-S diagrams in figure 5.16(stnl-stn6), which 
show temperature maxima at two main locations. The first small temperature maximum (seen at 
stnl), is at -3.7°C, and distinguishes the top layer of meltwater in the first 5 to 10 m from the 
warm Norwegian Sea water below. The second maximum occurs at a temperature of about 5.5°C, 
distinguishing the warm Norwegian Sea water to that of the cold Norwegian Sea water beneath. 
The heat in the water layers, observed in the T-S diagrams, is probably due to atmospheric warming 
at some earlier period at the surface of the ocean. 

Within the water masses are several minor loops, showing possible double diffusive 
mechanisms to be taking place. The main masses of water encountered are similar to those seen 
in the transects performed on the 61

h and 9th of August, traversing across Kongsfjorden from London 
to Ny Alesund (figure 5.1) and across the sill, respectively. The T-S diagrams are different to 
those encountered in the parallel transect carried out on the 4th August, further from the glacier, 

where complicated T-S diagrams with many loops were observed. The difference could be due 
to topography, as the water is deeper along the transect performed on the ll'h August, compared 
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to the 4th August (down to 100 m). The fjord is narrower for the position of the transect on the 

ll'h August compared to that for the 4'h. The Lovenoyane (figure 5.1) may be causing topographic 

effects. Wind and tidal effects interact with the bottom and sides of the islands (section 1.2). 

The surface water along the transect performed on the ll'h August, is cooler, 2.8°C and less 

saline, decreasing to 27.8 in some locations of the surface and is less dense, 25.25 kgm-3 compared 

to other parts of the fjord. This transect is nearest to the glacier face, and a greater effect of the 

meltwater is expected. The CTD casts were carried out during the night when air temperatures 

were low, 3.0°C, and hence, the surface water showing lower temperatures compared to other data 

(see T-S diagrams, figure 5.16). 

The transects performed on the 61
h and 9th August were taken during the spring tide, possibly 

explaining the reason that the warm Norwegian Sea water is more prominent on these days, 

compared to times when CTD transects were performed during the neap tide. The warm Norwegian 

Sea water is found across the full extent of the CTD transect (figures 5.14 and 5.15), coinciding 

with the maximum amplitude of the spring tide (figure 4.4). 

vi) August 14'h: The aim of the transect, consisting of six CTD casts, was to investigate the 

water characteristics as a function of distance from the Kongsvegen glacier on the northern side 

of the fjord, compared to the transect on the 81
h August, taken on the southern side of the Love

noyane. The first CTD cast was taken at 1044 and the last at 1621. 

The day was warm with temperatures ranging from 5.1 °C to 9. 7°C, with a wind speed, which 

was fairly constant, of about 3.4 ms-1 in a direction of 130° to 120° relative to north (table 4.1). 

The fjord deepens from near the glacier (4.3 km from the face - stnl) to the north-west, out 

of the fjord (the direction of the transect). Again, due to the lack of an echosounder, the casts were 

carried out closer to the islands (Lovenoyane) than initially intended; the fjord was shallow here. 

In the temperature profiles of figure 5.17 and the contour plots of figure 5.18 meltwater is 

observed at the surface with a temperature of 3.8°C, a salinity of 32. 75 and a density of 26.0 kgm-3 

down to 8 to 12 m depth. Immediately below is a layer of colder, 3.4°C, warming to 4.2°C water 

at a depth of about 28 m, with a salinity of 33.0 to 34.0, increasing with depth; the density is 26.25 

kgm-3 to 27.0 kgm-3
• Below, down to 95 m depth, cold (l.0°C) Norwegian Sea water is encountered, 

with warm Norwegian Sea water deepening towards the Kongsvegen glacier. The heat at the 

surface is probably due to warming from the atmosphere at an earlier time. 
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Warmish, fresh, low density water was encountered nearest the glacier, 3.8°C, 32.75 and 

26.0 kgm-3
, respectively. In the T-S diagrams of figure 5.19(stn1 and stn2), the first two casts 

show temperature maxima at a salinity of 32.8 to 32.9, where the temperature is about 4.5°C, 

showing two distinct masses of water. The warm meltwater at the surface, heated by the atmos

phere, and the cooler, 3.4 °C, more saline, 33.1, water beneath, down to 58 m depth. The temperature 

maximum is not as distinct in the next CID cast (figure 5.19, stn3). The fresh meltwater gradually 

mixes to about 20 to 30 m depth, mixing with the fjord water, increasing its salinity to about 33.5 

to 33.7, the density rising to about 27.2 kgm-3
• 

The warm Norwegian Sea water does not have as high temperatures along this transect as 

encountered along other transects discussed above, in this section. The lower temperatures could 

be due to a number of factors. Firstly, the tide is entering the neap phase (figure 4.4), hence warm 

water may not be penetrating as far into the fjord as for the spring period. The two large glaciers, 

Conwaybreen and Blomstrandbreen, feed into this area of the fjord, which dilutes incoming water 

and cools it. The same characteristics of Norwegian Sea water are observed on the 4th August, 

where the transect was also performed during the neap tide. The Norwegian Sea water is not 

observed in the first CID cast taken nearest to the Kongsvegen glacier on the 14'h August, showing 

the tide to have an influence in pushing these water masses into the fjord and over the sill. A cast 

nearer to the Kongsvegen glacier, in deeper water would have been desirable, to confirm the extent 

to which Norwegian Sea water penetrated into the fjord. 

A large amount of ice in the water was observed during the transect (figure 4.12), keeping 

the surface waters relatively cold, 3.8°C, despite the air temperatures during the day (table 4.1). 

Influences encountered from meltwater runoff and calving from Conwaybreen are prominent in 

the last two CID casts (figure 5.19, stn5 and stn6). The depth of meltwater as a function of distance 

from the Kongsvegen glacier was greater at the last two CID casts compared to the last two casts, 

at similar distances from the ice face, on the 81
h August. The disparity could be due to more ice 

and meltwater forced to the northern side of the fjord, as a consequence of the Coriolis force, the 

wind, and the effect of other glaciers in the area producing bergy bits due to calving (section 1.2). 

The Norwegian Sea water is observed at deeper levels than in other parts of the fjord discussed 

in this section. The north side of Kongsfjorden is more confined than the south side of the fjord, 

causing the meltwater to be 'squashed' deeper. 



vii) August 18'h: Three CTD casts were performed, extending out of the fjord, away from the 

main fjord basin (figure 5.1). The deepest casts were about 300 m. None of the casts performed 

recorded data to the bottom of the fjord (section 4.2.1 ). The first cast was started at 1238 and the 

last at 1516. 

The day was relatively calm, with wind speeds of about 1.6 ms-1
, with a direction of about 

270° relative to north. The air temperatures varied from 3.7°C to 6.7°C (table 4.1). As discussed 

in section 4.2.3, there were large amounts of ice in the water, bergy bits 20 m in diameter in some 

cases, drifting out of the fjord, keeping the upper surface of the water column cold. 

The temperature profiles in figure 5.20, the contour plots of figure 5.21 and the T-S diagrams 

of figure 5.22(stnl-stn3) are similar to the second and third casts performed on the 61
h August, 

across the fjord. There is a layer of cool, 3.9°C, fresh, 32.3, and low density, 26.0 kgm-3 water 

down to a depth of about 10 m seen at the CTD cast furthest out of the fjord, 16.2 km from the 

Kongsvegen glacier face. The same water mass is not observed as clearly further into the fjord, 

where the casts were taken nearer to the south side, whereas the meltwater at the surface was more 

concentrated on the northern side. Below, there is a mass of water down to about 80 m depth 

where the temperature peaks to about 6°C, the salinity reaches about 33.25 and the density is 27.0 

kgm-3 at about 30 m depth. At the bottom is a layer which is cooler, 3.0°C, saline, 35.0, and dense, 

27.75 kgm-3
, which is probably cold Norwegian Sea water. The values correspond well to other 

parts of the fjord and fits appropriately with the transect performed on the 8'h August. 

As the warm Norwegian Sea water flows into the fjord and sinks, some mixing takes place . ... 
The meltwater at the surface increases in salinity, density and temperature as it mixes, causing the 

warm Norwegian Sea water to be less saline, cooler and less dense. 

5.2.1 Discussion. 

Kongsfjorden is surrounded by several land terminating glaciers such as Broggerbreen, 

which provides meltwater runoff into the fjord via meltwater streams (figure 5.1), adding to the 

fresh water input of the region. The runoff may also account for the complex intermediate parcels 

of water characteristic of Norwegian Sea water. 

The CTD data in conjunction with the meteorology and tide data for the Kongsfjorden 

region, have been presented and analysed. From the survey, three main water masses could be 

identified. First, Norwegian Sea water at the bottom of the fjord, characterised by the low 

temperature l.5°C to 2.0°c, and the high saliriity and density, 35.5 and 27.75 kgm-3, respectively 
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(section 5.1). Secondly, runoff meltwater from land terminating and tidewater glaciers within 

the fjord could be identified. A third mass was found below the surface with similar characteristics 

to the Norwegian Sea water, but warmer, 4.0°C to 5.0°C. The increase in temperature is probably 

due to surface heating further out to sea and the surface water has then sunk underneath the less 

dense meltwater on entering the fjord. A sublayer of water could be distinguished as 'warm' 

meltwater at the surface, a result of direct heating from the atmosphere. There was no precipitation 

throughout the field season, apart from a small amount of rain during the last transect on the 18'h 

August. The rain would have only made a very small difference to the surface, acting to freshen 

it slightly. 

From qualitative observations made in section 4.2.3 and data presented above, it is clear 

that there is a larger flow of meltwater and ice out along the northern side of the fjord. The flow 

is in an anti-clockwise direction showing that it may be a consequence of the Coriolis force. The 

influence of the Coriolis force will be discussed in the next section (section 5.2.2). The wind 

direction was variable, generally in a direction that was roughly 130° relative to north (table 4.1 ). 

Fresh water was observed shallowing with distance from the Kongsvegen glacier face. 

Norwegian Sea water was flowing into the fjord as bottom water, exchanges of water taking place 

at the sill (50 m deep) with the inner basin. The salinity outside the inner basin of the fjord, at 

a depth, 120 m, was higher, 35.0, (taken from the 18'h August) than that in the inner basin at the 

bottom (70 m depth), which was 34. 75, on the ll'h August. Despite the temporal differences 

between these values, the higher salinities outside the fjord are a general characteristic (section 

1.2 and 5.1). The Norwegian Sea water mixes with the fresh meltwater due to processes which 

may include wind, internal waves, turbulent and double diffusive mechanisms, giving several 

loops in the data (physical processes: section 1.2). 

It was not possible to take measurements as close to the Kongsvegen glacier face as was 

initially desired. CTD casts in the plume to compare with the model simulations presented in 

chapter three, were not possible. The ice conditions in the fjord were too dense, and the boat 

was not large enough, or strong enough to risk advancing nearer to the ice face. Similarly, it was 

not feasible to anchor the boat and a time dependent study of the water column in the vicinity of 

the glacier, or at any other location, was not possible. The plan had been to perform a 

time-dependent study towards the latter part of the field work season, but unfortunately the 

weather deteriorated and conditions made it impossible for the work to be carried out. A moored 

instrument to log data, or a remotely controlled probe for advancing closer to the ice face would 

have been an advantage. · 
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The effect of the tide on the flow within the fjord could be seen distinctly in the qualitative 

observations of figure 4.15 (section 4.2.3). The spring tide (high tidal range) pushed water masses 

into the fjord and the neap tide caused less water to flow into the fjord (lower tidal range). 

The contour plots produced from the CID transects have temporal differences throughout. 

Differences were taken into account when analyses and conclusions were drawn from the data. 

However, a valid, overall synopsis of the physica,l processes can be gathered. 

5.2.2 Circulation in the fjord. 

The circulation in Kongsfjorden is discussed in this section. Water from outside the fjord 

enters at the mouth and sinks as it is more dense than the outflowing runoff water from inside 

the fjord. This is the classical two-layer circulation, discussed in section 1.2. 

In Kongsfjorden, from observations in section 4.2.3 and data presented in the last section, 

it was apparent that meltwater was flowing out of the fjord at the surface, on the northern side 

of the fjord, shallowing to the southern side. A layer of warm Norwegian Sea water with cold 

Norwegian Sea water underneath, flowed into the fjord, the two layers sinking as they entered. 

It is believed that the effect of more meltwater and bergy bits to the northern side is partly a 

consequence of the geostrophic force. 

Below, an attempt is made to demonstrate that the flow in the fjord may partly be a 

consequence of the geostrophic force, using the dynamic method. Observations of the density 

field in the ocean and their surface slopes can lead to the relative velocity field, showing the 

direction and strength of relative current velocities within the fjord, demonstrating the relation 

of the geostrophic force. The method is called the dynamic method. The dynamic method is 

crude and prone to errors in calculating gradient values of density from contour plots. The 

sparseness of data available and the temporal differences involved in the density plots for 

Kongsfjorden in this thesis are considered when discussing the results. Shear velocities are 

calculated to show the circulation, and conclusions are drawn. 

5.2.2.1 Circulation by the dynamic method. 

The dynamic method allows the vertical velocity shear to be determined from the density 

field. It uses the geostrophic equations, which were originally derived to show how temperature 

differences in the horizontal could cause vertical variations in geostrophic wind velocity in the 

atmosphere; it is also known as the thermal wind equation. 
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The dynamic method is used to calculate relative current velocity with depth from 
information about the distribution of density with depth. If, in the northern hemisphere, the 
water between two stations was moving along a pressure gradient sloping downwards from 
right to left (with less dense fluid to the right), then the water moves to the right because of the 
influence of the Coriolis force, and vice versa in the southern hemisphere (Pond and Pickard, 

1983). 

The dynamic method comprises the geostrophic equation and hydrostatic equation. The 
equations given in this section are diagnostic point statements that hold anywhere within a 
geostrophically balanced flow. From the density distribution alone in baroclinic conditions, 
only the relative current velocities can be deduced. As a result the velocity at some depth must 
be measured (or assumed) or a level of no motion is taken at some position where the density 
gradient is zero. 

To obtain the velocity shear equations, the geostrophic equations are differentiated with 
respect to depth, and the hydrostatic equation is differentiated with respect to the cross-stream 
direction. The Boussinesq approximation is used since density variations are small compared 
to p0, the density at a chosen point on the density contour plot (shown by the letters in figures 
5.3, 5.6, 5.9, 5.12, 5.15, 5.18 and 5.21). Hence, the vertical shear velocity of the geostrophic 
current in terms of the horizontal slope of the density field is found (equation (5.3)). 

The geostrophic equation is taken from Apel (1987) as 

The hydrostatic equation is given by 

ap 
- =-gp. az 

Combining equations-(5.1) and (5.2), the geostrophic current shear is obtained as 

av g ap 
az = - !PodX' 
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where v is the geostrophic velocity in the y-direction, z is depth (positive upwards), g is 

acceleration due to gravity,/ is the Coriolis parameter, equal to 1.43 x 10-4 s-1 (Pond and Pickard, 

1983) at a latitude of 79°N at Kongsfjorden. ~ is the density gradient in the x-direction at p0• 

In equations (5.1) and (5.2), p is pressure. 

For each transect of the Kongsfjorden data, ~ was calculated at various depths between 

two CID stations, the positions of which are shown by the letters a, b, c, d, e, f, g and h in 

figures 5.3, 5.6, 5.9, 5.12, 5.15, 5.18 and 5.21. The sign of~ gives the direction of the relative 

current velocities, and~ was used in equation (5.3) to obtain the velocity shear. Tables 5.1 and 

5.2 show the calculated values of vertical velocity shear at the positions marked on the density 

contour plots for each of the Kongsfjorden transects in section 5.2. 

For each transect, no motion has been assumed where the surface water meets the 

Norwegian Sea water (noted in tables 5.1 and 5.2). This assumption seems a reasonable choice 

for deriving actual velocities since the two water masses are predominantly flowing in opposite 

directions and thus the flow will be slow at the intermediate depth between them. 

When~> 0, the relative velocity is 'out of the paper' and vice versa. The former situation 

is denoted by a circled dot in figures 5.3, 5.6, 5.9, 5.12, 5.15, 5.18 and 5.21, and the latter by a 

crossed circle. The velocity shear may make an angle with the section (i.e. with the plane of 

the paper in which the density gradient is in), but the geostrophic method provides a value for 

the component of the velocity shear at right angles to the section. For example, assume ~ < 0 

and the velocity shear is positive and to the east. If~> 0 in the layer of water above, the velocity 

shear will be negative and to the west. It is important to realise the simplicity of the geostrophic 

method. Nevertheless, valuable information can be gained. 
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Transect Velocity shear,; (s-1
) 

Date 

a b C d e f g h 

ll'h Aug' Level of no -0.0117 0.0418 -0.0131 -0.0130 -0.0836 0.0835 -0.0134 0.0042 
motion = 5-12 m 

Depth (m) 3 6 6 8 2 13 16 30 

4th Aug' Level of no -0.0084 -0.0371 -0.0167 0.0042 -0.0417 -0.0417 0.0042 0.1669 
motion= 8-10 m 

Depth (m) 2 1 6 24 20 27 30 27 

9,,,Aug' Level of no 0.0084 0.0084 0.0167 -0.0033 -0.0074 0.0074 -0.0367 
motion = 12-20 m 

Depth (m) 2 5 1 25 40 40 55 

6,,,Aug' Level ofno -0.0152 -0.0026 0.0025 0.0035 -0.0051 
motion = 10m 

Depth (m) 2 12 30 20 180 

Table 5.1. Geostrophic velocity shear computed from CTD transects parallel to the Kongs
vegen glacier. 

Transect Velocity shear,; (s-1
) 

Date 

a b C d e f g h 

81h Aug' Level of no -0.0027 -0.0026 -0.0009 0.0030 -0.0029 
motion = 10-20 m 

Depth (m) 2 4 28 40 40 

14'h Aug' Level of no -0.0048 0.0111 0.0112 -0.0048 0.0033 -0.0033 
motion = 10-20 m 

Depth (m) 4 11 20 14 17 35 

18,,, Aug' Level of no 0.0128 -0.0026 0.0084 -0.0067 -0.0066 0.0051 -0.0017 
motion = 10-20 m 

Depth (m) 2 18 13 40 64 64 110 

Table 5.2. Geostrophic velocity shear computed from CTD transects as a function of 
distance from the Kongsvegen glacier. 

Comparison and discussion of velocity shears. 

On each transect parallel to the glacier face, the velocity shear (table 5.1) was highest at 
the surface on the northern side of the fjord (figure 5.1). The relative current velocity was 
therefore directed north-east (figures 5.3, 5.6, 5.12 and 5.15). The velocity shear at the surface 
was 0.012 to 0.084 s-1 nearest to the glacier and 0.015 to 0.0025 s-1 furthest from the glacier. 
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The velocities diminished from north to south on the 1 l'h and 91h August. The velocity shear 

at the surface represents the meltwater flowing out of the fjord at the surface. The shear was 

fairly constant from the inner to the outer part of the fjord below 10 to 15 m. 

The velocity shear was constant through the top layer of meltwater, which extends to a 

depth of about 30 m (see density contour plots in section 5.2) on the northern side, and to about 

16 mat the last transect (table 5.1 ). Below the meltwater, the relative current velocity is directed 

roughly south-east (figure 5.12). The velocity shears in the layer below the meltwater are smaller 

compared with the meltwater layer above (table 5.1). Generally, velocity shear at depth was 

lower than near to the surface. A high shear, 0.0367 s-1 was found at 55 m depth on the 9th 

August, where the flow was directed south-east. That value is relatively high compared to those 

immediately above (0.0033 to 0.0074 s-1
). The region of high shear is located immediately in 

front of the sill, where water masses flowing in and over the sill may cause turbulence and 

internal waves, possibly due to a hydraulic jump. 

The velocity shear on the 4th August, (figure 5.3) was the highest encountered. At c, e 

and fin figure 5.3, the velocity shear was 0.0167, 0.0417 and 0.0417 s-1
, respectively, and at h 

it was 0.167 s-1
• The shear on the north side stayed high with depth. The higher shear in this 

region, coupled with numerous loops in the T-S diagrams (figure 5.4 (a and b) - stnl-stn8), 

implies a complex region of current flow and interleaving water masses. 

Similar values for the velocity shear were encountered at similar depths on the transects 

normal to the ice face (table 5.2). A high value of 0.0128 s-1 near the glacier face on the 18'h 

August was observed. In the transect on the 81h August, all velocity shears were directed 

northward except at about 40 m depth between CID stations 6 and 7, just in front of the sill. 

On the 141
h and 181h August, only the relative current velocity of the bottom water (30 m depth 

and beyond) appears to be directed to the north, whereas the top metre of surface water flowed 

roughly to the south on the 181h August. The southerly directed flow deepened to about 25 m 

at about 16 km out of the fjord. On the 14'h August, a more complex pattern was observed. The 

top 5 m of the surface meltwater flowed in a northerly direction between CID stations 3 and 

4. Between 5 and 12 ~ depth the relative current velocity was southward between CID stations 

4 and 5. Immediately below that layer, the relative current velocity was again to the north. 

Between about 16 m and 30 m depth, the relative current velocity was southward and below 

that to the north between CID stations 4 and 6. This agrees with previous observations already 

discussed in this section. 
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The relative current velocities suggest that meltwater at the surface was coming out of 

the fjord with a well marked, deeper layer at the northern side of the fjord (table 5.1). A complex 

flow regime was encountered on the 4th and 14'h August (section 5.2). 

The relative current velocity was generally found to be directed to the north, which is 

evidence for the importance of a geostrophic balance. The southward flow of the meltwater at 

the surface at a (figure 5.21) on the 181
h August could be due to local winds, and the effect of 

topography. 

For a better understanding of the flow regime, current meter data are needed, in particular 

where the transects on the 4th and 14'h August were performed. Moored instruments would be 

most beneficial in several positions, which would render data with reasonable temporal and 

spatial resolution. Such data would also fix the absolute current velocity. 

The circulation study presented in this section is consistent with the observed flow of the 

ice to the northern side of the fjord at the surface (see photographs in section 4.2.3). The earlier 

analysis of the temperature profiles and salinity contour plots (section 5.2) are also confirmed 

by the results presented here. Using only a relatively sparse set of CTD observations with the 

dynamic method, a synopsis of the relative current velocities can be gained for the region. 

Insight has been gained as to the complications that might occur in a shallow water environment, 

for example the possible effect of bottom topography. 

Stability may also be inferred. Overall, the velocity shear is uniform in the individual 

layers of meltwater and Norwegian Sea water throughout the fjord. The temperature profiles 

and salinity contour plots of the water masses show distinct characteristics throughout the basin. 

Features not included in the geostrophic balance, such as time dependent effects, turbulent 

mixing and double diffusion may also contribute to the circulation and mixing. 

5.3 Data summary - Krossfjorden. 

In this section, the Krossfjorden data collected in the summer of 1986 is introduced and 

discussed in conjunction with meteorology and tide data presented in section 4.3. The data are a 

comparison to that of K9ngsfjorden in section 5.2. The data were available as contour plots of 

temperature, salinity and suspended sediment, as a function of distance from each of the three 

glacier faces Kollerbreen, Mayerbreen and Tinayrebreen, feeding into the three tributary fjords of 

Krossfjorden: Kollerfjorden, Mayerbukta and Tinayrebukta, respectively (figure 5.23). No density 

datawereplotted. The suspended sediment had been measured using a transmissometer. 

99 



\ 

~ 
..... 
..... 
..,,t. 
·.O 
·.O 

-:s:. 
~ -.... .... -.... 

..... 

"-

" 

0 

0 
uJ 
0 

"' 0 
...... 
u.. 
0:: 
w _, _, 
:Q 

< 
0 
f 1 

0 
f2 

~\ 

20· 

rIIJIIJ Glacier lee 

N 

._Ll_-=:~--______ *"_q.._

0

_".....__j\£~·----~-l--U.L.J....l....l-L..-'----------'--5-km__. 

Figure 5.23. Map of Krossfjorden with the tributary fjords: Kollerfjorden, Mayerbukta and Tinayrebukta shown. The CTD casts in each of the tributary fjords are indicated. The symbol 6. is the location of the meteorological and tidal stations. 



The data for each transect are presented from each of the sub-fjords separately, as opposed 
to the date each transect was carried out. There were greater temporal differences in the casts 
comprising the contour plots here than in those for Kongsfjorden; two days in some cases. The 
temporal differences are considered when analysing the data. 

i) Tinayrebukta: Five CTD casts are shown plotted as contour plots in figure 5.24, showing 
temperature and salinity, with simultaneous transmissometer data for suspended sediment con

centration. A sixth cast outside in Mollerfjorden was included in compiling the plots. The casts 
were taken as follows: Tl, T2, T3, T4 and T5 on the 3181 July at 1715, 1752, 1815, 1945 and 2005, 

respectively. Fl was taken on the 61
h August at 2130. 

Tinayrebukta is about 5 km long and 1.5 km wide (figure 5.23). No significant sill exists 
in the fjord and the depth was between 90 m and 100 m along the length of the fjord, slightly 
shallowing by a few metres towards the glacier, Tinayrebreen. During the field season, no pre
cipitation occurred and from table 4.2, on the 3181 July, the temperatures ranged from 4.6°C to 
9.3°C. The wind speed was between 0.5 ms-1 and 1.6 ms-1, the direction varying throughout the 
24 hour period. On the 61

h August, the temperatures varied from 2.9°C to 5.2°C, with a wind speed 
of 0.1 ms-1 to 5.0 ms-1 and variable direction. 

At the surface of the fjord, down to about Sm depth (figure 5.24) there is a layer of low 
salinity water 30.5, with a temperature of 5.0°C. It is difficult to conclude, with the resolution of 
data available, if the layer is shallowing as a function of distance from the glacier. From the salinity 
contours, shallowing appears to be the case with the 30.5 salinity contour. The high temperature 
in the surface water is most likely due to surface heating. 

A layer of dilute fjord water is seen between 15 m and 40 m depth, with a salinity of 33.0, 
which is deeper outside the fjord than inside, about 10 m to 20 m depth. The dilute water may be 

due to water masses mixing down to a greater extent than nearer to the glacier, where the fjord 
shallows. Throughout the fjord the temperature decreases with depth. At 6 km from the glacier 

face, the temperature is l.0°C at 90 m depth. The same temperature is encountered at 30 m to 80 
m depth at about 1 km from the glacier face. 

At about 20 m depth, corresponding roughly to the same depth in Mayerbukta and Kol
lerfjorden (figures 5.25 and 5.26 - the temperature and salinity contour plots) turbid water extends 

to almost 5 km from the glacier face, becoming less turbid further away from the glacier. The 
most concentrated turbid water is found at a depth of about 20 m, 1 km away from the glacier face 
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with a value of 20 mgr1. The suspended sediment decreases in concentration to 5 mgi-1 above 

and below the layer, down to 40 m depth. No sediment is observed at the surface of the water 

(figure 5.24). 

ii) Kollerborden: Five CTD casts gave contour plots of temperature and salinity (figure 5.25), 

and transmissometer data gave simultaneous plots of suspended sediment (figure 5.25), together 

with two casts in Mollerfjorden Fl and F2 (figure 5.23). The CTD casts Kl, K2, K3, K4 and KS 

were taken on the S'h August, at 1258, 1343, 1404, 1440 and 1500, respectively. Fland F2, as in 

Tinayrebukta, were taken on the 61
h August, at 2130 and 2205, respectively. 

On the S'h August (table 4.2, section 4.3.2) the air temperatures ranged from 3.6°C to 7.3°C 

over the 24 hour period, with wind speeds between 0.9 ms-1 and 5.0 ms-1, the wind direction 

varying between 110° and 339° relative to north. 

There is a sill at about 40 m depth, 6 km from the glacier face. The depth of the fjord deepens 

to about 98 m, 4 km from the glacier and shallows gradually to about 30 m, 1 km from the ice 

face. Beyond the sill, out of the fjord, the depth is below 100 m. 

The water was fresh, at the surface of the fjord near to the glacier, with a salinity of 28.0 to 

29.0 and a temperature of 4.0°C. The layer shallows as a function of distance from the glacier 

face, observed in the salinity contour plots (figure 5.25) at 4 km from the ice face. Below, down 

to about 40 m depth, there is a second water mass of the same temperature, but with an increasing 

salinity down to 33.5. The layer is probably Norwegian Sea water which has been diluted by fresh 

meltwater further south in Krossfjorden. The layer has been heated at the surface of the ocean, at 

an earlier period, when in contact with the atmosphere. 

The surface meltwater near to the glacier face is well traced by the sediment, where the top 

layer (1 m depth) has the highest concentration, 20 mgr1
• The sediment content decreases to 5 

mg r 1 at about 20 m depth. It is assumed that a plume of meltwater emerges from the base of the 

glacier, rises to the surface and spreads out as a horizontal gravity current. Entrainment of ambient 

water into the meltwater may occur as the plume rises, carrying sediment upwards to the surface, 

away from the glacier face. 

At 40 m depth and beyond, the temperature decreases to l.0°C at about 90 m depth outside 

the basin of the fjord. Within the basin, the cold tern peratures are encountered nearer to the surface, 

40 m to 45 m depth, and there is a pocket of very cold, almost 0.0°C, water layer in the deepest 

part of the basin, at 60 m depth, 4 km from the glacier face. The salinity of the water at depth, in 

both parts of the fjord, is about 34.5, but is encountered at lower depths outside the basin. Hence, 
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exchange of water is taking place at sill level. It would be useful to have better resolution profiles 

of salinity and density to show if any water at the bottom of the basin could be residual Norwegian 

Sea water, from an earlier period. Oxygen concentration data would help confirm the origin of 

the residual water. 

From observations made by Dowdeswell (1986), a plume of sediment laden meltwater was 

observed extending out of the fjord on the north si9-e, together with bergy bits floating out. No 

plume was encountered on the south side of the fjord and less ice could be observed. 

iii) Mayerbukta: Five CTD casts were combined to produce the contour plots for temperature 

and salinity (figure 5.26). Simultaneous transmissometer data of suspended sediment concen

tration (figure 5.26) are shown. The casts M2 and M3 were taken on the 5'h August and Ml was 

taken on the 6'h August. Fl and F2 are the same casts as for Tinayrebukta and Kollerfjorden. 

The topography of the transect was marked by two sills, one at 70 m depth, 4 km from the 

Mayerbreen glacier, and the other at about 55 m depth, 2.5 km from the glacier. The depths in 

between the sills and outside the fjord were beyond 100 m. The inner basin of Mayerbukta was 

marked by the sill at 2.5 km from the glacier. The basin deepened with distance towards the glacier 

face, down to about 80 m. 

The climate on the 5'h August was described in the previous discussion on Kollerbreen. And 

the weather for the 61
h August was given in the above account concerning Tinayrebukta. 

Very similar characteristics to those obtained in Kollerfjorden were observed in the data for 

Mayerbukta (compare figures 5.25 and 5.26). The surface water nearest to the glacier had a low 

salinity of 30.0, · at about 6 m depth and was observed to shallow further out of the fjord, down to 

about 1 m. The temperature of the surface water was about 5°C. This high value was probably 

due to surface heating from the atmosphere. The warm water below, extended down to about 12 

m depth near to the glacier and to about 20 m depth at about 8 km from the ice face. The salinity 

in the lower layer was 33.5 showing the dilute Norwegian Sea water from further down the fjord, 

entering the inner basin and mixing with the meltwater runoff in the region. 

At about 20 m to 25 m depth, a tongue of cold water, about 2 km from the glacier face is 

encountered, which corresponds to a high sediment content of 15 mg r1
• The suspended sediment 

above the cold layer was lower, 5 mg r1 and corresponds well to the surface meltwater, shallowing 

away from the glacier face at the same depths. Again, the suspended sediment could be due to 

entrainment from a plume of meltwater, mixing sufficiently with the ocean water to give a high 

salinity. 
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The temperature outside the basin decreases to l.0°C at 90 m depth, with salinities of 34.5. 

Within the basin, lower temperatures of 0.5°C at a depth of 65 m were encountered. A better 
resolution record of the salinity and density profiles at the bottom of the basin are needed for a 
better understanding. 

5.3.1 Discussion. 

Contour plots showing salinity, temperature and suspended sediment as functions of dis
tance from the glacier faces for three fjords, within a larger fjord system, that of Krossfjorden, 
have been presented, to give an overview of the oceanography of the area. The casts combined 
to form the contour plots, had temporal differences as they were taken on different days. 

Three water masses could be identified in the three fjords. Low salinity meltwater at the 
. surface with a higher temperature, 5°C, than would otherwise be expected, because of atmospheric 
heating. Dilute Norwegian Sea water, salinity of 33.5, slightly lower than would be expected 
(section 5.1) due to dilution with fresh water input further south in Krossfjorden. A third water 
mass, characteristic of Norwegian Sea water, could be identified at the bottom of the fjords, near 
the seabed. The temperature of the bottom layer was l.0°C and the salinity 34.5. These values 
also suggest that there has been some dilution when compared to Norwegian Sea water further 
out in the ocean (Tchernia, 1980). 

The lower sediment concentration in Mayerbukta, 15 mg r1 compared to 20 mg r1 in 

Kollerfjorden and Tinayrebukta, could be due to a larger sediment release by runoff into these 
areas. The tongue of suspended sediment seen in front of Tinayrebreen at about 20 m depth could 
be an example of a meltwater plume having ascended from the base (or englacially) of the glacier 
and formed an intrusion. Meltwater is seldom dense enough compared to the ambient background 
stratification, to cause the plume to reach neutral buoyancy before it reaches the surface. In 
section 2.3 (the numerical plume model), the ascent of the plume depends on the source conditions 
at the emergence of the flux at the base of the glacier, and neutral buoyancy of the plume within 
the water column rarely occurs. In section 1.4.2, Domack and Williams (1990) observed a similar 
characteristic and interpretated the tongues of turbid water to be a result of tidally-driven 
circulation. The sediment content in the plume acts to slow the flow and may cause it to spread 
out horizontally before reaching the surface. Better resolution contour plots of the salinity and 
temperature of the meltwater and the column of water directly beneath and close to the glacier 
are needed, together with density contour plots. 
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Generally, bottom, dilute Norwegian Sea water was observed flowing into the three basins 
studied, exchange taking place at the sill level. Glacier meltwater flowed out of the fjord at the 
surface, shallowing with distance from the ice faces and in one case, Tinayrebukta, forming an 
intrusion, perhaps. 

The lack of data, particularly T-S diagrams, make it difficult to comment on the nature of 
the water masses in more detail. Observations showed that in Kollerfjorden, ice was more 
concentrated on the northern side of the fjord, possibly a consequence of the geostrophic effect. 
Transects parallel to the glaciers at different distances from the ice faces would have been useful 
to estimate the possible effect of the geostrophic force and give a better understanding of the 
topographic effects, and to obtain an estimate of the amount of fresh water on the northern sides 
compared to the southern sides of the fjords. With the aid of current meter data and river gauges, 
the salt, heat and volume fluxes in the fjords and the amount of meltwater runoff could be 
estimated. However, despite the sparseness of the data, good agreement with the Kongsfjorden 
results are obtained. 

5.4 Data summary - Cumberland East Bay. 

The second CTD survey to be compared with the author's own field work is presented in 
this section~ A series of eight CTD casts taken on the 21s1 December, 1989 as a function of distance 
from the Nordenskjold glacier (figure 4.17) are presented. The topography of the region was 
described in section 4.4. Cox and Williams (1990) give records of the meteorology and tide data 
leading up to, and covering the period of measurements. The data are presented in the same format 
as in section 5.2 for the Kongsfjorden data and similar problems as discussed at the beginning of 
that section, regarding the contour plots, apply in this section. In figure 5.27 (the temperature 
profiles) some sharp points in the data are observed, especially at stations Cl, C7 and CB. These 
points could be due to instrumental errors and care needs to be taken in analysing the data. 

The CID data were taken using a high resolution CTD probe (O'Farrell et al., 1991) The 
first CTD station Cl, nearest the glacier, 1 km away, was taken at 0853. Stations C2, C3, C4, CS, 
C6, C7 and CB (figure 4!17, section 4.4) were taken at 0955, 1021, 1101, 1150, 1309, 1401 and 
1503, respectively. Stations C7, C6 and C4 were repeated at 1615, 1646 and 1730, respectively, 
due to an error in the logging of the data previously at these stations. The temporal variations in 
the data are, again, noted when analysing the data. 
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At the beginning of the first CTD station, Cl, the weather was sunny with some wind (7.5 

ms-1 
); there was no swell. By 1100 the wind speed had increased to 10.8 ms-1 and by the afternoon 

(1500) the sea condition was 'choppy' with a swell of 3 m. The wind was in a north-west direction. 

Toe air temperature throughout the day varied from about 7.0°C at 0600 to 5.0°C by 1500. 

In figures 5.27, 5.28 and 5.29((a and b) - stnl-stn8), temperature profiles, contour plots of 

salinity and density as a function of distance from .the Nordenskjold glacier and T-S diagrams for 

each cast are given. The temperature profiles and contour plots show cold, 2.0°C, low salinity, 

31.25, and low density, 25.25 kgm-3 water closest to the glacier (at stnCl), at the surface (this 

being meltwater), with a warm (3.2°C) layer of water immediately below, down to about 20 m 

depth, probably due to heating at the surface of the ocean at some earlier period with new, fresh, 

cold meltwater flowing over this layer. The temperature varies from about 3.5°C at the surface 

of the fjord, down to about 2.2°C at about 20 m depth, along the CTD transect. The warm water 

at the surface along the transect is probably due to heating from the atmosphere (as observed in 

both the Kongsfjorden and Krossfjorden data sets, sections 5.2 and 5.3). The temperature decreases 

down to l.4°C at a depth of 140 m, inside the basin of the fjord and similarly outside the sill. Due 

to lack of data, differences in salinity at depths (below the measurements taken) cannot be observed 

outside and inside the sill. The salinity and density increase to 33.5 and 26.9 kgm-3, respectively, 

down to 140 m depth within the sill. There is a steep gradient of meltwater nearest to the glacier, 

which shallows with distance from the glacier face, thinning dramatically at about 11 km from 

the glacier face, and has a depth of about 20 m nearest to the glacier at stnCl. 

The characteristics observed in the contour plots are verified in the T-S diagrams. The first 

T-S diagram (figure 5.29(a) - stnl) is complicated. Several loops showing an intricate water 

structure is observed. Three main masses of water can be identified. First, the cold fresh surface 

water at station Cl, extending down to about 10 to 20 m depth is observed. Below, a more saline 

layer, 32.5, and initially warmer, almost 3.0°C, gradually merging into a saline, 33.5 and cold, 

1. 7°C layer down to about 50 m depth is encountered. The next layer of water is saline, 33.6 and 

cold, 1. 7°C showing inflowing bottom fjord water. The T-S plot at station C2 (figure 5.29a - stn2) 

is similarly complex, but with warmer water at the surface, 2. 7°C, cooling with depth and becoming 

more saline. Several minor loops are observed in the data for the bottom water. 

At CTD stations C3 and C4 a similar water structure to that above is observed, with warm 

fresh water at the surface (due to surface heating), then the water column cools with depth and 

becomes more saline. There are an intricate set of sharp loops in the T-S diagram (figure 5.29(a 

and b)), in the bottom water, observed at stations Cl and C2. Similarly at stations CS, C6, C7 and 
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CB the water column almost appears to be one homogeneous mass of water, cooling from the 
surface downwards and increasing in salinity with an intricate series of loops in the bottom water, 
in the T-S diagram. At station CS, slightly warm, 3.3°C, more saline water, 33.3, lies in the top 
1 m of the water column, with less saline water directly below, 32.8, at about the same temperature. 
The same pattern is observed at station C6. The salinity at the surface is about 33.5 with a 
temperature of about 2.7°C, at a depth of 10 m; tbe layer extends down to 40 m depth. Below, 
the temperature decreases and the salinity increases as before, with many minor loops in the T-S 

diagram. At stations C7 and C8, the overall water mass is decreasing in temperature and increasing 
in salinity with some minor loops in the T-S diagram, at the surface and in the bottom water. 

S.4.1 Discussion. 

South Georgia is situated on the north-west edge of the Antarctic Convergence. Typical 

temperature values of the Convergence at the time of experimentation (summer) are in the range 

of 3.0°C to 6.0°C. Typical salinities are in the range of 34.2 to 33.7 (Tchemia, 1980). 

At the first CTD station, at the beginning of the day, the tide was low and by 1500, the tide 

was high, at its maximum extent with a displacement of about 0.26 m. The maximum tidal range 

is about 1 m in this area. It is difficult to analyse the effect of the tide on the meltwater because 
of the temporal differences in the data, but the effect is probably small. 

The water masses and the mixing processes within the fjord are complex, as observed in 
the results presented. There were no CTD casts taken parallel to the glacier and the effect of the 

geostrophic force from the data presented can not be commented on. The wind direction during 
the experiment was in a north-west direction and the geostrophic effect acts at right angles to the 

wind; so ice and meltwater would be expected to be concentrated on the western side of the fjord, 
flowing out in a clockwise direction. Satellite photographs given by Cox and Williams (1980) 

of the glacier and fjord, show that it is difficult to observe where the ice and meltwater is flowing. 

However, from observations (previous communication Rottier, 1991) bergy bits were concen

trated on the western side of the fjord, suggesting a clockwise flow. Meltwater plumes emerging 
at the surface, next to the glacier face, can be observed in the satellite images. 

Three water masses could be distinguished in Cumberland East Bay. The first is the cold 
fresh meltwater at the surface close to the glacier face. The cold saline bottom water, characteristic 

of the Antarctic Convergence is found at the bottom of the fjord. A third, intermediate layer of 
water of salinity, 32.5 to 33.0, can be found in between the meltwater and the bottom water. The 

intermediate layer could be water that was at the surface outside the fjord at an earlier period, 
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heated by the atmosphere and has sunk on entering the fjord. In the T-S diagrams, intricate, small 

loops are observed in the bottom water for all the stations, which may be due to double diffusive 

mechanisms occurring. 

The bottom water found in the data, falls within the salinity range noted at the beginning 

of this section (section 5.4.1), but the temperature is colder than is typical of the Antarctic 

Convergence. The cooler water could be due to the east-bound Antarctic Circumpolar Current 

passing the west side of the Antarctic Peninsula, bringing cold Antarctic water and cold water 

from the Weddell Sea Gyre to the region. This process may produce the colder, l.5°C water 

mass encountered at the bottom of Cumberland East Bay. Also, the lower temperatures may be 

due to earlier mixing of the Antarctic Convergence around the coast of South Georgia, with fresh 

meltwater runoff from other fjords. There are numerous tidewater glaciers around the coast of 

South Georgia, all contributing low salinity, fresh water to the surrounding ocean. Cumberland 

Bay consists of Cumberland East Bay, which has fresh water input from the Harker and Hamburg 

glaciers, and Cumberland West Bay, where runoff occurs from the Neumeyer, Geikie and Lyell 

glaciers (figure 4.17). All these glaciers contribute further to the fresh water input of the area. 

5.5 Discussion and conclusions. 

Data from three fjords, Kongsfjorden, Krossfjorden and Cumberland East Bay have been 

presented. The same basic characteristics are seen throughout the three areas studied, although 

the detail of the temperature, salinity and density values vary. A layer of fresh meltwater is observed 

to spread out on the surface of the fjords, shallowing with distance from the glacier faces. Ocean 

water enters the fjords, sinking as it flows over the sill, being denser than the outflowing meltwater 

at the surface. The circulations are characteristic of two-layer fjord circulation discussed in section 

1.2. 

In Kongsfjorden warm water from outside the fjord produced an intermediate third layer in 

between the top layer of meltwater and the lower cold Norwegian Sea water. This layer was also 

observed in Cumberland East Bay. Three water masses were observed in all three studies. Two 

homogeneous masses, th~ surface meltwater and the deep ocean water at the bottom of the fjord, 

and an intermediate more heterogeneous layer. In the intermediate layer, surface water has been 

mixed down by external effects such as the wind, advection and diffusive mechanisms, and some 

entrainment of the fjord water below has occurred. The heat in the layer is due to it having been 

at the surface of the ocean at an earlier period outside the fjord and then sunk on entering the basin. 
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Matthews and Quinlan (1975) studied the oceanographic features of Muir Inlet, a fjord with 

tidewater glaciers in south-east Alaska and some similarities are observed with the data presented 

in this chapter. The meltwater at the surface, in the fjords studied here, shallowed out of the fjord 

as a function of distance from the glacier, shown by the temperature, salinity and density contour 

plots of the studies. Strong pycnoclines, haloclines and thermoclines were observed in the three 

studies, which compares well with the work in Muir Inlet. Water outside the sill, at depth, was 

denser than that at the same depth inside the fjords. The salinity at the surface nearest to the glacier, 

in the study carried out by the above workers, gave values of 13.9 in the month of July, 4 km from 

the glacier face, which had risen to 29.9 by November of the same year (1966); the bottom water 

had a salinity value of 31.5. The salinity values of Matthews and Quinlan are significantly lower 

than those encountered in the studies presented here, but the same structural characteristics in the 

water column were found for all the investigations. The values of temperature and salinity found 

by Matthews and Quinlan in their study, may be lower because of the larger input of fresh water 

runoff and meltwater from other glaciers in Muir Inlet. 

The layer of meltwater below the surface observed in front of Tinayrebreen (finayrebukta) 

in Spitsbergen (section 5.3), may be an example of a plume of meltwater forming a horizontal · 

current of inter-flowing meltwater below the surface, where the plume has reached neutral 

buoyancy; other origins may also be possible. The tongue could be a result of a sub-layer formed 

because of precipitation. Precipitation at an earlier stage could have formed a layer of fresher water 

over the meltwater, causing the meltwater to sink as it is more dense. After the period of pre

cipitation, new meltwater flows to the surface of the fjord from the glacier forming a meltwater 

layer. The phenomenon is characteristic of fjords where the evaporation is less than precipitation 

and runoffrates together, and has been observed in many Norwegian fjords (fchernia, 1980). The 

same sub-layer characteristic was observed by Walters et al. (1988) in their study of the effects 

of runoff and meltwater in front of a tidewater glacier in Columbia Bay, Alaska. They explain 

that during the high discharge period in late summer (analogous to the periods of field work in 

this chapter), the water mass is intermediate in density between the cold, salty, deep water and the 

warm brackish water further out in the bay. Hence, the inner basin water flows out of the fjord 

as a sub-surface layer, aliout 3 m below the surface and above the lower cold, salty water. As the 

season progresses, this sub-surface layer becomes a surface layer flow because of the lack of 

heating at the surface. The latter phenomenon is not observed in Kongsfjorden or Cumberland 

East Bay, probably because the experiments took place towards the end of the summer (August 

and December in the case of South Georgia), when surface heating had decreased. 

108 



No one dominant feature in the fjords is responsible for the overall circulation as discussed 

in section 1.2. From the experiments presented, observations show that the possible forces 

influencing the circulation are the tide, the wind, river and meltwater runoff, shear stresses set up 

between water layers, the Coriolis force, turbulence and entra,inment set up at the bottom and sides 

of the fjord (topographical effects). Buckley and Pond (1976) performed an experiment in Howe 

Sound, Vancouver, B.C. where they collected data .on surface water movement over a large area, 

over a continuous period of time. They concluded that wind was the overriding force in driving 

the surface layer flow in the fjord studied. In their work, the importance of time dependent data 

at one location is shown, enabling reasonable conclusions as to the importance of different 

influences, to be reached. The relevance of current meter data was demonstrated. Differences in 

deep source properties of the emerging plumes next to the glacier faces, the sill depths, the nature 

of the glacier face, and the rate of iceberg calving, all corn bine to effect the different characteristics 

encountered in fjords with tidewater glaciers at their heads. In Kongsfjorden, the wind was 

relatively calm throughout the period of the field work. The wind was not a major effect in the 

processes taking place in this region, except in figure 4.15 (section 4.2.3) - a windy day when no 

data were collected and an effect on the surface water of the fjord could be observed. 

A series of photographs over a 40 hour period monitoring the changing configuration of a 

glacier-derived, turbid surface meltwater plume taken in a small inlet on the west coast of Spits

bergen (Dowdeswell and Cromack, 1990) shows tidal forcing to be the dominant control on plume 

behaviour in the absence of strong winds. The plume spread over much of the inlet on the flood 

tide and was restricted to the north side of the inlet on the ebb tide. Dowdeswell and Cromack 

(1990) came to the conclusion that wind effects only became important when reaching speeds of 

5.9 ms-1 or more. In their study, the Coriolis effect was ignored. 

It is difficult to estimate the importance of tides. They act to cause instability, the degree 

of which varies seasonally, because of the amount of fresh water input to the fjord and the dif

ferences in density in and outside the basin. The tidal range at the poles is small, 1.5 m, compared 

to locations such as the west coast of Canada, where the tidal range is 6 m (Gilbert, 1978). A 6 

m tidal range could drive the complete circulation of a shallow (100 m) fjord frequently or con

tinuously throughout the· year. Therefore, it is concluded that the tidal influence in the study areas 

discussed in this chapter are small. For a more comprehensive study of the tidal effects, time 

dependent data and time dependent calculations of the wind drag over the water, such as those 

made by Buckley and Pond (1976) in their study of wind and surface circulation ofa fjord, discussed 

earlier in this section, are needed. 
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No one dominant feature in the fjords is responsible for the overall circulation as discussed 

in section 1.2. From the experiments presented, observations show that the possible forces 

influencing the circulation are the tide, the wind, river and meltwater runoff, shear stresses set up 

between water layers, the Coriolis force, turbulence and entra,inment set up at the bottom and sides 

of the fjord (topographical effects). Buckley and Pond (1976) performed an experiment in Howe 

Sound, Vancouver, B.C. where they collected data on surface water movement over a large area, 

over a continuous period of time. They concluded that wind was the overriding force in driving 

the surface layer flow in the fjord studied. In their work, the importance of time dependent data 

at one location is shown, enabling reasonable conclusions as to the importance of different 

influences, to be reached. The relevance of current meter data was demonstrated. Differences in 

deep source properties of the emerging plumes next to the glacier faces, the sill depths, the nature 

of the glacier face, and the rate of iceberg calving, all combine to effect the different characteristics 

encountered in fjords with tidewater glaciers at their heads. In Kongsfjorden, the wind was 

relatively calm throughout the period of the field work. The wind was not a major effect in the 

processes taking place in this region, except in figure 4.15 (section 4.2.3) - a windy day when no 

data were collected and an effect on the surface water of the fjord could be observed. 

A series of photographs over a 40 hour period monitoring the changing configuration of a 

glacier-derived, turbid surface meltwater plume taken in a small inlet on the west coast of Spits

bergen (Dowdeswell and Cromack, 1990) shows tidal forcing to be the dominant control on plume 

behaviour in the absence of strong winds. The plume spread over much of the inlet on the flood 

tide and was restricted to the north side of the inlet on the ebb tide. Dowdeswell and Cromack 

(1990) came to the conclusion that wind effects only became important when reaching speeds of 

5.9 ms-1 or more. In their study, the Coriolis effect was ignored. 

It is difficult to estimate the importance of tides. They act to cause instability, the degree 

of which varies seasonally, because of the amount of fresh water input to the fjord and the dif

ferences in density in and outside the basin. The tidal range at the poles is small, 1.5 m, compared 

to locations such as the west coast of Canada, where the tidal range is 6 m (Gilbert, 1978). A 6 

m tidal range could drive the complete circulation of a shallow (100 m) fjord frequently or con

tinuously throughout the.year. Therefore, it is concluded that the tidal influence in the study areas 

discussed in this chapter are small. For a more comprehensive study of the tidal effects, time 

dependent data and time dependent calculations of the wind drag over the water, such as those 

made by Buckley and Pond (1976) in their study of wind and surface circulation of a fjord, discussed 

earlier in this section, are needed. 



The water characteristics vary with the geometry of the fjord. Better vertical exchange due . 

to wind and tidal mixing are expected in a shallow fjord. The results from Kongsfjorden compare 

better with those presented by Walters et al. (1988), compared to those of Matthews and Quinlan 

(1975). Kongsfjorden is a shallow fjord with a shallow sill, like that studied by Walters et al. 

(1988). The effect of the meltwater at the surface of the fjord is more apparent in Kongsfjorden, 

compared to Cumberland East Bay (a deeper fjord), suggesting that larger amounts of meltwater 

were issuing into Kongsfjorden. Internal waves, possibly generated by tidal flow around topo

graphical features, may provide an energy source for mixing within the layers of the water column 

(section 1.2). These interactions are more significant in a shallow fjord. A mechanism for the 

mixing occurring due to the presence of the bottom and sides of the fjord has been discussed by 

Woods (1991). 

The deep water in a fjord is renewed when the density of the water outside the sill is greater 

than that inside the basin. The tidal effect enhances the water exchange over the sill (Matthews 

and Quinlan, 1975). Maximum density differences between the inside and the outside of the fjord 

at sill depth occur in the winter. All of the fjords studied in this chapter are relatively shallow 

(Muench and Heggie, 1978) and evidence for residual ocean water at the bottom of the inner basins 

are lacking. No seasonal experiments have been performed by the author. The latter would be 

an appropriate field study to undertake in the future. 

The results of using the dynamic method to show the circulation for Kongsfjorden in section 

5.2.2 show that the Coriolis force affects the fjord circulation. The overall relative current velocity 

was in a northward, anti-clockwise direction, which is consistent with the direction of geostrophic 

flow. Although, at the boundaries, near the bottom and at the surface of the fjord, the velocity 

shears were high. At the bottom of the fjord, the interaction of the tide with topography, such as 

the sill and the Lovenoyane, within the basin, may cause internal currents, which in turn can cause 

mixing to take place. The shallow regions where the CTD transects on the 4th and 141h August 

were taken, are good examples of the importance of topography on the circulation on a local scale. 

At the surface, the shear values are expected to be larger, due to the high shear between the surface 

of the ocean and the atmosphere. The large values were confirmed in section 5.2.2. 

An important aspect of the work in this chapter is that CTD transects parallel to the glacier 

face in Kongsfjorden (section 5.2) were performed, showing runoff of meltwater to be deeper on 

the northern side of the fjord. From a review of the literature, it appears that similar observations 

have not been observed and such transects not undertaken before in a fjord with a tidewater glacier 
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present. Studies in other fjords with and without tidewater glaciers would be interesting as 

comparisons. The observations reveal the importance of the geostrophic force on the fjord and 

the mixing processes that are taking place within the environment. 

Many problems were encountered during the field work. First, the echosounder ceased to 

function within the first two days, thus, the planning of the CTD casts was more ambiguous than 

they might have been. The GPS system was sometimes slow to respond, hence a position fixing 

was difficult to obtain. A position fixing was a particular problem in the early part of the afternoon, 

when location of one of the satellites was haphazard. Drifting during a cast was a problem, 

particularly on slightly breezy days. 

During some CTD casts, the current at depths dragged the CTD out at an angle from the 

boat. The angle was a greater problem for some of the deeper casts, but was solved by adding an 

additional 10 kg weight to the bottom of the CTD probe. 

At the beginning of a cast, sometimes, it was difficult to obtain good resolution of data as 

winching the probe slowly, was arduous. The effect can be observed in the T-S diagrams showing 

a straight line at the start of some of the profiles. On several occasions the CTD probe was winched 

up to the surface of the water and then steadily winched down, to start the profile in order to obtain 

better resolution. 

A current meter would have been an advantage throughout the experiments, making the 

oceanographic data set more complete. As a consequence, the identification and origin of water 

masses would be more precise. From current meter profiles, it is possible to calculate the volume, 

salt and heat fluxes. Reasonable estimates of the meltwater flux input to the fjord could be obtained 

(with the aid of river gauges). A more detailed continuous monitoring of the meteorology data 

during the season would have been useful for more thorough analyses. 

A discussion , of the model results of chapter three and the field data presented in this chapter 

is given in chapter seven. 
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Notation. 

f 
g 

p 

Po 

ap 

ax 

V 

X 

y 

z 

A list of symbols used in this chapter is given below, for reference purposes. 

Coriolis parameter. 

Acceleration due to .gravity. 

Pressure. 

Mean density of the fluid. 

Density gradient in the horizontal x direction. 

Velocity in they direction. 

Horizontal direction. 

Horizontal direction at right angles to the x direction. 

Vertical direction (depth). 
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Chapter Six. 

The Mixing Induced by the Fluid Released 

Near the Closed .End of a Two-dimensional 

Channel. 

6.1 Introduction. 

In chapters two and three the flow of a turbulent forced plume emerging at the base of a 
glacier face at the sea floor, was modelled and simulated, by assuming that the flow ascended as 
soon as it emerged from the conduit at the base of the vertical ice face. The horizontal flow or 
angled flow of the conduit beneath the glacier (section 1.2.1 and figure 1.2) was not considered. 
At the peak of the melt season, as the flow emerges from beneath the ice, the plume can be 
approximately horizontal and is in contact with the sea floor. It can continue to flow horizontally 
for distances which can be as much as six times the diameter of the outflow (Powell, 1990). This 
trajectory depends on bottom friction, jet velocity, the suspended sediment, the entrainment rate 
of ambient water and the size of the mouth of the outlet from where the plume is being extruded. 
At the end of this jet, gravitational forces become larger than inertial forces and the flow becomes 
that of a buoyant plume, which starts to rise. If the conduit providing the outflow beneath the 
glacier is inclined, then the jet will flow away from the mouth according to the inclination (section 
1.2.1 ). At high stream discharges, an initial jet dominates and the current may be driven by inertia 
up to 100 m from the glacier face before separating from the bottom, while for lower discharge 
velocities the buoyancy forces dominate more quickly and the flow rises up immediately next to 
the glacier face as a pure plume (section 1.3, figure 1.2). 
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The purpose of this chapter is to model, in the laboratory, the processes taking place between 
a vertical ice face and the flow of a plume of fresh water originating from underneath the ice, tilted 
upwards some distance away from a glacier face. A two-dimensional model is appropriate in this 
case as the plume is wide laterally, as it emerges into the ocean. In unstratified surroundings the 
plume spreads out as a gravity current at the surface, away from the face as shown in figure 6.l(a) 
and a filled region between the plume and the ice face develops. Plumes and gravity currents were 

discussed in section 1.3. 

Similar processes can occur (i) if sewage is discharged from a submerged pipe as a 
two-dimensional flow into a standing body of water, and (ii) in tunnels and industrial pipes, where 
gas leaks and fires can occur. The position of the sources of gas or smoke may be near an end 
wall (figure 6.lb) and, for safety purposes, it is of interest to know the rate of spread and con
centration of the gas or the smoke. The flow is also analogous to methane leaks in mines say, 
where the source is less dense than the environment and may leak from the floor of the mine. 

The flow outlined above is related to the 'filling-box' mechanism described by Baines and 
Turner (1969), in which buoyant fluid is released from a source at the base of a closed container 
(figure 6.2) (section 1.4.3). A buoyant plume develops above the source of buoyancy and when 
this plume has reached the top of the tank, it spreads out as a buoyant intrusion. Since the buoyant 
plume entrains ambient fluid, in a closed container such as this, a downward return flow surrounding 
the buoyant plume develops in order to conserve volume. Therefore, all the fluid outside the plume 
moves down and ultimately is entrained into the plume. As a result the region outside the plume 
becomes stably stratified. 

In the present problem, the situation is somewhat more complex since the 'filling-box' 
process only occurs on one side of the plume. As the plume descends from the source and reaches 
the lower boundary, the dense fluid initially spreads out equally in both directions, as two gravity 
currents. On the confined side the gravity current reaches the end wall of the tank and then the 
level of dense fluid on that side begins to rise. The confined side behaves like a 'filling box', and 
the region stratifies, with density increasing with time. As a result the pressure at the tank bottom 
is greater on the confined side than on the open side, and this pressure gradient provides a force, 
which diverts the plume outflow into the gravity current on the open side. 

Therefore, with increasing time, a growing proportion of the buoyancy flux flows out into 
the open-side gravity current. Eventually, all the buoyancy flux is diverted into this current and 
the filling box mechanism on the confined side stops, and a steady state is reached. In order to 
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Ambient fjord 
water 

Pipe or tunnel 

Fresh meltwater 
extruding from 

beneath the glacier 

Plume of smoke 
or gas leak 

(a) 

(b) 

Tidewater 
glacier 

End wall .. I 

Figure 6.1. Environmental examples of a vertical buoyant plume close to a vertical face. 
(a) Plume of meltwater emerging from beneath a tidewater glacier at the head 
of a fjord. (b) Gas leaks or smoke from a fire in pipes or tunnels. 
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Diagram of the 'filling-box' model from Baines and Turner (1969). The motion 
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plume and the position of the first front marked at two times, are shown. 
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accommodate this increased buoyancy flux, the depth of the open-side gravity current increases 

until it reaches the maximum permitted value of approximately one half of the total depth (Ben

jamin, 1968). 

In a fjord environment the source fluid would be less dense than the surrounding environment 

and emerges at the base of a glacier. However, the process is identical to the laboratory experiments, 

except that the source was suspended at the surfac~ of the water and the buoyancy of the plume 

is reversed. This reversal is legitimate when the plume is Boussinesq i.e., density differences are 

small compared to the mean density. 

c, 

Figure 6.3. 

h' 

u 

c1 

d -

Two-dimensional flow of a dense layer. 

Benjamin (1968) showed that for a two-dimensional gravity current in a horizontal container 

with fixed upper and lower boundaries, the thickness h' of the receding stream is half the total 

depth d between the boundaries, where energy conservation holds and the flow is irrotational 

(figure 6.3). He showed how the balance of the flow force (momentum flux plus pressure force) 

between the approaching and receding parts of the stream determines the values of h '/d and 

c1/(g'd)1
{}., the Froude number of the flow; where c1 is the velocity of the flow andg' is the reduced 

gravity. The pressure variations with depth were assumed to be hydrostatic and the flow was 

assumed steady. Application of continuity and Bernoulli's theorem were carried out along the 

interface between the more dense and less dense fluids, down to the stagnation point O (figure 

6.3). Theresultthath' = d/2establishes that a uniform gravity current can progress steadily without 

energy loss, only if it fills half the space originally occupied by the lighter fluid. It was found that 

the Froude number/= c.;J(g'h ')1
{}. = VZ for the receding flow, where c2 is the velocity of this flow. 

The case of h' > d/2 would occur if there were significant energy losses, and the case where h' < d/2 

would be impossible since an external supply of energy would be needed to sustain the flow. For 

a gravity current flow of velocity U, with no friction and maintaining half the depth of the flow 

h' = d/2, the Froude number has a value of lr/2, (U = 1/VZ(g ' ( d - h ') )1
{}.); energy being lost in 

115 



the hydraulic jump at the head of the flow. Benjamin's results are for a reference frame fixed with 
respect to the gravity current. The latter solution is relevant to the experiments presented in this 
chapter, and gravity current experiments in which a partition initially separating salt and fresh 
water is suddenly withdrawn (the lock-exchange problem), each fluid then advances into the other. 

A series of experiments was performed to investigate the factors controlling the physical 
properties of the filled region and the gravity current. In the first sequence of experiments, the 
line source was located at different distances from the end wall, with the distance to the opposite 
end wall of the tank being much longer. Secondly, a series of experiments was performed in which 
the density contrast between the input and ambient fluid was varied, while the volume flux and 
the distance of the source from the wall were kept constant. A similar set of experiments were 
then carried out, but with the source placed at the wall. In the final series of experiments the height 
of the source was varied, keeping the distance of the source from the end wall, the density and the 
volume flux of the source constant. 

In each experiment a steady state flow configuration was established after about 5 - 6 minutes. 
After this time, the gravity current flowing away from the end wall, was found to be approximately 
one half the depth of the layer (the relatively dense source was always placed at the surface of the 
fresh water in the tank for all the experiments). Since the plume entrains ambient fluid, and this 
entrained water is fed into the gravity current together with the source fluid, by conservation of 
volume a return flow is produced in the fresh water above the gravity current. This causes the 
plume to lean over towards the vertical wall at an angle which was found to depend upon the 
buoyancy of the flow. The tilting enables the plume to entrain a sufficient amount of ambient 
fluid to become so dilute that the gravity current can attain approximately half the height of the 
source (figure 6.4) 

A simple physical model is tested with quantitative experimental results. Comments on the 
limitations and applications of the experiments and the theory are made. 

6.2 Experimental procedure. 

An outline of the a.pparatus used in the experiments will now be explained. Methods of 
visualising the flow and taking measurements will then be described. 
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Ambient water Plume Position of source 
/ 

(i) Symmetric plume at beginning 

of experiment, similar to problem studied 

by Linden and Simpson (1990). 

' End wall 

Gravity current 

Figure 6.4. 

t t t 

J 

(ii) Experiment after time t. The filling-box 

next to the end wall develops 

and the plume starts to lean at an angle. 

More of the plume starts to flow out in the 

gravity current to the left. 

(iii) Some time t' later; the filling-box 

fills to the level of the source 

and steady state is reached. At this point, 

all of the plume fluid is flowing out 

in the gravity current. The plume is leaning 

at its greatest extent. 

Schematics showing the development of the steady state region next to the wall. 
The gravity current flows out at approximately half the height of the source, 
observed at steady state in (iii). 



6.2.1 Apparatus. 

The experimental set-up is shown in figure 6.5. A perspex tank 7.0 m long, 26.0 cm wide 
and 47.0 cm deep was used. The tank was filled with fresh water. A line source made of perspex 
tube, with vertical holes on its underside (spaced 1.0 cm apart and 1.5 mm in diameter) supplied 
saline dense fluid to feed the two-dimensional plume. The line source is shown in figure 6.6(a 
and b ). The tube was 1.0 cm in diameter, the holes extending along the length of the tube, 
including a hole at each end so that the line plume extended across the width of the whole tank. 
The tube was wrapped in a thin layer of foam (2.0 mm thick) to distribute the flow evenly along 
the length, and this produced a well distributed line plume for the experiments. The dense solution 
was fed to the source from a reservoir above the experimental set-up, and the flow rate was 
monitored by means of a flow meter. The line source was placed at the surface of the water in 
the tank. 

The 7.0 m long tank was sufficiently long so that the flow near the plume reached a steady 
state before the gravity current in the outflowing region reached the far end wall. When the 
outflow reached the far wall the experiments were stopped. 

6.2.2 Experimental flow visualisation. 

The flow was observed using the apparatus shown in figure 6.7. In order to obtain uniform 
illumination, light, shone onto mirrors, was reflected onto a translucent screen fixed to the back 
of the perspex wall of the tank. This was necessary so that density measurements throughout the 
flow could be made using the digital image processing system Digimage (Dalziel, 1993). In 
order to follow the path of the flow the saline plume was dyed red. During the experiments, 
green dye was added at different points in the tank in order to visualise the flow and measure 
current speeds. 

Each experiment was recorded using a video camera placed in front of the tank. It was 
important to place the lighting and the camera as far away from the experimental set-up as possible 
so that the light beam from the light source was parallel, minimizing parallax in the recorded 
image. The digital video -analysis uses the video recordings of the experiments in which the 
saline source fluid is dyed red and the ambient fresh water is clear; variations in the red dye 
intensity correspond to variations in density. 
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Figure 6.6. 
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from reservoir 
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Holes 1.5 mm in diameter 
along base of line source 
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Perspex line 
-- source 

Outer foam layer 
distributing the plume 

(covers holes) 

Wall of perspex 
line source 

Schematic diagram showing the line source used to supply the dense fluid in the 
tank throughout the experiments. (a) Line source showing the holes along the 
base of the perspex tube and the feeders for the dense fluid from the reservoir. 
(b) Cross-section of the line source showing the surrounding foam layer used to 
distribute the plume. 
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Figure 6.7. Set-up of apparatus for flow visualisation using a video camera, hence image 
processing could be performed for density measurements. 
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6.2.3 Density measurements. 

Several methods to measure density accurately were used throughout the experiments, 

depending on the accuracy needed and also as verification of measurements. The examples 

described in this section are the refractometer, used for measuring the density of the source salt 

solution at the start of the experiments for which high accuracy was not paramount; the Anton 
Paar electronic density meter, which gives very accurate readings; and digital video analysis 
which gave very good overall visualisation of the density throughout the flow. Another method 

by which the density could be measured is by using a conductivity probe, but this was not used 

in the experiments carried out. 

The refractometer was used to measure the buoyancy of the source salt solution giving 

rapid measurements. The refractive index of the solution is measured as light passes through a 

droplet placed on the glass cell of the refractometer. The scale viewed gives readings of both 

salinity (parts per thousand - ppt) and the refractive index, which can then be looked up in tables. 
This method is accurate to within 0.5 x 10-3 gcm-3 (0.05 %). 

The Anton Paar density meter is about 3000 times more accurate than the refractometer 
and uses the measurement of the resonant frequency of a known volume of the solution compared 

to that for distilled water, from which the density of the solution in question can be found. I used 
this method in order to measure densities of samples taken from the experiments with a syringe, 

using these values then to calibrate the digitised images as explained below. 

Once a video of the experiment has been made, a frame can be grabbed and the variations 

in the background illumination can be removed by dividing the intensities of the picture by those 
of the background. The video picture is divided into a grid of pixels, each pixel having a value 

betweenO (black) and 255 (white). The same amount of dye was used throughout the experiments. 
The measured intensity varies with the thickness of the dyed region. The mean density, which 

is an integrated measurement on a line through the flow between the transmitted light source and 
the camera, perpendicular to the flow in the experiment, is measured. Samples were taken at 

points using a syringe during the experiments, and their densities, calculated using the Anton 

Paar density meter, were used in the calibration at those points. 

The calibration is shown in figure 6.8 and is exponential as expected. In the region of 
interest, between 255 and 16.8 pixel intensity (the densest region, black, never quite reaches zero) 
the calibration is shown to be near linear. A good calibration was obtained. 
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6.3 Experiments: qualitative and quantitative observations. 

In this section, the qualitative features of the experiments are first described. Then, a 

quantitative discussion of the different sequences of experiments is given, to identify the factors 

which control the process. 

6.3.1 Qualitative description. 

Initially, the buoyant plume descended to the bottom of the tank and the flow spread out 

symmetrically to the left and right as gravity currents (figure 6.9). This phase was similar to the 

experiments performed by Linden and Simpson (1990), but their source was positioned far from 

the end walls so the new effects resulting from the end wall, described here, did not develop over 

the time scales of their experiments. When the gravity current on the side closest to the vertical 

end wall reached the wall, it was arrested and this side started to fill in a similar fashion to a 

'filling box' (Baines and Turner, 1969) (figure 6.9). As the plume fluid gradually filled the 

confined region, the plume became progressively more inclined towards the wall. When the 

filled region was nearly as deep as the source, the plume was tilting at its greatest extent (figure 

6. 9), and, as the system reached steady state, the height of the outflowing gravity current converged 

towards one half the depth of the fluid (figures 6.9(iv) and 6.10). 

Injection of dye into the filled region suggested it was almost static once steady state had 

been reached. All the fluid in the base of the plume appeared to flow into the gravity current. 

This produced a return flow in the ambient fluid which was entrained into the plume. The flow 

was observed by injection of green dye. The relatively small dispersal of dye injected into both 

the gravity current and the return flow suggest that they were both approximately uniform inertial 

currents. 

6.3.2 Controlling factors. 

A series of experiments was performed to determine which features controlled the flow. 

In the first set of experiments, the variation of the flow between the source and the wall as the 

distance of the source from the wall was increased from experiment to experiment, was 

investigated. The height of the source was kept constant, at 22.5 cm, and the buoyancy was 

constant, 34.0 ppt (equivalent to typical salinities in the ocean). 
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Figure 6.9. 

(i i) 

(ii i) 

(iv) 

Photographs showing the fi I ling of dense fluid between the plume and the vertical 
wall. (i) shows the initial symmetric flow of the plume and the gravity current; 
the problem investigated by Linden and Simpson (1990). (ii) and (iii) show the 
angle of inclination decreasing to the horizontal as the input buoyancy of the 
plume increase..,;;. The salinities of the input plume are as follows: (ii)=40 and 
(iii)=80. (iv) shows the flow to be inertial by the green dye profile in the return 
flow above the red dyed gravity current. Also steady state has been reached here 
and the gravity current is approximately half the height of the source. 
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Graph showing the height of the gravity current as a function of time. Depth 
of the source in the tank, in this case, was 24.5 cm. The height becomes constant 
at approximately half the source height, once steady state has been reached. 
This is for a source placed away from the wall. 
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Once a steady state has been attained so that the buoyancy flux of the gravity current equals 

the source buoyancy flux (figure 6.11), it was found that (i) the volume flux and (ii) the speed 

of the gravity current do not depend upon the distance of the source from the wall (figure 6.12 

(a and b)). The source buoyancy flux was found by measuring the source volume flux Q0 and 

the reduced gravity of the source g0'. Equivalently, the buoyancy flux of the gravity current was 

found from the volume flux Q2, and the reduced gravity g2' of the gravity current; Q2 is the product 

of the speed and depth of the gravity current. Furthermore, the volume flux measured at the base 

of the plume is very similar to that in the gravity current (figure 6.13) confirming observations 

that all the fluid in the plume enters the gravity current. Finally, in the digitised images of the 

flows of figure 6.14, the densities of the gravity current at the base of the plume and in the region 

between the plume and the vertical wall, are nearly equal. 

The second series of experiments was carried out with the source kept at the same position, 

33.3 cm from the vertical wall, at a height of 22.5 cm in the tank and the strength of the source 

of buoyancy was varied. The angle of the plume to the horizontal, 8, was found to decrease as 

the buoyancy flux increases (figure 6.15). 

The third set of experiments were carried out with the source located at the wall, at a height 

of 22.5 cm, with varying source buoyancy fluxes. In these experiments the height of the out

flowing gravity current was constant, about 6.6 cm. As with the experiments of Linden and 

Simpson (1990), no filled region formed. The gravity current produced by the plume positioned 

at the wall was strikingly different to that in which the source plume was positioned away from 

the wall. In the first case, the gravity current was concentrated and thin whereas for the case 

with the source plume away from the wall, the gravity current was more dilute and deeper (figure 

6.14). In order that the steady gravity current flows out at half the layer depth, the line source 

must be located far enough from the wall that the plume can tilt and entrain enough fluid to 

become sufficiently dilute. This critical distance appears to be approximately equal to the depth 

of the fluid. If the source is closer to the end wall, then the gravity current is shallower and more 

saline. 

Finally, a fourth set of experiments were performed in which the source was located 33.3 

cm from the vertical wall, the buoyancy flux was held constant and the depth of the source (fluid) 

in the tank was varied from 10 - 30 cm. It was observed that the height of the gravity current 

was always approximately half the depth of the fluid, shown in figure 6.16. The angle 8 of the 

plume was found to be constant, about 44° to the horizontal. 
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a 

Figure 6.14. Digitised images of the plume at different distances from the wall. Shading represents 
density, where the scale goes from black/red which is dense fluid and pink, which is 
less dense. The densities at the base of the plume and in the filled region next to the 
wall are equal to that of the outflowing gravity current, at steady state. (Some parallax 
was unavoidable at the comers of the images and should be ignored.) Captions (a-g) 
show the source first at the wall and then at varioU:s distances from it: a = at wall, b = 8.5 cm, c = 28.5 cm, d = 38.5 cm, e = 43.5 cm, f = 48.5 cm, and g = 53.8 cm. 
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The source volume flux was kept constant throughout all the experiments presented and 
was set at 0.43 cm2s-1

• This was chosen so that friction had little effect upon the gravity current 
for the first 100 - 200 cm of its motion along the channel, where the Reynolds number was 
estimated to be of the order of 1000. For this flow, during the first 100-200 cm, the gravity 
current moved approximately as a plug flow, with little vertical shear in the velocity profile, as 
confirmed by dye experiments. Hence, friction did not have a dominant effect upon the gravity 
current during the times of interest. 

In summary the flow produced in the experiments consisted of the descent region of the 
forced plume produced by the steady source of buoyancy, the horizontal gravity current flowing 
away from the plume (the outflow region), and the filled region between the plume and the vertical 
wall. A summary of the experiments is given in table 6.1. 

Experiment Parameter varied. Parameters kept constant. 
sequence. 

1 Distance of source from wall. Source volume flux. 

Source height = 22.5 cm. 

Source buoyancy = 34.0 ppt. 

2 Source buoyancy (salinity). Source volume flux. 

Source distance from end wall 

= 33.3 cm. 

Source height = 22.5 cm. 

3 Source buoyancy (salinity). Source volume flux. 

Source kept at wall. 

Source height = 22.5 cm. 

4 Source height. Source volume flux. 

Source distance from end wall 

= 33.3 cm. 

Source buoyancy = 34.0 ppt. 

Table 6.1. Summary of the experiments performed, the parameters varied and the parameters 
kept constant. 
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6.4 Simple theory of the flow regime. 

A steady state model of the flow is now developed. The results are compared with the case 
of a source located at the wall. The latter problem being analogous to that studied by Linden and 
Simpson (1990). For reference, in figure 6.17, a schematic of the volume and buoyancy fluxes 
for the flow regime is presented. In the figure, g0' is the reduced gravity of the input fluid; g0' = g Ap 

p 
where g is the acceleration due to gravity, 8p is the difference in density between the plume and 
the ambient water in the tank and p is a reference density of the ambient water. Q0 and Q~0' 

denote the input volume flux and initial buoyancy flux, respectively. QA and QAgA' are the volume 
flux and the buoyancy flux of the return flow, respectively, where g/ = 0. Qp and Qpgp' are the 
volume flux and buoyancy flux entrained into the plume from the filled region next to the wall, 
respectively. Q1 is the volume flux at the base of the plume and Q2 is that of the outflowing gravity 
current. gi' is the reduced gravity at the base of the plume and g2' is the reduced gravity of the 
outflowing gravity current. 

6.4.1 Conservation of volume. 

In most of the experiments, the input volume flux Q0 was much smaller than the measured 

fluxes QA, Q2 and Q1• Therefore it has a negligible effect upon the volume flux in the plume and 
so it can be neglected in the following theory. In steady state, the global conservation of volume 
may thus be expressed as 

(6.1) 

Conservation of volume in the plume may be expressed as 

(6.2) 

6.4.2 Conservation of buoyancy. 

In steady state, the global conservation of buoyancy may be expressed as 

(6.3) 
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where B0 = Qc,g0' and is the input buoyancy flux. As was shown earlier in figure 6.11, this was 

indeed the case once steady state had been attained. 

In the plume, the conservation of buoyancy may be written 

(6.4) 

Analysis of the digitised images of several experiments (figure 6.14) reveals that the density of 
the gravity current, the fluid at the base of the plume and the fluid in the filled region are very 

similar. 

(6.5) 

From the experiments, the confined region was nearly static implying that Qp""'O. Hence, it follows 

from equations (6.2), (6.4) and (6.5) that 

(6.6) 

and 

(6.7) 

These simple conservation laws were confirmed by direct measurement of Q1 and Q2 in a 

number of experiments. As discussed in section 6.3, it was found that Q1 and Q2 were within 
5% of each other and therefore agree to the limits of the experimental accuracy (figure 6.13, 
earlier). 

6.4.3 The gravity current. 

Following the work of Simpson (1982), the gravity current is expected to have speed 

U = cy(g2'h), (6.8) 
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where c is a constant and h is the depth of the outflowing gravity current. The buoyancy flux in 

the gravity current is given by 

(6.9a) 

assuming that the density of the gravity current is of uniform density (fig. 6.14), and so from 
equations (6.3) and (6.8), it follows that 

B ( 'h)312 u3 
o""C g2 = - 2 • 

C 

(6.9b) 

Therefore, the speed of the gravity current is expected to scale as BJ13
• This prediction is 

consistent with the experimental data (figure 6.18) in which U as a function of BJ13 has been 
plotted. The slope has value 1.0 ± 0.1, and it is found that 0.85 s c s 1.15. Although the gravity 
current and return flow have some similarities with the classical lock exchange problem (Ben
jamin, 1968), the speed predicted by the lock exchange theory, u .... ~...fi'ii,, implies c-0.7. This 
value of c is smaller than the values observed in the experiments here. These results are a 
consequence of the free surface. Because of the free surface, the lower current has characteristics 
of a gravity current as compared to the confined lock exchange process. 

In steady state the rate of change of momentum flux of the gravity current and the ambient 
return flow is balanced by the pressure force set up by the plume and the filled region between 
the plume and the wall. Assuming that the density is uniform in the outflowing gravity current 
and also in the filled region next to the wall, then the integral of the horizontal momentum equation 
can be written 

pU2h + p V';(H - h) = g ~p( (H ; h )2 + (H - h )h) + F , 
(6.10) 

where 

(6.11) 
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is the velocity of the return flow and F(> 0) represents the net horizontal momentum flux 

associated with any weak flow and stratification in the filled region. L\p is the difference in 

density between the dense outflowing gravity current and the fresh water in the return flow above, 

and p is the density of the fresh, return flow water. See appendix D for the derivation of equation 

( 6.10) with the application of Bernoulli's theorem. Figure D-1 in this appendix shows the relevant 

parameters. 

Combining equations (6.8), (6.10) and (6.11) and assuming F is negligible, from the 

observation that the filled region was quiescent, the relationship between c and h/H can be 

obtained (appendix D) as follows 

2 =!_(H-h)(h+7) 
C h h 1+ _h_ . 

H - h 

(6.12) 

The height of the gravity current (h/H) as measured in the laboratory (figure 6.16) has 

value 0.5 ± 0.05 and so from the momentum balance equation (6.12) c is expected to lie in the 

range 0.79 s c s 0.94. Within the experimental error, this is consistent with the measured value 

of c, 0.85 s c s 1.15 (figure 6.18). Furthermore, if F is non-zero, then c is larger than predicted 

by equation (6.12) improving the agreement in the estimates of c. Note, this is very different to 

the case in which the plume is located at the wall, where the depth of the current has been found 

to be approximately ~ the height of the source (Linden and Simpson, 1990). 

It was found that for a given flow rate the angle of inclination of the plume to the horizontal 

decreases as the buoyancy flux is increased (figure 6.15). For a given volume flux, as the source 

buoyancy increases, the initial outflow becomes more plume like (Linden and Simpson, 1990). 

It is also interesting to note that the source must be located sufficiently far from the end 

wall that the plume can attain the requisite inclination without interacting with the wall; otherwise, 

the plume behaves partially as a wall plume. In order that the filled region can develop, the plume 

should be located a distanceX ~ H from the wall. The distance of the source from the end wall 

also effects the time for the filled region to reach steady state. 
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6.4.4 Comparison with end wall sources. 

In table 6.2 below, the results found in the work presented in this chapter are compared 

with the results found by Linden and Simpson (1990, Table 2) for a plume at an end wall. Note 

that their approximations of their numerical coefficients have been revised, in order to conserve 

buoyancy. 

Parameters found from experi- Comparison of parameters 
ments presented in this chapter. found by Linden and Simpson 

(1990, Table 2). 

h-0.SH h-0.23H 

U-Bi13 U-Bi13 

g ' .... 2(B 213)/H g'-4.3(B 213)/H 

Table 6.2. Comparison of experimental results with those found by Linden and Simpson 
(1990). 

It is remarkable that changing the location of the source of buoyancy can change the 

properties of the spreading current so dramatically. The filled region next to the wall dilutes the 

current by a factor of two (figure 6.19), the speed is the same and the depth is almost doubled. 

6.5 Conclusions. 

A series of experiments has been performed to investigate the effect of placing a line source 

of buoyant fluid at an elevated point in a tank of uniform fresh water. The distance of the source 

from the vertical wall was varied as were the buoyancy flux and the depth of the fluid. In the 

experiments a filled region developed between the source of buoyant fluid and the wall, and a 

gravity current spread into the open side of the channel from the base of the plume. 

The distance of the source from the end wall and the size of the filled region next to the wall 

had no effect on the steady flow regime. In steady state the flow was controlled by the gravity 

current running out in the outflowing region at approximately half the height of the source, pro

ducing a return flow in the fresh water above. As the filled region reached steady state, nearly all 

of the plume fluid moved out in the gravity current and the density in the filled region was equal 

to that of the gravity current. As the buoyancy increases, the plume becomes inclined so that a 

greater distance was provided for entrainment. 
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The experiments carried out in this chapter are quite different to that in which the source 

was positioned at the wall. In that case, the height h of the gravity current is much smaller. As 

the buoyancy flux is varied the relative dilution of the plume away from the end wall increases. 

When the plume impinges on the base of the tank, a hydraulic jump is set up, which can be seen 

in the digitised images of figure 6.14. Mixing takes place at this point, causing some ambient 

fluid to be entrained into the gravity current, although the current still remains more concentrated 

than when the source is located away from the end wall. From the experiments performed in this 

chapter, good results have been obtained. Verification by a simple theory of the flow regime in 

section 6.4 has been carried out successfully. 

Since the current is much more dilute when the source of buoyancy is located away from 

the end wall, the process described in this chapter may be useful for diluting the concentration of 

gas in a situation of danger. However, the rate of spread of the current is not affected by the filled 

region. 
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Notation. 

A list of symbols used in this chapter is given below, for reference purposes. 

Bo Source buoyancy flux. 

B2 Gravity current buoyancy flux. 

c A constant (Froude number). 

c1 Velocity of total flow ahead of a gravity current. 

c2 Velocity ofreceding flow above a gravity current. 

d Depth between upper and lower boundaries of a horizontal container. 

F Net horizontal momentum flux associated with any weak flow in the filled region. 

f Froude number in Benjamin's (1968) analysis. 

K Acceleration due to gravity. 

K' Reduced gravity of fluid. 

Ko' Reduced gravity of the source fluid. 

Ki' Reduced gravity at the base of the plume. 

K2' Reduced gravity of the outflowing gravity current. 

KA' Reduced gravity of the return flow. 

K/ Reduced gravity of the filled region. 

H Depth of the filled region. 

h Depth of the outflowing gravity current. 

h' Depth of receding layer above a gravity current. 

Q0 Volume flux of the source. 

Q1 Volume flux at the base of the plume. 

Q2 Volume flux of the outflowing gravity current. 

QA Volume flux of the return flow. 

Qp Volume flux of the filled region, entrained into the plume. 
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p Mean density of the gravity current and the filled region. 

Ap Difference in density between the plume and the ambient environment. 

U Velocity of the gravity current. 

VR Velocity of the return flow. 

X Horizontal distance from the vertical wall. 
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Chapter Seven. 

Summary and Conclusions. 

7.1 Introduction. 

In this chapter, comparisons, discussions and relations of the three different areas of 

investigation (i) numerical modelling, (ii) field studies and (iii) laboratory work, presented in the 

thesis are shown. The turbid meltwater plume, emerging at the surface of the ocean near an ice 

face, mixes with the ambient fjord water and effects the physical oceanography further out in the 

ocean outside the fjord. The circulation and mixing of a plume of meltwater emerging at the base 

of a glacier has been approached in three different ways, as noted above. The aim has been to 

give a better understanding of the processes taking place in a fjord, contributing to the knowledge 

of oceanography. 

In chapter two, a simple one-dimensional numerical model of the flow and characteristics 

of a buoyant plume emerging from the base of a vertical ice face into ambient water, was developed. 

In chapter three; simulations were carried out using the model. Chapters four and five presented 

and analysed field data collected and processed in a fjord in Spitsbergen. The data were compared 

with other oceanographic data from glacial fjord environments. The circulation, with relevance 

to the meltwater input to the fjords, was discussed. Laboratory experiments were presented in 

sections 6.2 and 6.3, where a buoyant plume was released in front of a vertical face, at various 

distances from it, analogous to scenarios in the fjord environment (figure 1.2, section 1.2). A 

simple mathematical model was developed and verified with quantitative and qualitative data. 
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The field data and the model simulations are shown in tabular form in section 7.2 on the 
discussion of the model, field and laboratory results. The following section 7.3 gives a summary 
of the work carried out in this dissertation. In the penultimate section of this chapter (section 7.4), 
applications of the work and scope for future research is discussed. Concluding remarks are given 
at the end in section 7.5 about meltwater plumes in fjords and the approach taken in this thesis. 

7.2 Discussion of model, field and laboratory results. 

In order to verify the relevance and use of a numerical model simulating an environmental 
situation, it is important to compare the model output data with real field data. Difficulties in the 
field encountered in order to collect data close to the glacier face (section 5.2), to compare directly 
with model output (section 3.4) made it impossible to properly compare the two. It was hoped 
that a comparison could be carried out of the surface volume fluxes assuming that all the meltwater 
rising to the surface in the fjord flows out as a gravity current (experimental work of chapter six), 
hence comparison of values several kilometres from the ice face compared to those next to the ice 
face in the model output. It is realised that this occurrence may not be the case observed in the 
physical environment; tabulated values nevertheless do give some insight about the validity of the 
numerical model shown in this section. Surface temperatures and salinities from the field data of 
sections 5.2, 5.3 and 5.4 are tabulated (table 7.1), and model output of section 3.4 and further 
simulations in this section are shown in table 7.2. The temperature-salinity (T-S) characteristics 
measured in the fjords presented in chapter five are not compared with the model data because 
the plume model gives results at depth z of the plume, whereas the field data never encounters the 
plume at depth; only the gravity current at the surface can be distinguished. 

Although direct comparisons can not be made, valuable information can be gained. The 
model data are output from an essentially one-dimensional steady state model, whereas the 
parameters taken from the two-dimensional contour plots (sections 5.2, 5.3 and 5.4) of the field 
data have temporal differences. Other factors, not taken into account in the numerical model, 
which may effect the circulation are the wind, tides, the Coriolis force (rotational effects), heating 
from the atmosphere, int~rnal waves, precipitation and meltwater runoff from other sources in the 
fjords (section 1.2), which must be considered when discussing field and numerical data. There 
may be more than one source of a meltwater plume emerging at the base or englacially of glaciers, 
contributing to the overall meltwater input to fjords. 
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The temperatures, salinities and depths needed for the calculations of the volume fluxes of 

the field data shown in table 7.1 were taken from the profiles and contour plots of sections 5.2, 

5.3 and 5.4. The volume fluxes at the surface of the ocean were calculated using the linear equation 

of state, input to the equation for volume flux. The linear equation of state (Scheduikat and Olbers, 

1990) is given as 

(7.1) 

where g' is the reduced gravity, g is the acceleration due to gravity, for which the value is given 

in table 2.1 (section 2.3). a and 13 are thermal and haline expansion coefficients, respectively, as 

in section 2.2; their values are also given in table 2.1 (section 2.3). Ta and Sa are the ambient 

temperature and salinity in the fjords, taken from the temperature profiles and contour plots of 

sections 5.2, 5.3 and 5.4, and are assumed constant. T and S in this case, are the temperature and 

salinity of the meltwater at the surface of the fjords, also taken from the contour plots in sections 

5.2, 5.3 and 5.4. There may be some discrepancy in the readings of the temperatures and salinities 

from the profiles and contour plots, which may give slightly different results had intermediate 

values been chosen. Values for T,S, Ta and Sa chosen for the calculations of the volume fluxes, 

together with values for the depth h of the surface meltwater layer are given in table 7.1. Alternate 

values used in the calculations of the volume fluxes are also shown in table 7.1, and the sensitivity 

of choosing different values can be seen. 

The volume flux Q is calculated from 

Q=Uh, (7.2) 

where the velocity of the outflowing meltwater gravity current on the surface of the fjord 

U ~; h is the depth of the meltwater at the surface of the fjord (the gravity current). The 

depth h of the meltwater was estimated from the profiles and contour plots of sections 5.2, 5.3 

and 5.4. 

Surface volume fluxes from field data, shown in table 7.1 are discussed with model data in 

table 7.2. Comparisons are not feasible as explained above. The first five model simulations in 

table 7.2 are those of figure 3.5 (section 3.4). Fifteen further simulations were carried out, for 

different input volume fluxes and depths, as shown. The initial input temperature of the plume in 
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all cases was the temperature freezing point at the depth for which the model was run, and the 

initial salinity was zero in all cases. All other model parameters were set as in table 2.1 (section 

2.3). 

The volume fluxes for the field data were calculated for the CTD transects taken closest to 
the glacier face in the case of Kongsfjorden. Values for the surface temperatures and salinities 

for field and model data are shown in tables 7.1 .and 7.2. It is assumed, as mentioned at the 

beginning of this section, that all of the plume water emerging at the surface will flow out of the 

· fjord at the surface of the ocean, as suggested by the laboratory experiments of section 6.3. The 

volume fluxes of the surface water in the field data were calculated for the sites shown in table 

7.1. For all the data sets, the volume fluxes were calculated close to the glacier face, as well as 

at the furthest point of the CTD transect (furthest away from the glacier face), to give a general 

spread of the values of the fluxes in the fjords. 

Site Distance Depth Surface Surface Ambient Ambient Depthh of Surface volume 
from glacier (m) temperature T salinity S temperature salinity s. surface flux (m2s-1

) 

face (km) (OC) T. ( °C) layer of 
water(m) 

Kongsfjorden 

• 41hAugust 4.5 65.0 2.9 32.9 3.5 34.75 10 5.29 
4.5 65.0 2.9 32.9 3.5 34.75 8 3.78 
4.5 65.0 2.9 32.9 3.5 34.75 5 1.87 
4.5 65.0 2.8 32.2 3.0 33.5 10 4.45 
4.5 65.0 2.8 32.2 3.0 33.5 8 3.19 
4.5 65.0 2.8 32.2 3.0 33.5 5 1.57 

0811, August 2.0 80-100 2.9 29.0 2.0 34.75 4 2.39 
9.5 140 3.7 32.5 3.4 34.75 5 2.08 

• 1 l'h August 1.87-2.38 72.0 2.5 31.75 2.3 34.75 5 2.40 

0 14 ... August 4.3 14.0 3.8 32.60 3.2 33.25 5 1.14 
10.0 92.0 3.8 32.75 1.1 34.75 5 1.90 
10.0 92.0 3.8 32.75 1.1 34.75 10 5.37 

Kross(jorden 

Tinayrebukta 0.8 85.0 5.0 30.5 1.0 34.5 15 14.73 
4.5 90.0 5.0 30.5 1.0 34.5 20 22.68 

Kollerfjorden 0.7 24.0 4.0 30.0 2.0 34.0 18 19.15 
7.0 48.0 5.0 30.0 1.0 34.5 20 23.99 

Mayerbukta 1.0 70-80 5.0 30.0 0.5 34.5 18 20.54 
4.3 72.0 5.0 30.0 0.5 34.5 20 24.05 

South Georgia 

CEB
0 

0.9 88.0 1.9 31.25 1.6 33.5 7 3.45 
21.5 78.0 2.6 33.25 1.6 33.5 7 1.25 

* Cumberland East Bay. 

Table 7.1. Table of field data from chapters four and five showing calculated surface volume 
fluxes for given surface and ambient, temperatures and salinities, at the depths of the surface 

meltwater. 
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Model Rim Surface volume Surface Surface Salinity of Initial volume flux Depth for 
flux Temperature of plume plume. of plume (m2s-') model run (m) 

(m2s-1
) (°C) 

1 22.50 1.84 27.95 4.0 100.0 

2 16.47 1.97 29.86 2.0 100.0 

3 12.44 2.06 31.25 1.0 100.0 

4 6.84 2.15 32.88 0.2 100.0 

5 3.95 2.16 33.59 0.05 100.0 

6 3.58 2.16 33.66 0.04 100.0 

7 3.33 2.23 33.56 0.04 90.0 

8 3.40 2.15 33.68 0.036 100.0 

9 3.20 2.14 33.71 0.032 100.0 

10 3.00 2.13 33.73 0.028 100.0 

11 2.63 2.22 33.68 0.024 90.0 

12 2.46 2.31 33.59 0.024 80.0 

13 2.22 2.39 33.49 0.024 70.0 

14 1.95 2.45 33.39 0.024 60.0 

15 1.65 2.50 33.26 0.024 50.0 

16 1.35 2.58 33.10 0.024 40.0 

17 1.03 2.63 32.86 0.024 30.0 

18 0.70 2.67 32.44 0.024 20.0 

19 0.36 2.64 31.29 0.024 10.0 

20 0.19 2.49 29.22 0.024 5.0 

Table 7.2. Table of the model simulated data from chapter three (section 3.4), using the 

numerical model developed in chapter two. 

In table 7.2, it is observed that the results of the model simulations for input volume fluxes 

of 0.028 m2s-1 and 0.024 m2s-1 for depths between 100 m and 30 m (runs 10-17) are similar to the 

surface fluxes of the field data, except for the volume fluxes in Krossfjorden. The surface tem

perature and salinity values correspond, although the field data temperatures were higher in some 

cases. The salinity values are slightly lower at the surface of the ocean in the field, 32.5. In the 

model the value is 33.5. The plume in the field may rise immediately next to the ice face which 

is at some angle to the vertical, so that entrainment with the ambient fjord water is less. Possible 

effects of slope and entrainment on the characteristics of the plume were shown in the model 

simulations of section 3.3, in figure 3.4( c and d). The salinity decreases at the surface as the slope 

of the ice face decreases to the horizontal, and the entrainment coefficient E diminishes. The 

temperature decreases in a similar manner. 



Calculations for the volume fluxes on the 4th August were made for various depths, for 

different T, S, Ta and Sa values in the fjord. The sensitivity that the choice of different values have 

on the volume fluxes is observed. Choosing slightly different values for T, S, Ta and Sa at the same 

depth h (at 10 m for example) does not make a large difference to the volume flux (5.29 m2s-1 

compared to 4.45 m2s-1
). However changing the depths of the surface meltwater for the same 

values of T,S, Ta and Sa does have a large effect on the surface flux. For example, for the first 

three calculations for the 4th August, the volume flux varied from 5.29 to 1.87 m2s-1 for depths 

between 10 and 5 m. The effect of the depth on the volume flux is particularly noted in the 

Krossfjorden data (table 7.1), where the volume fluxes were in the order of22.68 m2s-1 for depths 

of the surface water down to 20 m. 

It is very difficult to decide where the surface water penetrates down to in the ocean. In the 

calculations in this section, I have tried to take the depth down to where the water began to have 

the characteristics of Norwegian Sea water, similar to the case for the calculations in the dynamic 

method in section 5.2.2 

Information from tables 7.1 and 7.2 give an indication of the values for the initial input 

volume fluxes that might be expected for a plume emerging at the base of a glacier. Hence, from 

a knowledge of the surface conditions in the field, an approximation of the basal conditions can 

possibly be extrapolated, although as already noted, a comparison is not directly possible. There 

are many other physical factors which must be considered, as discussed in section 1.2. One example 

is in the field data collected in Kongsfjorden, parallel to the Kongsvegen glacier, 4.0 km from the 

ice face, on the 4th August, where interleaving of water masses in the T-S diagrams is observed 

(figure 5.4(a,b), section 5.2). In the profiles and contour plots of section 5.2 and the profiles of 

appendix C; instabilities are observed, which may possibly be associated with double diffusive 

mechanisms. 

The simulations of sections 3.3 and 3.4 give an indication of the speeds of the plume as it 

ascends next to the glacier face, and can loosely be related to the field environment for the char

acteristics of the flow. The simulations do not account for sediment in the plume, which will 

reduce its vertical velocity. 

The laboratory experiments give a view of the physical environment, but they were per

formed with ambient water that was uniform. The model simulations had a stratified ambient, 

which was also the case for the field work. Hence, direct comparisons of the laboratory work, 

with the numerical model and the field work can not be carried out. 
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7.3 Summary of thesis. 

The emergence of a plume of meltwater from the base of a glacier, mixing and circulating 
with the environment, has been investigated. Many physical processes occur in a fjord environment 
to effect the circulation. Despite these effects, comparison with the field data show that the use 
of simple models can give realistic results. A brief summary of the three areas of research in this 
dissertation will now be given, together with some discussions. 

The plume model developed in section 2.2, couples the buoyant plume assumptions of 
Morton et al. (1956) and the boundary conditions for transfer of heat and salt between a plume 
and a vertical ice face. The formulations were based on the work by Josberger and Martin (1981) 
in their laboratory experiments, the boundary conditions used by Hellmer and Olbers (1989), 
Scheduikat and Olbers (1990) in their modelling underneath ice shelves and the work carried out 
by Jenkins (1991) for the melting and freezing at the base of ice shelves (section 1.4). 

The model of the buoyant plume gives characteristics for the speed, the width, the tem
perature and the salinity of the plume, which in turn, give information regarding the initial 
conditions of the source at the base of the glacier. The results of the model in section 2.3 
demonstrates the importance of the source conditions. Stratification of the ambient environment 
has an effect on the plume flow and slows it, causing it to extend further on reaching the surface, 
compared to a uniform environment. 

The numerical model is a tool, which, as shown in the simulations of chapter three, can be 
used to simulate the characteristics of a buoyant plume emerging at the base of a glacier. It 
successfully models the plume and gives an insight into the relevant parameters effecting the 
characteristics of the flow next to the ice face. The most significant result is the meltrate of the 
ice face of the glacier, which turns out to be negligible compared to rates of calving events at the 
glacier front, the volume fluxes of meltwater emerging at the base of the glacier and englacially, 
runoff from other glaciers and from land-terminating glaciers, runoff from over the top surface of 
glaciers into the ocean, and the rates of glacier retreat or advance (section 1.2). The conditions 
vary, of course, from glacier to glacier and in different fjords. The meltrates, of the order 10-7 

ms-1 (3.1 m yr-1
) (section 3.6) of the face of the glacier are of the same order of magnitude as 

values, measured by Budd et al. (1980) and those estimated by Morgan and Budd (1978) for 
icebergs. Their measurements are somewhat different as they were carried out around icebergs, 
and the local climate may have varied. However, the meltrates in polar regions can be compared 
as the overall characteristics of the environments are similar. 
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In section 3.2, simulations varying the turbulent exchange coefficients were made to monitor 

the importance of the values. No significant changes were observed in the results unless the 

turbulent exchange coefficients were changed dramatically. Different initial volume fluxes were 

input to the model, giving values for the final volume fluxes, the meltrates, final temperature and 

salinity values at the surface of the ocean. 

The values for the specific heat capacities of tbe meltwater, plume and the ambient water 

in the numerical model increase with temperature and decrease with depth and salinity. The 

changes are not significant for the depths simulated in the model in chapters two and three, but 

may be important for depths below 1000 m. Therefore, the values were set to constants in the 

model, but may need further investigation in the future if data from depths beyond 1000 m is 

collected, where pressure effects will become important. 

The slope of the ice face, hence the value of the entrainment constant are important in the 

plume characteristics and the outflowing current of meltwater at the surface of the fjord. For a 

sloping face and a small value of E (the entrainment constant) the plume will be narrow when it 

reaches the surface and it will be fresher and colder, on rising to the surface. The different scenarios 

have varying degrees of effect in the fjord environment. 

The ice face retreat, due to melting of the glacier face, is shown to be negligible over a twelve 

week period (section 3.5). The meltrate over the year shows that if there was to be a significant 

change in the ambient conditions in the fjord at any time over the twelve month period, due to 

climatic factors, then circulation in the fjord could be effected dramatically by the meltwater plume, 

hence the level of the sea water could change due to larger volumes of meltwater flowing into the 

fjord if more snow and ice were to melt from the glacier. These effects are important environmental 

considerations and show how the model developed in this dissertation may be used to give an 

understanding of some of the mechanisms taking place in fjords with tidewater glaciers present. 

The field work in chapters four and five confirm the observations of Matthews and Quinlan 

(1975), Pickard (1961) and (1967), and Walters et al. (1988). Tidewater glaciers act as a source 

of fresh, oxygenated water and contribute to the circulation processes by an entrainment mechanism 

caused by the upward mixing of meltwater plumes from deep-thrust glacial ice (subglacial 

meltwater streams). Oxygen content data of the fjord water would have been useful in the three 

studies of sections 5.2, 5.3 and 5.4, giving more detailed information on deep-water renewal in 

the fjord basins inside the sill, where high concentration of dissolved oxygen at depths is evidence 
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of water replenishment (Gilbert, 1978). Compared to fjords without tidewater glaciers, the most 
important feature that set the two apart are the importance of melting ice, acting as a heat sink, 
and the subglacial flow of freshwater in the vertical mixing within the inner basin of a fjord. 

Effects of earlier heating events outside the fjords at the surface of the ocean in the field 
data in sections 5.2, 5.3 and 5.4 were evident by the warm water parcels encountered below the 
meltwater inside the fjords. The possible forces influencing the mixing of the water parcels were 
the tide, the wind and the Coriolis force. Meltwater was observed to shallow out of the fjord as 
a function of distance from the glacier face, as well as shallowing from the north to the south side 
of the fjord (Kongsfjorden). 

Despite the differences in topography for the three fjords presented in chapters four and 
five, agreement of the basic water structures in the areas were good. The water masses in the 
vicinity of the three fjord studies reflect the local oceanography in the particular area. The classic 
two-layer circulation (section 1.2) was characteristic of the three fjords. 

The dynamic method, used to show the circulation in Kongsfjorden in section 5.2.2 shows, 
from the relative current velocities, an anti-clockwise circulation, as expected, in the northern 
hemisphere. The method has several disadvantages. Firstly, it yields only relative currents and 
a selection of a level of zero motion is a problem, especially in shallow waters, which makes the 
method difficult to use in shallow estuaries. · The level of no motion is taken as the point where 
the isopycnals are horizontal (density has no slope), which is difficult to define in most situations. 
Further, internal wave movements may complicate the measurement of the density field, by 
introducing fluctuations for which it is difficult to make corrections. The dynamic method only 
yields a mean value for the current over the distance between CTD stations, but this may not be 
a disadvantage if the bulk movements of the water masses are of interest, and small-scale or 
short-term variations are not important for the study (Pond and Pickard, 1983). In the field, there 
are limitations in the accuracy of the measurements of temperature, salinity and depth at the CTD 
casts. There are also limitations in navigational measurements, hence the horizontal distance 
between CTD stations will have an error in them; drifting of the boat during a CTD cast will 
introduce errors. 

Friction is ignored· in formulating the geostrophic equation. The friction may be significant 
near the bottom and sides of a fjord or where there is current shear. Despite the inadequacy of the 
dynamic method, it does give an overall view of the circulation in the fjord studied in section 5.2.2, 
and agrees well with observations in section 4.2.3. 
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In chapter six the mixing of fluid released near the closed end of a two-dimensional channel 

in the laboratory. was investigated. The motivation behind these experiments was the mixing 

taking place in front of a glacier face when a plume of meltwater, emerging at the base of a glacier, 

rises to the surface of a fjord, some distance from the ice face (figure 1.2, section 1.2). 

In the series of laboratory experiments, it was found that if a line plume is located near the 

closed end of a channel, a filled region of fluid forms ;near the end wall and a gravity current 

propagates towards the 'open end' of the channel. In the experiments a steady state is attained in 

which the gravity current has approximately one half the depth of the channel, and the region near 

the wall has the same density as the fluid in the gravity current. A simple theory to model the 

laboratory experiments and predict the speed and concentration of the gravity current, was 

developed. The situation is very different from the case where the plume is at the end wall, in 

which case no 'filling-box' region develops (sections 1.4 and 6.1) and the gravity current remains 

significantly thinner and more concentrated. 

There are limitations to the laboratory model in that there are interactions with the sides and 

the bottom of the tank, whereas in the environment these may be free boundaries close to the 

plume, although a fjord is a confined region. One of the main effects in the flow in the laboratory, 

was the back-flow caused by the gravity current. In a fjord there is no such return flow, as there 

is an open boundary at the mouth of the fjord. Nevertheless, water enters the fjord and sinks on 

meeting the outflowing runoff meltwater at the surface, which is less dense. Hence, the inflowing 

current can be considered as a return flow in the same way as the laboratory condition, effecting 

the plume near the glacier face at the head of the fjord. The forces are different in a fjord, but 

nevertheless the simplification of the geophysical situation gives a good analogy. The effect of a 

sill is not included in the laboratory experiments. In a fjord, a plume would not emerge and fill 

the entire width of the region, although the plume may emerge two-dimensionally. Despite the 

differences of the laboratory experiments to the field environment, analogies and some under

standing of the physics of the flow have been gained by the experiments performed in chapter six. 

The laboratory work also sets the ground for more advanced experiments. 

7.4 Applications and future research. 

Some applications of the work in this thesis are suggested in this section. Discussions and 

suggestions for future research are made, which needs to be carried out as an extension of the work 

in this thesis, for a greater understanding of the processes taking place in polar fjord environments. 
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The one-dimensional model of section 2.2 can be applied to the modelling of sewage outflows 

in estuaries. Such outflows are analogous to a buoyant plume being expelled at depth, into a 

standing body of fluid. 

In the simulations of chapter three, more detailed work needs to be carried out, such as the 

dependence of all the characteristics to the change of one parameter in the model, as discussed in 

section 3. 7. The model highlights the need for its extensioQ to two- and three-dimensions. Together 

with these developments, the model needs to be coupled with a fjord circulation model, to build 

a complete representation of the physical processes occurring in a glacial fjord environment. 

From a physical oceanography stance, the following areas of research need to be addressed 

in more detail. First, the development of a generalized circulation model for fjords with tidewater 

glaciers at their heads. The vertical component of current velocity is difficult to measure close to 

the ice face and needs further investigation, for input into these models. A means for estimating 

the kinetics associated with iceberg calving and melting needs further attention. Experiments on 

the effect of strong cross-fjord winds on the circulation in fjords is needed as present knowledge 

is based only on a few experiments (section 1.4 ). Time-dependent nature of flows need to be taken 

into consideration in models, especially with regard to rapid changes in wind intensity, and the 

pulsing nature of river or meltwater plume discharges at depth, which can change over a few days. 

The physical oceanography encountered in the field studies (sections 5.2, 5.3 and 5.4) show 

the need for further detailed field work to be carried out. Time-dependent data at various positions 

to study temporal changes occurring in relation to tides, are needed, using moored instruments. 

Seasonal data to investigate further the importance of meltwater fed to the fjord, and the degree 

of in- and outflow of fjord and ocean water over the sill, are required. Data from closer to the 

glacier face would be useful, especially in the column of the turbid plume, for comparison with 

the plume characteristics found from the numerical model simulations of chapter three. 

Current meter data together with the CID data would enable values of temperature and 

salinity fluxes to be calculated. During the field work in Kongsfjorden, a series of nutrient samples 

were taken coinciding with the CID data, at different depths. When the results from these are 

available, they will help to provide a better understanding of the circulation in the fjord. 

The results of the experiments in section 6.3 are important when considering the physical 

circulation, as well as the biological life in a fjord. The almost static, filled region observed 

immediately next to the end wall (section 6.3) implies that there may not be any biological life in 
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the immediate vicinity of the ice. Nutrient data close to the ice face are needed to confirm this 

conjecture. In the environment the region next to the ice will be disturbed by calving events from 

the ice front, depending on the activity of the particular glacier. 

In the laboratory experiments of section 6.3, the gravity current was more dilute when the 

buoyant source was located away from the end wall. The results of the experiments may be 

applicable in diluting the concentration of gas in a situation of danger. The process may also be 

applicable to heating systems in rooms without windows and the flow of gas or smoke from a leak 

or fire in a tunnel, as discussed in the introduction of section 6.1. Anything trapped in the region 

between the buoyant source and the wall will be effected by the concentration of the flow. 

The release of a buoyant source into a confined space such as that in the experiments of 

section 6.3, depends on the source characteristics, its orientation or inclination, the geometry of 

the container, the interaction of the buoyant fluid with the boundaries of the container and the 

ventilation of the container (Barnett, 1991). The effects of source momentum of the buoyant fluid 

on the flow studied by Linden and Simpson (1990) are important. These factors need further 

investigation regarding the experiments presented in section 6.3, including time dependent studies 

of the flow. Further experiments could be pedormed to investigate the effect of rotation (the 

Coriolis force) by using a rotating tank. In the investigations carried out in sections 6.2 and 6.3, 

a final set of experiments varying the depths of the source ( different depths of ambient water) were 

pedormed with the source at the surface of the ambient water for all cases (figure 6.9, section 6.3). 

Further experiments could be pedormed whereby the source is placed at different depths within 

the ambient fresh water in the tank; the behaviour of the filled region next to the wall would be 

investigated. It is not clear whether the gravity current continues to flow out at approximately 

half the height of the source height, once steady state has been reached, in this case. The latter 

situation is applicable when the plume, emerging at the surface of a fjord, originates englacially. 

Sill morphology is complex and variable and experiments in the laboratory and the field 

need to be undertaken to include a realistic spectrum of sill characteristics and associated bottom 

roughness elements. 

Greater consideration of brine rejection from the formation of sea ice needs to be considered 

in polar fjords. Little is known of the contribution of double diffusive mechanisms on the redis

tribution of energy within fjords, which may take place during brine rejection and at other periods. 

Observational approaches in the area of remote sensing applications (Farmer and Freeland, 

1983), could be incorporated into the research discussed. High frequency echo sounding and 



range-gated acoustic Doppler velocity sensing have recently been used (Syvitski et al., 1987) to 
monitor small to medium scale processes associated with tidal mixing and advection, sediment 

gravity flows, and submarine meltwater outflows. 

7.5 Concluding remarks. 

A simple one-dimensional model of the characteristics of a buoyant plume emerging at the 

base of a tidewater glacier at the head of a fjord, has been developed. The simple model establishes 

the relevant parameters effecting the characteristics of the plume of meltwater. Despite useful 
information being gained from the modelling, it is clear from such work that the physical envi

ronment is extremely complicated and care needs to be taken when analysing the results from such 

a model; there are limitations. However the model shows characteristics of the plume, such as . 

the source conditions, the temperature, salinity, speed and width of the plume as it ascends, which 

can not so readily be obtained from the field or from the laboratory experiments. The importance 

of different parameters is shown, such as the meltrate of the ice face, which has very little effect 
compared to other factors in the fjord, such as calving events from the glacier. It has been difficult 

to verify the model with field data and laboratory work, demonstrating the restraint that needs to 
be taken when considering the results. 

Field work, to verify the numerical simulations, has been performed. Although, due to 

logistic reasons (section 5.2) direct verification of the model was not possible; comparisons of 

volume fluxes and characteristic temperatures and salinities were carried out (section 7.2). The 

field data show good agreement with two other areas of study, with tidewater glaciers at their 

heads (sections 5.3 and 5.4). The importance of further investigations in the field (current and 

time dependent data) are made apparent for a more complete oceanographic study. Despite the 

small amount of data collected and the lack of time dependent data, a reasonable view of the 

circulation in the fjord has been gained. The work, above all, has given an insight into the para

meters not taken into account in the numerical modelling and the important factors that apply 

(section 1.2), and the complexity of the situation. Obtaining data from the fjord at depth close to 

the glacier face, in the plume ~olumn, was virtually impossible. 

A laboratory investigation has been performed to try to model the processes taking place 

between a plume of meltwater and a vertical ice face in a fjord. The experiments are simple, and 

application to the geophysical situation is limited because of the boundaries on the experiments. 

There is scope for further investigations with the experiments as discussed (section 7.4). It is 

difficult to compare the results of the laboratory experiments with the numerical and field work. 
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The plume is rigidly confined in the laboratory and there is a wall at infinity, neither being the 

case in the field. The plume is not necessarily flowing out of the fjord as a gravity current at half 

the depth of the water column, in the physical situation. Nevertheless, the laboratory experiments 

give some insight to the situation of a plume not rising immediately next to a vertical ice wall. A 

good view of the density of the plume is obtained, compared to the outflowing gravity current, 

which turn out to be similar and is an important consideration when comparing the numerical and 

field data in section 7.2. The entrainment of the plume is observed and the relevance of a hydraulic 

jump as the plume ascends to the surface of the ocean is seen. 

Having approached the problem of meltwater plumes in fjords by numerical modelling, field 

work and laboratory experiments, an insight into the information that can be gained by these 

different methods is attained. An appreciation of the limitations of the methods and how they 

compliment each other has been achieved. Information can be gained from one, which can not 

readily be gained from the other, such as the characteristics of the plume found in the numerical 

modelling, which can not be seen in the field work. Characteristics at depth immediately next to 

the wall in the laboratory experiments when the plume ascends some distance from the wall are 

observed, which is not seen in either the numerical modelling or the field work. 

The presence of a glacier at the head of a fjord has significant influences on the mixing and 

circulation in such a confined region. The effects confirm the results of Walters et al. (1988), 

Matthews and Quinlan (1975), and Pickard (1961) and (1967), who conclude thatsubglacial plumes 

of meltwater are important processes in controlling the vertical mixing in fjords with tidewater 

glaciers at their heads, hence ventilating bottom waters. 

If the pathways of plumes of meltwater and hence pollutant discharges into fjords are to be 

correctly represented, models such as that developed in this thesis, are necessary as building blocks 

to further knowledge. Field work should be designed to provide the quantitative input to math

ematical models and scaled down laboratory simulation experiments. The models should then be 

used for prediction, and these in turn, compared with new observations so that the model can 

subsequently be refined. 

Generally, the important issues in fjord oceanography for the future is to understand the net 

effect or end product of a "particular process, or set of processes, in a fjord system. The ability to 

predict the principal variables and conditions, needs to be increased, both in space and time, 

especially in those areas where man influences the environment. 



Finally, fjords, the basic framework around which this thesis is based, are ofscientific interest 

because of their environmental uniqueness, hence their contribution to the earth and oceanographic 

knowledge. Fjords are an interface between the land and the sea and the processes resulting need 

to be understood in greater detail. 
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Notation. 

A list of symbols used in this chapter is given below, for reference purposes. 

a Thermal expansion coefficient. 

(3 Saline expansion coefficient. 

E Entrainment constant. 

g Acceleration due to gravity. 

g' Reduced gravity. 

h Depth of meltwater at the surface of the fjord. 

Q Volume flux. 

S Salinity of the outflowing meltwater at the surface of the fjord. 

Sa Salinity of the ambient fjord water. 

T Temperature of the outflowing meltwater at the surface of the fjord. 

Ta Temperature of the ambient fjord water. 

U Velocity of meltwater gravity current. 



Appendix A. 

Derivation of the ordinary differential equations for a buoyant plume rising next to a vertical 
· ice face into ambient surroundings, introduced in section 2.2. 

The governing equations for a two-dimensional plume rising adjacent to a melting ice face, 

from a line source, entraining ambient water from the surroundings as it ascends, are derived in this 

appendix. The entrainment assumption is made which implies that the mean inflow velocity across 

the edge of the plume is proportional to the local mean upward velocity (fumer, 1973). The constant 

of proportionality is the entrainment constant E, used in the derivation of the ordinary differential 

equations below, and is the basis for the theory of plumes. The region of turbulence extends to a 

finite limit and joins with non-turbulent fluid. The turbulent region grows with distance upwards 

as the plume entrains the ambient water. Plumes are examples of free turbulent flows. 

The molecular viscosity of the fluid is not assumed to affect the flow greatly, provided that 

the Reynolds number is high enough. It is also assumed that the Prandtl (or Schmidt) number does 

not influence the turbulent diffusion of the scalar causing the density variation (salt or heat con

centration in the ocean). The non-dependence of the Prandtl number is relevant to experiments in 

water channels and in large scale situations where the fluid is a gas. 

The three basic integral properties of a plume flow, integrated through the cross-sectional 

area of the plume at an:y level, are the fluxes of volume, momentum and buoyancy. Below, the 

three ordinary differential equations used to describe the motion of the plume in section 2.2, are 

derived from these fluxes. Equivalent top-hat approximations to the Gaussian profiles for the 

velocity across the plume are assumed (figure A-1) (furner, 1986; and Killworth, 1977). The 

Boussinesq approximation is assumed. 
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Figure A-1. 
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Profile to show the Gaussian distribution of velocity across a plume, with a top-hat 
approximation. 

Conservation of volume. 

The first ordinary differential equation presented in chapter two, considering the conservation 
of volume, is derived below. First, from continuity in the x- and z-directions, the following can be 

written 

(A-1) 

where u and w' are the velocities in the respective directions. Integrating to infinity across the 

plume gives 

l "'au J«"'aw' -dx+ - dx=O, 
0 ax O az 

(A-2) 

d OO d 
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where u,. _ 00 = Ew, from the entrainment assumption. E is the entrainment coefficient and w is the 

top-hat approximation of the velocity in the z-direction. The velocity in the x-direction at x = 0 is 

u,. _ 0 = 0. The top-hat variable is defined as wh = J0
00 w' dx. Hence, from equation (A-3) the following 

can be written: 

d 
dz (wh) =Ew. 

(A-4) 

Ew is the rate of entrainment of ambient fluid into the turbulent plume. 

For the case of a two-dimensional plume next to a melting ice face, a term for the meltrate 

of water of the ice face needs to be included and equation (A-4) becomes 

d 
dz (wh) =Ew +M, 

(A-5) 

where M is the meltrate and is positive for input of meltwater to the plume. 



Conservation of momentum. 

In order to derive the ordinary differential equation for the conservation of momentum of a 

plume, the assumptions already discussed above can be applied to the Navier-Stokes equation (the 

aoussinesq approximation is also used): 

Du 1 pg - =.:.. - VP- - , 
Dt Po Po 

(A-6) 

where a molecular viscosity term has been ignored. The density variations are important; p0 is a 

mean density of the environment fluid, p is the density and g is the acceleration due to gravity. The 

left hand side of equation (A-6) is the change in momentum per unit time of the fluid particle. The 

right hand side is the sum of the forces, per unit volume, acting on the fluid particle. The equation 

can be expanded out as 

aw' aw' aw' I aw' 1 ap p - +u - +v - +w - =--- - - g 
at ax ay az Po az Po ' 

(A-7) 

where t is time, u, v and w' are the velocities in thex-, y- andz-directions, respectively, andp is 

pressure. 

Integrating across the plume to infinity gives 

f""(aw' a(') a(') a(,2)~dx f""( 1ap p) -+ -~ uw + - vw + - w = - ----g dx. 
0 at <JX ay az O Po az Po 

(A-8) 

Assuming steady state, two-dimensions in the x- and z-directions and a/ax « a/oz for the 

plume, which implies that u « w', hence there are small changes in the x-direction turbulence 
compared to the z-direction. Equation (A-8) can be written as 

f ""( a ~ f ""( 1 ap p ) -(w'2
) dx = --- --g dx. 

o az o Po az Po 
(A-9) 



Conservation of momentum. 

In order to derive the ordinary differential equation for the conservation of momentum of a 

plume, the assumptions already discussed above can be applied to the Navier-Stokes equation (the 

Boussinesq approximation is also used): 

Du l pg - =.:.. - VP- - , 
Dt Po Po 

(A-6) 

where a molecular viscosity term has been ignored. The density variations are important; Po is a 

mean density of the environment fluid, p is the density and g is the acceleration due to gravity. The 

left hand side of equation (A-6) is the change in momentum per unit time of the fluid particle. The 

right hand side is the sum of the forces, per unit volume, acting on the fluid particle. The equation 

can be expanded out as 

aw' aw' aw' I aw' l ap p - +u - +v - +w - =-----g at ax ay az Po az Po ' 

(A-7) 

where t is time, u, v and w' are the velocities in the x -, y- and z-directions, respectively, and p is 

pressure. 

Integrating across the plume to infinity gives 

I 
00

( aw' a a a ) f 00

( 1 ap p ) - + - (uw')+ - (vw')+ - (w'2) dx = - -- - - g dx. 
o at ax ay az o Po az Po 

(A-8) 

Assuming steady state, two-dimensions in the x- and z-directions and a/ax « a/az for the 

plume, which implies that u « w', hence there are small changes in the x-direction turbulence 

compared to the z-direction. Equation (A-8) can be written as 

I 
00

( a ) f 00

( 1 ap p ) - (w'2) dx = -----g dx. 
o az o Po az Po 

(A-9) 
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Since iJ/iJx « iJ/iJz, the pressure is uniform across the plume and equation (A-9) is then 

(A-10) 

where pP is the density of the plume. So 

_! f°'' w'2 dx = f°'' -g ~p dx . 
dz Jo Jo Po 

(A-11) 

The top-hat variable is defined by 

(A-12) 

hence, 

d 2 ~p - (w h)=-g - h. 
dz Po 

(A-13) 

The depth z is taken as positive upwards in the ocean (section 2.2), and the reduced gravity 

is given by 

g' =g~p. 
Po 

(A-14) 

Then equation (A-13) gives the ordinary differential equation for the conservation of momentum 

and is written as 

d ( 2 ) I dz w h = -g h. 
(A-15) 



A term for the friction along the wall has been ignored as the entrainment of ambient fluid 

into the plume is large in comparison; the wall is vertical and melting, therefore friction is insig

nificant. 
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Conservation of buoyancy (heat and salt). 

Two separate effects are considered in this part. First, the effect of the stratification in the 

environment on a plume and second, the change in the volume flow rate of a fresh water plume 

with height, affected by the heat and salt. 

Considering the conservation of heat, the dynamical equation is set out where T is the tem

perature of the plume and Qr is the quantity of heat exchanged across the plume; the heat exchanged 

between the boundary with the ice face and the plume, and the heat exchanged at the boundary 

between the plume and the ambient environment. Hence 

aTcp aTcp aTcp I aTcp 
--+u--+v--+w --=Q 

dt dX iJy i)z T' 

(A-16) 

where cP is the specific heat capacity of the plume fluid and Tep is the enthalpy. 

Integrating across the plume (to infinity) as before, assuming steady state, two-dimensions 

in the x- and z-directions and a/ax « a/az for the plume which implies that u « w' as in the above 

section in this appendix; the following is found 

(A-17) 

Integrating by parts gives 

(A-18) 

(A-19) 

where, by continuity, 

(A-20) 
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The top-hat variable is defined by 

(A-21) 

Thus, the conservation of heat is 

(A-22) 

where the three terms on the right hand side of equation (A-22) represent Qr, the heat exchange 

across the boundaries between the ice face and the plume, and the plume and the ambient envi

ronment, as mentioned above. T0 is the temperature freezing point for sea water adjacent to the ice 

and T is the temperature of the rising plume. Yr is a turbulent exchange coefficient, a characteristic 

velocity for the transfer of heat across the laminar layer and M is the meltrate. cm and ca are the 

specific heat capacities of the meltwater next to the ice face and the ambient water, respectively 

(section 2.2). The entrainment velocity Ew describes the velocity of the mixing process. Section 

2.2 explains each of the terms in equation (A-22) in detail. 

A similar argument is used for the conservation of salt and the following equation is obtained 

across the interface between the ice face, the plume of meltwater and the ambient water: 

d 
clz (whS) = -(S -S0)y5 +MS0 +Sfiw, 

(A-23) 

where S is the salinity stratification of the plume, Sa is the salinity stratification of the ambient and 

S0 is the salinity at the ice face, as explained in section 2.2. The three terms on the right hand side 

of equation (A-23) repres~nt the conservation of salt across the boundary between the ice face and 

the plume, and the plume and the ambient environment. 
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Summary of model equations. 

The model equations used in section 2.2, derived in this appendix, from the conservation of 

volume, momentum and buoyancy, are summarised below. 

d 
dz (wh) =Ew +M. 

(A-24) 

(A-25) 

(A-26) 

d 
dz (whS) = -(S -S0)y5 +MS0 +Sfiw. 

(A-27) 

All terms are explained in further detail in section 2.2. 



Notation. 

A list of symbols used in this appendix is given below, for reference purposes. 

a Limit of integration. 

a Thermal expansion coefficient. 

b Limit of integration. 

~ Haline expansion coefficient. 

Ca Specific heat capacity of the ambient. 

cm Specific heat capacity of the meltwater. 

cP Specific heat capacity of the plume. 

E Entrainment constant. 

/ Universal function. 

g Acceleration due to gravity. 

g' Reduced gravity. 

Ys Saline turbulent exchange coefficient. 

YT Thermal turbulent exchange coefficient. 

h Width of the plume. 

M Meltrate of the ice face. 

P,p Pressure. 

QT Quantity of heat exchanged across the plume. 

p Density of the ambient. 

pP Density of the plume. 

Po Mean density at some point in the ambient. 

S Salinity stratification of the plume. 

Sa Salinity stratification of the ambient. 

S0 Salinity immediately next to the ice face at the temperature freezing point. 
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T Temperature of the plume. 

T
0 

Temperature of the ambient. 

T0 Temperature freezing point for sea water. 

t Time. 

u Velocity in the x -direction. 

v Velocity in they-direction. 

w Velocity in the z-direction - top-hat approximation. 

w' Velocity in the z-direction. 

x Horizontal direction - also used as a suffix. 

y Horizontal direction - also used as a suffix. 

z Vertical depth direction - also used as a suffix. 



Appendix B. 

The boundary conditions between the melting ice face and the ascending plume, input to the 
model of chapter two. 

Three equations in section 2.2 describe the thermal and saline balances across the ice/plume 
interface. The equations are 

i) the heat balance equation, 

ii) the salinity balance equation and 

iii) the temperature freezing point for sea water at the corresponding salinity. 
The meltrate M and the salinity S0 are obtained from these three relations. The equations are noted 
below. 

i) The heat balance equation is 

(B-1) 

where Pw is the density of the fresh water in the laminar layer next to the ice face, L; is the latent 

heat of ice, pP is the density of the plume, cP is the specific heat capacity of the plume, YT is the 
thermal exchange coefficient, T is the temperature of the plume, and T0 is the temperature freezing 
point at the ice face. The molecular heat conduction across the interface between the ice and the 
laminar layer immediately next to the ice face is neglected as it is small compared to the latent heat 
term. 

ii) The salinity balance equation is 

(B-2) 

where Ys is the saline exchange coefficient and S is the salinity of the plume . . 
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iii) The temperature freezing point for sea water is 

(B-3) 

where a, b and c are constants (section 2.3, table 2.1). 

Equation (B-2) can be written as follows 

(B-4) 

and is substituted into equation (B-1) to give 

(B-5) 

Substituting for T0 from equation (B-3), into equation (B-5) gives 

(B-6) 

from which a quadratic equation for S0 is obtained as follows 

(B-7) 

By solving for the salinity S0 and substituting into equation (B-3) in the numerical model of 

chapter two, T0 is found. The meltrate Mis obtained by substitution of T0 into equation (B-1) as 

follows 

(B-8) 



and is also calculated in the numerical model. The solution for S0 in equation (8-7) is positive, as 

a negative solution is unphysical. 

The equations for salinity S0, T0 and the meltrate M presented above are combined with the 

ordinary differential equations for the numerical model, derived in appendix A. 
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Notation. 

A list of symbols used in this appendix is given below, for reference purposes. 

a,b,c 

cP 

Ys 

YT 

L; 

z 

Coefficient in the linear equation for T0, the temperature freezing point of sea water. 

Specific heat capacity of the plume. 

Saline turbulent exchange coefficient. 

Thermal turbulent exchange coefficient. 

Latent heat of ice. 

Meltrate of the ice face. 

Density of the plume: 

Density of the meltwater. 

Salinity of the plume. 

Salinity at the ice face, at the temperature freezing point of sea water. 

Temperature of the plume. 

Temperature freezing point of sea water. 

Vertical depth direction. 
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Appendix C. 

Introduction. 

Salinity and density versus vertical depth profiles are presented in this appendix. Reference 
is made to these data in section 5.2. 

Each transect is presented, with each cast shown side by side, first for salinity and then for 
density. The transects are presented in chronological order from figures C-l(a,b) through to 
C-7 ( a, b ). The symbols for each of the transects correspond to the same symbols in figure 5 .1 (section 
5.2) and in the temperature profiles, contour plots and T-S diagrams of section 5.2. Along the 
bottom of each plot are the distances in km of the CTD cast from the glacier face or from the shore. 

161 



Sto 1 Salinity Sin 2 Salinily Sin 3 Salinily Sin 4 Salinity Sin 5 Salinity Sin 6 Salinity Stn 7 Salini1y Sto 8 Salinity 

o3~ 

10 

35 31 32 
~ 

32 33 34 32 33 34 35 31 32 -- _ . -- \l" ]2 33 

32 33 35 

20 

30 

-€ 4-0 
.c 
a -~ 0-

tv so 

60 

70 

1.4km 1.S km 1.9km 2.2km 2.70km 3.6km 4.0km 4.5km 

Figure C-l (a). Salidily against depth profiles. 4'h August*. 



Stn 1 Dens Jkgm·• Sin 2 Dens Jkgm· • Sin 3 Dens /kgm·• Sin 4 Dens Jkgm· 3 Sin S Dens Jkgm ·• Stn 6 Dens Jkgm·• Sin 7 Dens Jkgm ·• Sin 8 Dens /kgm· • 

o 23 24 25 26 27 28 23 24 25 26 27 28 23 _ • -- -- _. -- 24 25 26 27 28 23 24 2S 26 27 28 23 24 -- -- -· -- 24 2S 26 27 28 23 - . - . -- -· -· 

I I ' \' I 
10 

20 

30 

1§. 40 
.c 

! 
so 

60 

70 

1.4 km 1.S km 1.9km 2.2km 2.70 km 3.6km 4.0km 4.Skm 

Figure C-l(b). Density against depth profiles. 4'" August * . 



Stn 1 Salini ty Stn 2 Salinity Stn 3 Sal inity Stn 4 Salinity Stn 5 Salinity Stn 6 Salinity 

o 28 30 32 34 36 28 30 32 34 36 28 30 32 34 36 28 30 32 34 36 28 

~ 
30 32 34 36 28 30 32 I I\ I 

34 

\ 
36 

50 

100 

150 

-E 
..: 
a 

0- ~ 
Jl,. 

250 

300 

0.6km 1.9 km :3.2km 3.9km 4.3km 4.5 km 

Figure C-2(a). Salinlt)' against depth profiles. 61
" August • . 



Sin 1 Dens Jkgm- > Sin 2 Dcns/kgm-• Sin 3 Dens /kgm-> Sin 4 Dens /kgm-> Sin 5 Dens /kgm- 3 Sin 6 Dens Jkgm- 3 

0 24 ,---,- 26 28 26 28 28 24 26 28 24 26 24 24 26 28 24 26 28 

\ 
50 

100 

150 

-€ 
J:: 

0- g 
v, 200 . 

250 

300 

0.6km 1.9 km 3.2 km 3.9km 4.3 km 4.5km 

Figure C-2(b). Density against depth profiles. 61
" August • . 



Stn 1 Salinity Sin 2 Salinity Stn 3 Salinity Stn 4 Salinity Stn 5 Salinity Stn 6 Salinity Stn 7 Salinity 

2

: 2; 28 m 32 3; 3; 2; 28 30 32 3: 3; 2; 28 m 32 3: 3; 2; 28 m 32 " 361 ~ 3~ 31 \ TI ~ ~ 31 \ Ti ~ ~ 31 ~ " 

I \ I I ~ I I I I I I I ~ 40 

60 

~ 
a 

0- ~80 
0-

100 

120 

2.0km 2.3 km 2.4 km 3.3km 5.5 km 7.3km 9.5 km 

Figure C-3(a). Salinity against depth profiles. 8',. August O . 



Stn 1 Dens /kgm-> Sin 2 Dens Jkgm ·> Stn 3 Dens fkgm •3 Stn 4 Dens /kgm· 3 Sin 5 Dens /kgm· 3 Sin 6 Dens /kgm" 3 Stn 7 Dens Jkgm· 3 

o 20 22 24 26 28 20 22 24 

20 

n ,. ~ 'l ~ '1 \ _ T! ,~ '1 '. Tl ~ '1 \ i r ,~ .~ ~ 
40. 

60 

.@ 
.c 

fr 
0-

Oso 
'-I 

100 

120 

2.0km 2.3 km 2.4 km 3.3km 5.5km 7.3km 9.5 kin 

Figure C-3(b ). Density against depth profiles. 81
,. August o . 



0. 
- CX) 

Stn 1 Salini ty Stn 2 Salinity Stn 3 Salinity 

o 28 30 32 34 36 28 30 32 34 36 28 30 32 34 36 

20 

40 

' 60 

80 

ElOO 

-..: 
a 
0120 

140 

160 

180 

200 

0.31cm 

Figure C-4( a). 

1.21cm 2.11cm 

Salinity against depth profiles. 9'h August • 



Stn 1 Dens /kgm · 3 Sin 2 Dens /kgm" 3 Stn 3 Dens Jkgm·3 

0 24 26 28 24 26 28 24 

20 

40 

60 

80 

100 
.g 
.c 
ii. 
~120 

0-
'O 

140 

160 

180 

200 

0.3km 1.2 knt 2.1 km 

Figure C-4(b ). Density against depth profiles. 9th August • . 



Stn I Salinity Sto 2 Salinity Stn 3 Salinity Stn 4 Salinity Stn 5 Salinity Stn 6 Salinity 

•'j 28 30 32 34 3626 28 30 32 34 36 26 28 30 32 34 36 26 28 30 32 34 36 26 28 30 32 34 36 26 28 30 32 34 36 I I \' I I 
I I \' I I 

I I 

\ 
I 

I I 
I I \' I I 

I I \' I I 
I I \' 

10 

20 

30 

40 

.g 
,s 50 
. c. 

'I 
~ 

-o 
60 

70 

80 

90 

1.3km 1.5 km 1.9km 2.4km 3.2km 3.7km 

Figure C-5(a). Salinity against depth profiles. 11'" August • . 



" 

Sin 1 Dens Jkgm· 3 Sin 2 Dens Jkgm • 3 

o 20 22 24 26 28 20 22 24 

10 

20 

30 

40 

~ 
-5 50 
fr 
Q 

60 

70 

80 

90 

1.3 km 1.5 km 

Sin 3 Dens Jkgm· 3 Sin 4 Dens Jkgm·• Sin 5 Dens Jkgm·• Stn 6 Dens Jkgm ·• 

28 20 22 24 26 28 20 22 24 26 281 'l 't \ 1 '° 22 24 
"' 

28 

1.9km 2.4km 3.2km 3.7km 

Figure C-5(b ). Density against depth profiles. 11'" August • . 



Sin l Salinity Sin 2 Salinity Sin 3 Salinity Sin 4 Salinity Sin 5 Salinity Sin 6 Salinity 

031 32 33 34 3531 32 33 34 3531 32 33 34 3531 32 33 34 3531 32 33 34 3531 32 33 34 35 

10 I 
. 

20 

30 

40 

~ 
,s 50 
p. 

.... ~ 
'.J 
tv 

60 

70 

80 

90 

4.3km 4.6km 5,1 km 6.5km 8.0km 10.0km 

Figure C-6(a). Salinity against depth profiles. 14'h August o 



Sin I Dens Jkgm • 3 Sin 2 Dens /kgm • 3 Sin 3 Dens /kgm • 3 Sin 4 Dens /kgm" 3 Sin 5 Dens Jkgm· 3 Sin 6 Dens Jkgm· • 

·1 26 27 2825 26 27 28 25 26 27 28 25 26 27 2825 26 27 28 2§_ 27 28 

'\ 
I 

I 
10 

20 

30 

40 

.@ 
-S 50 
Q. 

" 8 
·W 

60 

70 

80 

90 

4.3km 4.6km 5.1 km 6.5km 8.0km 10.0km 

Figure C-6(b ). Density against depth profiles. 14'h August o . 



Stn 1 Salini ty Sin 2 Salinity Sin 3 Salinity 

o 28 30 32 34 36 28 30 32 34 3628 30 32 34 36 

50 

100 

150 

~ 
.s:: 
E. u 

~ 
°ioo 

250 

300 

13.9km 15.2 km 16.2km 

Figure C-7(a). Salinity against depth profiles. 18'h August + . 



~ 

Sin 1 Dens /kgm - 3 Sin 2 Dens /kgm-• Sin 3 Dens /kgm- 3 

0 24 
~ 

50 

100 

150 

-€ 
...: 
i5. u 

°'loo 

250 

300 

26 

13.9km 

Figure C-7(b ). 

24 26 28 24 26 28 

15.2 km 16.2km 

Density against depth profiles. 18'" August + . 

-



Appendix D. 

The gravity current. 

In section 6.4.3 a relationship between c (a constant) and h!H was shown (equation 6.12), 

where h was the depth of the outflowing gravity current and H was the depth of the filled region 

next to the wall (figure D-1 ). A detailed derivation of this equation is presented in this appendix. 

Figure D-1. 

Free surface with 
pressure P , 

H 

b 

Return flow 

p 

-u 

P+D.P 

Gravity current 

P, 

Filled 
region 

Wall 

Diagram to show the momentum flux of the gravity current and the return flow, 
balanced by the pressure force set up by the plume and the filled region. 

In section 6.4.3, it was stated that at steady state the rate of change of the momentum flux of 

the gravity current and the return flow above the gravity current, are balanced by the pressure force 

(the hydrostatic pressure) in the opposite direction, set up by the plume, and the filled region between 

the plume and the wall. The density is assumed to be uniform in the outflowing gravity current 

and in the filled region next to the wall; PA is the atmospheric pressure at the surface of the water 

in the tank. The integral of the horizontal momentum equation can be written as (integrating from 

the level of the source to the bottom of the tank) 
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(D-1) 

H H H 

= f (p+Ap)gzdz-f pgzdz-f Apg(z-(H-h))dz+F, Jo Jo Jcn-h) 
(D-2) 

H - h · H 

= f Apgzdz + f Apg(H -h)dz +F, Jo Jn-h 
(D-3) 

where VR is the velocity of the return flow above the gravity current, U is the velocity of the gravity 

current, H is the depth of the filled region next to the wall, h is the depth of the gravity current and 

P is the pressure at positions (1) and (2) in figure D-1. z is the depth of the source in the tank and 

z > (H -h) at P 1; p is the density of the fresh water in the return flow and p + Ap is the density of 

the gravity current and the filled region. Integrating over the height of the channel, equation D-3 

can be written as 

i H-h iH pV;(H -h)+pU2h = Apgzdz+ Apg(H -h)dz+F, 
0 H-h 

(D-4) 

Integrating equation D-4, the following is obtained 

2 2 [1 2 ] pViH-h)+pU h = 2Apg(H-h) +Apg(H-h)h +F, 
(D-5) 

whereF(> 0) is the net horizontal momentum flux associated with any weak flow and stratification 

in the filled region and is assumed to be negligible (section 6.4.3). Equation (D-5) can be written 
·as follows 

( 

H-h l U2 = Ap g (H - h) h +: . 
p h 1+-

H - h 

(D-6) 
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From conservation of mass, the velocity VR = <:~h)' and for a gravity current, the velocity 

U = c~ where c is a constant (Froude number), hence equation (D-6) is 

Hence, for the gravity current, 

c2h = (H - h) h +: . 
( 

H-h l 
h 1+ 

H-h 

( 

H-h l 2 = 1 (H - h) h + - 2-

c h h h ' 
l + H - h 

which is equation (6.12) presented in section 6.4.3. 

(D-7) 

(D-8) 



Notation. 

A list of symbols used in this appendix is given below, for references purposes. 

C 

F 

g 

H 

h 

p 

L\p 

u 

z 

Constant (Froude number). 

Net horizontal momentum flux associated with any weak flow and stratification in the 

filled region. 

Acceleration due to gravity. 

Depth of filled region. 

Depth of gravity current. 

Pressures. 

Atmospheric pressure. 

Density of the ambient. 

Difference in density between the dense fluid and the ambient. 

Velocity of the gravity current. 

Velocity of the return flow above the gravity current. 

Depth of source (z > H - h ). 
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